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PREFACE

The purpose of this book is to aid the electronics circuit designer in
the utilization of the field-effect transistor (FET). Since its emergence
from the development laboratory in about 1962, the FET has become
an important and widely used component in the electronic industry.

With its importance increasing annually, both as a discrete component
and in integrated circuits, it is essential that the serious circuit designer
have an insight into how the FET behaves under different circuit and
environmental conditions. It is also helpful to understand how its physi-
cal and electrical characteristics are interrelated. This book goes just
deep enough into FET theory to provide that insight.

" After the introductory chapter describing how the device works, the
interrelationship of the various FET characteristics and how they relate
to typical data sheet specifications is discussed.

Subsequent chapters deal with various categories of circuit applica-
tions of the FET. The order of these application chapters is rather arbi-
trary; each chapter stands on its own. Detailed circuit design examples
are given to illustrate applications.

As this book was being readied for publication, the availability of
FETs designed for power applications was expanding rapidly. The chap-
ter on Power FETs spotlights this relatively new field.

Art Evans
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1-1 INTRODUCTION

This handbook is designed principally for the FET user. The primary
emphasis has been placed on allowing the reader to learn necessary
information quickly, without becoming bogged down in complicated
analyses. The first two chapters provide sufficient background informa-
tion to answer many questions asked by FET circuit design engineers.
The aim of these chapters is to give design engineers an intuitive sense
of how to manipulate the circuits presented in the remaining chapters,
which contain both theory and “cookbook” applications. Some knowl-
edge by the reader of semiconductor theory is assumed. A prior under-
standing of the concept of conduction by electrons and holes, of the
“forward” and “reverse” characteristics of a p-n junction, and of the
“depletion” region at a p-n junction will be helpful in understanding
FET theory.

There are two general types of transistors: bipolar and unipolar. The
unipolar, more commonly called the “field-effect transistor” (FET), is
the subject of this book. The concept of controlling the electronic con-
duction in a solid by an electric field predates the invention of the bipolar
transistor. J. E. Lilienfeld filed for a patent on such a device in 1925,
as shown in Fig. 1-1. W. Shockley presented a comprehensive theory

1
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FIGURE 1-1 “FET” patent.
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of the field-effect transistor in 1952.2 However, the commercial availabil-
ity of the FET in the early 1960s followed the bipolar transistor by 8
or 10 years. The superior performance of the FET in many circuit appli-
cations previously utilizing bipolar transistors or vacuum tubes resulted
in a rapid growth in its acceptance as an important electronic component.

Several types of semiconductor materials have been used for making
FETs: silicon, germanium, gallium arsenide, and others. By far the most
widely used is silicon, and unless otherwise specified all device types
discussed in this book are silicon types.

The field-effect transistor (FET) is a class of electronic semiconductor
device in which the conduction of a “channel” between source (§) and
drain (D) terminals is controlled by an electric field impressed upon
the channel via a gate (G) terminal. The conducting channel may utilize
n-type carriers (electrons) or p-type carriers (holes). The electric field
which controls the channel conduction may be introduced via a p-n junc-
tion (for a “junction” FET), a metal plate separated from the semicon-
ductor channel by an oxide dielectric (for a metal-oxide-semiconductor
FET), or a combination of the two methods. The polarity of the control-
ling electric field is a function of the type of carriers in the channel. A
FET “family tree” is shown in Fig. 1-2.

Field - effect
transistors

Insulated

cti
Junction qate

Depletion Depletion Enhancement

p-channel n—channel | -| p-channel n-channel p-channel n-channel
1 2 3 4 5 6

FIGURE 1-2 FET family tree.
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1-2 THE JUNCTION FET

A section view of a junction field-effect transistor (JFET) is shown in
Fig. 1-3. This structure contains, between the source and the drain con-
tacts, an n-type ‘“channel” embedded in a p-type silicon substrate. If it
is assumed that the p-n junction forms a barrier to current flow, then
it can be seen that channel conduction is a function of the channel
width, length, and thickness and of the density and mobility of the carri-
ers. In this structure current can flow equally well in either direction
through the channel; i.e., the drain may be positive or negative with
respect to the source.

Gote (G) Orain (D)

A@é&gé/w

o) G
n-Channel
| _/ JFET

T

p-type silicon ‘/?
Il

T

FIGURE 1-3 Junction-type field-effect transistor.

Source (S)

1-2-1 Channel Conductance (gqs)

We will examine how the channel conduction is controlled by a gate-
to-channel voltage. As indicated in Fig. 1-44, at the p-n (gate-to-channel)
Jjunction there is a depletion layer. If there is an abrupt change from a
high concentration of holes in the gate region (p-type) to a much lower
concentration of electrons in the channel region (n-type), then most
of the depletion width will occur in the channel. The depletion width
is proportional to the square root of the junction potential.?

Vi V(;s)”2
Wy = (2=
¢ ( KiNe

where Wy = junction depletion width
Vbi = built-in junction potential
Ves =reverse or forward bias applied to gate-channel junction
K, = constant ;
N¢ = channel carrier concentration

The channel conduction is decreased as the junction depletion width
is increased and thus can be controlled by the gate-source voltage Vgs.
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p+n Depletion

Gate . . layer
t
Source : J'-mCJ ':'”/ Drain
A” Vas "7J;;

n-Channel

(a)

source  4J65_ Gate Depletion Drain
= M R
L
'\/ N p* 7
< 777 ZAZZZ,
w
N M /

n-Channel

(b)
FIGURE 1-4 Depletion layer at p*n junction.

The channel conduction ggs of a typical JFET as a function of the
junction voltage is shown in Fig. 1-5. The characteristic is shown with
zero volts between the “source” and the “drain’’; thus the depletion
thickness is uniform along the channel length. The voltage at which
the channel conduction approaches zero is the “gate cutoff voltage,”
and is given the symbol Vgsem. The polarity of Veseorm 1s such that the
p-n gate-channel junction is reverse-biased. A forward bias at the gate
junction will increase channel conduction because of the resulting de-
crease in depletion layers; however, as indicated in Fig. 1-6, a forward
gate-channel bias results in a large increase in gate current. In the FET

D

/8

o

Z G VDS=O
55

c+

53 s
S¢2
Oo

o
L

-2.0 -1.0 0] 1.0 2.0
f Gate-source voltage Vgg ,V

Vgs (of f)

FIGURE 1-5 Channel conductance
vs. gate-channel voltage.
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O
5
-
S
I G Vps =0
2
Avalanche .
breakdown 5 S
I}
. +
(o] 1.0

A .
-50Vi "—-2l.0 —1.'0

Gate -source voltage Vgs ,V
FIGURE 1-6 Gate current vs. gate-source voltage.

symbol shown in Fig. 1-5, note that the direction of the arrow at the
gate-channel junction shows the direction of easy gate-current flow. (This
is similar to the p-n diode symbol.) In its reverse-bias mode, the gate
“leakage” current may be only a few picoamperes; thus the low-frequency
input impedance of the FET is very high. In most JFET applications
the forward gate-bias mode is not used because of the resulting low

p-Gate

Depletion
Sj“ici / > Gate layers '_LDroin
% - Chonne/‘\ = o / ﬁ Ves =+0.5
R N

Ves =0

N\

7 Z
Doe OO Ve
S

N

N

Ves =—1V
Vos=0

P
£

Ves =-2V
VDS:O

FIGURE 1-7 Concept of depletion in channel as function of gate-
to-channel voltage (Vps = 0).
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k A
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D
S~ _ L‘
\ N\ P-Gate \g Vps =10 V
n-Channel Vee =0
6s”
f |
) p-Gate —}

FIGURE 1-8 Channel depletion vs. drain-source voltage.

input impedance. At some relatively high reverse gate-channel voltage,
avalanche breakdown will occur at the p-n junction. This places an upper
limit on the device operating voltage.

Figure 1-7 presents a concept of the depletion in the channel at various
gate-channel voltages. These sketches assume zero drain current so that
there is no voltage drop along the channel length. If a positive voltage
is applied to the drain, with the gate-source voltage at zero, a nonuniform
depletion width occurs along the channel as shown in Fig. 1-8. As Vpg
is made more positive, the depletion layer at the drain end of the channel
increases, and thus the incremental channel conduction decreases; if
the channel is long (compared to its thickness), then the channel will
“pinch off” at the drain end and channel current will saturate at a drain-
gate voltage approximately equal to —Vesosm. Further increases in drain
voltage will have little effect upon drain current; hence the current “satu-
rates.”

Figure 1-9 shows the drain current Ip vs. drain-source voltage Vpgs
with gate-source voltage Vgs at zero. As Vps is made more positive,
the depletion layer at the drain end of the channel increases, and thus
the incremental channel conduction decreases. The slope Alp/AVps con-
tinues to decrease as Vpg 1s increased, until at some high voltage break-
down occurs. In the negative quadrant a rapid increase in drain current
occurs because the drain-gate junction becomes forward-biased. The
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FIGURE 1-9 Drain current vs. drain-source voltage.

JFET is not normally operated in this quadrant more than a few tenths
of a volt. Figure 1-10 shows the magnitude of AIp/AVps as a function
of Vps for a typical FET. This is the output conductance gos of the FET
operating in a common-source configuration.

With reference to Fig. 1-8, it may appear that when Vps exceeds ““pinch-
off,” no current can flow. However, there does exist an electric field
across this “depletion” region and a supply of carriers (electrons) at
the source end of the channel; thus carriers will drift across the depletion
region just as they drift across the collector-base depletion region in a
bipolar transistor. As Vpgs, approaches the pinchoff value, the drain cur-
rent Ip tends to limit at a saturation level.

1-2-2 Effect of Channel Length

The degree of saturation is a function of the device geometry. A long
channel will become more saturated (have a lower AIp/AVps) than a

S D «—1p

10-21 fVDs

10 ~6+4

Output conductance gos,mhos

10-7.

Vos .V

FIGURE 1-10 Output conductance vs.
drain-source voltage.
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short channel; however, the long channel will also have a lower initial
channel conductance than will the short channel. For the short-channel
device (where length-to-thickness ratio is less than about 4), drain-volt-
age “pinchofl”” may be higher than —Ves(otn. This is because the minimum
channel width does not occur directly under the gate junction but is
shifted toward the drain terminal. A concept of the shape of a short
channel vs. drain voltage i1s shown in Fig. 1-11. It has been calculated?
that for a channel length-to-thickness ratio of unity, drain voltage at
which saturation occurs will be approximately 1.6 times — Vgg(ots-

For the short-channel FET an effect known as carrier “‘velocity satura-
tion” may cause drain current to saturate before minimum channel width
is reached. This effect occurs because at high electric fields, carrier mobil-

d e
pt Gate /

Depletion region

Carrier
n- Channel velocity

saturation

FIGURE 1-11 Shape of conductive channel when car-
rier velocity saturation occurs. (Reprinted with permis-
sion from Solid State Electronics, vol. 10, J. R. Hauser,
“Characteristics of JFET Devices with Small Channel
Length-to-Width Ratios,” © 1967, Pergamon Press,
Ltd.)

ity is no longer constant but becomes inversely proportional to the elec-
tric field. For fields greater than this critical value, drift velocity no longer
increases with increasing field; hence the drain current saturates. Figure
1-11 shows channel shape, calculated by Hauser,! when carrier velocity
saturation occurs. Most devices designed for high-frequency and high-
power application have short channels. For these devices drain-current
saturation may be due to carrier velocity saturation instead of channel
“pinchoft.”

1-2-3 Transconductance (gy)

A useful circuit design characteristic is the effect of gate-source voltage
upon drain current. A family of these I, versus Vgs ““transconductance”
characteristics for a long-channel FET is shown in Fig. 1-12. The data
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T
Forward (

)-—VGSl(off)

-2.0 -16 -1.2 -0.8 -04 O
Gate-source voltage Vgs,V

FIGURE 1-12 Forward transfer characteristic of
n-channel JFET (slope AI/AVes = gp).

for these curves were obtained using a 2N4868 which had a Vgsem of
approximately 2 V. If Vpg is greater than —Vgsem, then the shape of
the transconductance curve is fairly independent of Vps. The slope (Alps/
AVgs) is the forward transconductance gr. Figure 1-13 shows grs vs. Vgs
for Vps 2 —Vgsom. The similarity of the curve of Fig. 1-13 to Fig. 1-5
1s normal; gr and gos are approximately linear functions of (Vas —Vesots)-

Another characteristic of interest to circuit designers is the relation-
ship ggs vs. Ip. Such a curve is shown in Fig. 1-14. This curve indicates
that gr is an approximate function of (I */2. This square-root relation-
ship is common for long-channel JFETs and means that in an RC-coupled
amplifier, voltage gain may be increased by operating at lower drain
currents, if IpR, is kept constant.

A family of common-source output characteristics is given in Fig.
1-15. Note that as the gate is made more negative, the saturated value
of Ip 1s decreased and the value of Vpg at which saturation occurs is
decreased by the approximate magnitude of Vgs. Drain-current saturation

4

—t
1.0

< o Forward transconductance
g¢s» mmhos

o

4 it n
20 -15 1.0 -05 O
Gate-source voltage Vgs,V
FIGURE 1-13 Forward transconductance vs.
gate-source voltage.
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10 Ke—r—rrrmr
Vps =20V H
Ff=1kHz o
T TTTIIE
T
Ves(off)= 15V

107
1T

Vs (off) = ¢S

Forward transconductance
g¢s L Mhos
X

100 4

0.01 0.1 1.0 10
Drain current Ip, mA

FIGURE 1-14 Forward trans-
conductance vs. drain current.

occurs at a fixed drain-to-gate voltage; thus, if the gate is biased negative
with reference to the source, saturation occurs at a lower drain-source
voltage.

1-2-4 Capacitance

The capacitance per unit area of the p-n junction between the gate and
the source and drain is a function of the junction depletion-layer thick-
ness. The depletion layer acts as a dielectric between the pand n conduct-
ing regions. A reverse bias on the p-n junction causes the depletion
layer to increase and thus the capacitance to decrease. Concepts of the
junction depletion as a function of gate-to-channel voltage and of drain-
to-source voltage are shown in Figs. 1-7 and 1-8. Theory indicates that
the capacitance of an abrupt junction is an inverse function of the square
root of the junction voltage. In most amplifier applications the drain-
gate voltage is greater than the source-gate voltage; thus the drain-gate
capacitance will be lower than the source-gate capacitance.

4
2 Output ov
a 20 | I NGSS
§ 5'099“305% / — Locus of Vps at which
Q1.6 4 7 1p saturates
+ / Nes~-0.4V
® 1.2 A 1
5 11
Sos // L/ | -0.8 V]
S / |
8 oal P -1.2]
~ -1.6V
I

0O 04 08 12 16 2.0 2.4
Drain-source voltage Vps,V
FIGURE 1-15 Common-source output char-
acteristics (2N4868).
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1-2-5 Temperature Effects

The effect of device temperature upon device characteristics can be re-
lated to three factors:

1. Carrier mobility is an inverse function of temperature. This
causes the channel conductivity to have a negative tempera-
ture coefficient.

2. Ionization of carriers is a function of temperature. For
an n-channel JFET the donor impurities in the channel
region are fully ionized at about —200°C; thus in the —55
to +125°C range, the effect of temperature upon channel
carrier density is small. However, thermal generation of
hole-electron pairs within the depletion region of the gate-
channel junction results in a significant reverse gate-cur-
rent vs. temperature coefficient. This effect results in an
approximate doubling of reverse gate ‘“leakage” current
for each 10 to 12°C increase in temperature.

3. Temperature increases also cause a decrease in the thickness
of the depletion layer at the channel-gate junction. This
results in an increase in channel thickness and an increase
in the magnitude of Vgseormn-

Characteristics 1 and 3 have opposing effects upon channel conduc-
tion. This is illustrated in Fig. 1-16, which shows transfer characteristics
at three temperatures. For this device, Ip at Vgs = 0 has a negative
temperature coefficient. This is due to the negative temperature coefh-

T=-55°C
T=+25°C

T=+125°C

Drain current Ip,mA

______ — —Ipz (Approximate zero temperature
coefficient for Ip)

I
|
¥ |
-2 B 0
t (Y, +07V
Ves (of f) Voz ( GS (off) )

Gate -source voltage Vgs, V

FIGURE 1-16 FET transconductance characteristics vs. tem-
perature.



FIELD-EFFECT TRANSISTOR THEORY 13

cient of carrier mobility. At a value of Vgs about 0.7 V above Vgsors),
Ip has a near-zero temperature coefficient because these two characteris-
tics compensate each other.

1-2-6 p-Channel JFET

The foregoing discussion of the JFET has assumed that the channel
was n-type. A p-channel FET has similar characteristics, with the major
difference being a change in the polarities. Characteristic curves of a
p-channel device are given in Fig. 1-17. P-type carriers (holes) have
lower mobility than n-type carriers (electrons); thus for devices of similar
dimensions and channel carrier density, the n-type FET will have a higher
channel conductance than the p-type device. For a given channel conduc-
tance and pinchoff voltage, the p-channel FET will typically have higher
interelectrode capacitance and higher junction leakage than the n-chan-
nel device.

i
o
®

0.2 e [ [ [ L sv
-0. Vps= -5
< -0.7 at < -0.6 R—+—+— b
£ P ] E \Ta=-s5°c
. -0.6 15 6-05 [
S o sl es o \ - resec
£ o001y | €-04 i
g -04 0.2 V < 03 \\ | Ta=+150°C
3 -0.3 T ST R\
£ 0 +0.4V £-0.2
2 C[2v+OV [+05V L oon \
—01 {08V ’
0 T 0
0 -5 -10 -45-20-25 -30-35-40 0O 0.204 0608 10 1.2 14
Drain-source voltage Vps,V Gate -source voltage Vgs,V
(a) Output characteristic (b) Transfer characteristic

FIGURE 1-17 Some characteristic curves for p-channel JFETs (2N2608).

1-3 THE MOSFET (INSULATED-GATE FET)

A cross section of an n-channel MOSFET is shown, in Fig. 1-18. With
this structure the n-channel conduction may be controlled by a voltage
applied between gate and source, by one applied between body and
source, or by a combination. A very important characteristic of this struc-
“ture is that the gate is separated from the channel by a very low-leakage
dielectric (typically silicon oxide). This permits the gate-channel voltage
to be positive or negative. For the n-channel structure of Fig. 1-18, a
positive gate-source voltage will increase channel conduction, while a
negative voltage will decrease channel conduction, as shown in Fig.
1-19. Since no conducting path exists between the control gate and
the rest of the structure, the gate-to-channel resistance of a typical device
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Gate (G)
Source (S) Drain (D)

0 A

G
Body (U) \ MOSFET

n-channel depleted with application of

negative gate voltage. Negative body

voltage also depletes the channel.,
FIGURE 1-18 Cross section of n-channel MOS-
FET.

(2N3631) exceeds 10'€ Q. This is true with positive or negative voltage
applied to the gate. An upper limit on gate voltage is imposed by the
dielectric breakdown of the thin oxide under the gate metal. Unlike in
a p-njunction, the breakdown of the oxide dielectric results in permanent
damage to the oxide; thus this condition must be avoided.

A family of output characteristics of an n-channel MOSFET is given
in Fig. 1-20. Note the similarity of these characteristics to those of the
n-channel JFET shown in Fig. 1-15. The MOSFET characteristics, how-
ever, include curves with both positive and negative gate voltage. For
the n-channel JFET a positive gate voltage would forward-bias the gate-
source p-n junction. This does not occur with the MOS structure shown.
(Some MOSFET devices, however, have a zener diode connection be-
tween the gate and the body to limit the voltage that may be impressed
across the gate oxide, as a protection for the oxide.) For the n-channel
MOSFET a positive gate voltage is said to “enhance” the channel; a

[
7
c
Drain -source conductance ggs

-4 -2 o] 2 4
Gate - source voltage Vgs ,V
FIGURE 1-19 Channel conduction vs.

gate voltage for n-channel MOSFET.
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T
Vys=0 +4V] .~
"
<
€12
a8 +2V
< vl
§ 8
‘g Vs=0
£ 4
g -2V
-4V
(o]

(o] 4 8 12 16 20
Drain-source voltage Vps , v

FIGURE 1-20 Common-source
output characteristics of n-chan-
nel MOSFET (normally on de-
vice.).

negative voltage “depletes” the channel. This is a “normally oN” de-
vice—that is, when Vgs = 0, a conducting channel exists between drain
and source.

A normally oFr MOSFET is shown in Fig. 1-21. In this structure no
channel exists between drain and source unless a gate voltage is applied.
A positive voltage applied to the gate, with respect to source and drain,
creates a conducting channel by pulling carriers (electrons for the
n-channel type, holes for the p-channel type) from the source and drain
regions and from the body into the upper layers of the substrate under
the gate. The thickness and conduction of the channel thus created
are a function of the gate-source, gate-drain, and gate-body voltages.
The gate-source voltage Vgs at which channel conduction just begins
to occur is called the “threshold voltage” Vgsin). Vesen is a function
of the thickness of the oxide under the gate, p-type carrier density in
the body under the gate, and body-source voltage Vys. The body could

Metal
Drain (D) U

s § oo
T

G

Gate (G)

Source (S)

< N\
P\
u»
p-type silico:\
‘\Bod (Duu)elecfric
y\Y

n-channel created here with application
of positive gate voltage

FIGURE 1-21 n-channel MOSFET—normally orr
enhancement type.

-
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FIGURE 1-22 Channel conductance vs. gate-source voltage for
MOSFET showing the effect of “body” bias.

be designed to function as a junction-type control gate but is usually
designed to have minimum effect upon the channel conduction and
threshold voltage. In many device types the body is internally connected
(shorted) to the source terminal, in which case the source-drain voltage
is limited to one polarity to avoid forward-biasing the drain-body diode.
Figure 1-22 shows channel conduction ggs versus Vgs with Vys as a param-
eter. With this particular device, Vys has a great effect upon Vgsny and
gas. In many device designs the body effect is less than that shown.

1-3-1 Dual-Gate MOSFET

A useful structure for high-frequency applications is the dual-gate MOS-
FET. This device, as shown in Fig. 1-23, has two control gates between
the drain and the source. Typically in a high-frequency amplifier, G, is
utilized as the signal input terminal and G; is at signal ground. This
results in very low drain-to-G, feedback capacitance. This operating
mode is similar to the “Cascode” operation of vacuum tubes. G is also
commonly utilized as an automatic gain control element.

N ) o
e
60—

U "bo dy“
FIGURE 1-23 Dual-gate MOSFET.
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1-4 FET SYMBOLS

The FET “family tree” shown in Fig. 1-2 indicates six different types.
A different schematic symbol is utilized for each of these types. Figure
1-24 relates the symbols to the device types. Note that the direction
of the arrow between the gate or body terminal and the channel will
indicate the channel type. The “channel” of the enhancement types of
MOS is broken, indicating that a channel must be “enhanced” to make
the device operative.

These symbols will be utilized in the chapters that follow. Understand-
ing these symbols will aid in understanding symbols for new device
types that may be developed. Many device types are symmetrical with
respect to source and drain; that is, source and drain functions may
be interchanged. However, there are also devices which are not sym-
metrical. The symbol locates the gate electrode adjacent to the end of
the device which is characterized by the manufacturer as the “source”

D 0 o
Ga—-ti GO-*’:I Ge
s s 6

(a) JFET depletion type

D D S
u U (e)n-channel dual-gate depletion type
G G MOSFET with gate protection diodes and
S S

body internally connected to source

D:j ﬁz
6o mu

(f) Dual p-channel enhancement-type
MOSFET with common body

,j D Anode Anode

le—p—o0 U >}

G t-—| b
b
>

Os Cathode

(b) MOSFET depletion type

3 7"
G '—ls Go—Jp-ls

(¢ )MOSFET enhancement type

Cathode

(d) MOSFET enhancement type with internal
zener diode to protect gate oxide

FIGURE 1-24 FET symbols.

(g) n-channel JFETs designed to function
as @ "constant current” diode
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terminal. (An attempt has been made to utilize symbols that correspond
to IEEE/ANSI/IEC and industry standards.)

As a word of caution, it should be pointed out that many schematics
in technical literature neglect to show the “body” terminal of MOSFETs.
In most cases it may be assumed that the body is internally connected
to the source terminal; however, there are many cases in which the
body is connected to some other potential, especially when the device
is used as an analog switch. In integrated circuits, the body is often
common to many MOSFETs within the same circuit.

1-5 PHYSICAL CHARACTERISTICS OF FETS

FET design and manufacturing details are beyond the scope of this
book; however, a brief survey of some of the physical characteristics
may be worthwhile. Manufacturing methods are similar to those utilized
in other semiconductor devices such as integrated circuits, transistors,
and diodes. Dimensions of the active areas, such as channel thickness,
width, and length, may be controlled by a combination of epitaxial thick-
ness, diffusion, ion implanting, etching, and photolithographic tech-
niques.

1-5-1 Typical JFET Structures

Figure 1-25 shows some of the steps involved in the manufacture of
one type of n-channel JFET. The starting material in this case is a wafer
of high-purity monocrystalline silicon which has been doped with an
acceptor impurity (p-type). Onto this wafer a layer of silicon is epitaxially
grown to a precisely controlled thickness and with a closely controlled
donor (n-type) impurity concentration. A layer of silicon dioxide (glass)
is formed on the wafer surface. By photolithographic techniques certain
regions of this oxide are removed. The remaining oxide functions as
a mask or barrier to p-type atoms, which are diffused into the unmasked
regions. The masked region shown in Fig. 1-25¢ will become the source,
drain, and channel region of the finished FET. A second oxidation,
masking, and diffusion operation is used to create a top p-type gate
which separates the source and drain. The depth of the top-gate diffusion
and the initial thickness of the epitaxial layers determine the channel
thickness. The width of the top gate stripe determines the channel length
(source-to-drain dimension). Small variations in photographic dimen-
sions, diffusion depths, epitaxial-layer thickness, and donor and acceptor
impurity density will have an effect upon channel conduction, pinchoff
voltage, gate-to-channel capacitance, and junction breakdown voltage.
Lack of precise control of the physical parameters results in a production
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(d)

)

(@) p-typesilicon wafer (substrate).

(b) n-type silicon epitaxial layer grown

on to p-substrate.

(c) p-type acceptor impurity diffused

in,to startisolation region.

p+ impurity diffused in, to form top gate.
Simultaneously, p region diffuses to
complete isolation between the nislands.

n*+ type impurity diffused into n-type
channel to form Drain and Source contacts.
Physical isolation ofeach FET is achieved
by scribing and breaking wafer along

X-X axis.

Formation of discrete n-channel FETS
after 'scribing and breaking' procedure.
Since the edges of the p* regions of the
top gate are diffused into the p-substrate,
electrical contact is made to the top gate,
via the p-substrate.

FIGURE 1-25 Some assembly steps for n-channel JFETs.
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spread of the electrical characteristics of a given device type. In many
instances a family of device types may be produced from a given set
of photographic masks by varying the thickness of the epitaxial layer
and the depth of the top-gate diffusion.

For a given channel thickness, width, and carrier concentrations, con-
duction will be an inverse function of channel length. For the structure
described in Fig. 1-25 this length is controlled by the photographic
process of etching the oxide window for top-gate diffusion, and by the
sideways diffusion of the top gate. As the window size is decreased to
make shorter, higher-conduction channels, control of the photographic
process becomes more difficult. Because short channels are important
for high-conduction and high-frequency devices, several methods for
creating short-channel structures not so dependent upon very small pho-
tographic dimensions have been developed.

1-5-2 Short-Channel MOSFETs (VMOS and DMOS)

Two significant techniques are being utilized to produce short-channel
MOSFETs. Both utilize the difference in depth of two diffusions instead
of photolithographic techniques to control channel length. The differ-
ences in the two techniques relate to the geometry employed. In one
type the channel is oriented parallel to the chip surface (as with the
previously described MOSFET). It is commonly called the DMOS (for
diffused-channel MOS). The second type has its channel oriented ap-
proximately vertical to the chip surface. While its channel is also con-
trolled by diffusion, it is commonly called the VMOS (for vertical-channel
MOS). Section views of the two types are shown in Fig. 1-26, both of
which are n-channel types. The p-type “body” diffusions and the n*
type source diffusions in the DMOS may be made through the same
window opening in the oxide. The p type is allowed to diffuse slightly
deeper than the n type; the difference becomes the channel length. The
n* drain contact for the DMOS is diffused through a window in the
oxide a short distance from the drain end of the channel region. The
nt drain contact for the VMOS is the substrate of the chip; thus the
entire back side forms the drain. In the DMOS the gate metal is deposited
on the surface of the oxide above the p~ region where the channel is
formed. For the VMOS, a V groove is first etched down through the
n* source and the p~ body regions. The vertical dimension of this V
groove is determined by the width of the oxide window and the crystallo-
graphic structure of the silicon wafer. This is achieved by using a chemical
that preferentially etches along certain crystal planes. As with the other
MOS types described, the process is completed by growing oxide over
the channel region and applying metalization to the gate, source, and
body regions (for this device the drain is the back of the chip).
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(a) VMOS (vertical channel MOS)
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(b) DMOS (double - diffused MOS)

FIGURE 1-26 Short-channel MOS struc-
tures.

The n~ region between the drain contact and the “body” forms a
depletion region which results in a low drain-to-body and drain-to-gate
capacitance—an important feature for high-frequency applications and
high-speed switching. The n~ region also provides a means of achieving
a high drain-voltage rating while still maintaining a short, high-conduc-
tance channel. The VMOS structure gives better utilization of the silicon
surface because the substrate is utilized for the drain. Also, both sides
of the V groove are utilized for channels; thus two current paths are
available for a single gate finger.

The short-channel VMOS structure has permitted the introduction
of MOSFET:s into high-power, high-frequency applications. No minority-
carrier storage times (as encountered with bipolar types) are involved
in switching the unit oFF; switching 1 A of drain current in less than
4 ns is typical. Figure 1-27 shows some of the characteristics of Siliconix
VMOS type 2N6661. This unit has a 2-A, 90-V rating. The drain current
has a negative temperature coeflicient; this means that in power applica-
tions devices can be paralleled without encountering “current hogging”’
problems of the type encountered when bipolar transistors are paral-
leled.

1-5-3 Short-Channel JFET

The short-channel JFET has a high conductance advantage, similar to
the short-channel MOSFET. Vertical channel structures have been de-
scribed by Teszner and Gicquel,® by R. Zuleeg,* and by others. Because
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FIGURE 1-27 Output characteris-
tics of VMOS (Siliconix type
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of their relatively high input capacitance, their use has been primarily
limited to linear hi-fi equipment.
A section view of a vertical short-channel JFET as described by Zuleeg*

is shown in Fig. 1-28. Here the p-type gate structure is buried within
the n-channel region separating the source and the drain.

Ohmic Source

confocf\ T X/

Drain

FIGURE 1-28 Gate structure
and depletion region shape near
channel pinchoff in a vertical-
channel JFET. (Reprinted with
permission from Solid State Elec-
tronics, vol. 10, R. Zuleeg,
“Multi-channel Field-Effect
Transistor, Theory and Experi-
ment,” © 1967, Pergamon
Press, Ltd.)
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1-5-4 Gallium Arsenide FETs (GaAs FET)

The majority of the FETs currently available utilize silicon as the semi-
conductor material. Additional materials are being used in the develop-
ment of new FETs, primarily aimed at achieving higher-gain bandwidths
and lower high-frequency noise. The ideal high-frequency FET needs
a base matenial that can simultaneously offer high carrier mobility, high
drift velocity, and high avalanche breakdown. The semiconductor crystal
gallium arsenide (GaAs) offers mobility seven times that of silicon and
drift velocity 70 percent over silicon. However, the avalanche breakdown
field for GaAs is only one-fourth that of silicon; thus high-power perfor-
mance requires much higher currents. Because the techniques are less
advanced, manufacturing costs are greater for GaAs than for silicon.
These devices are making a significant contribution to amplifier design
in the gigahertz range.

1-6 SUMMARY

This chapter has given a qualitative description of several types of field-
effect transistors. As the presentation is aimed at the FET user, device
design details have been avoided.

Chapter 2 presents a more detailed electrical description of the FET,
including mathematical interrelationships of the various characteristics
such as pinchoff voltage, drain saturation current, transconductance,
channel oN resistance, temperature coefhcients, and inner-electrode ca-
pacitance.

Other chapters will be devoted to applications of FETs in such circuit
functions as analog switches, amplifiers, mixers, oscillators, voltage con-
verters, voltage-controlled resistors, and constant current sources.

Although the commercial availability of FETs followed the bipolar
transistor by 8 to 10 years, this device has become a very valuable compo-
nent in electronic circuits. Integrated circuits in such devices as com-
puters, memories, and electronic TV games make extensive use of
MOSFETs. TV and FM tuners and hi-fi amplifiers utilize FET's as input
stages because of their superior low-noise performance. Ionization-
chamber-type smoke detectors utilize a MOSFET input-stage amplifier
because of the very low leakage of the MOSFET gate. Analog multiplexer
systems incorporate FETs and analog switches because of the absence
of junction offsets in the oN state and the bidirectional blocking capability
in the oOFF state. Recent developments in the manufacture of short-chan-
nel FETs, such as VMOS, have increased power capabilities and have
resulted in increasing high-power, high-frequency applications, a few
of which are presented in the chapters that follow.
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2-1 INTRODUCTION

Chapter 1 was intended primarily to impart an understanding of the
underlying phenomena of the field-effect transistor rather than to serve
as an exact analysis of its behavior. To derive the relationship between
Ip, Vps, and Vgs from purely theoretical considerations would be difficult
and is hardly justifiable from a user’s standpoint. From a practical stand-
point, it is often preferable to represent the device characteristics by
experimentally determined curves rather than by exact mathematical
expressions, because the effects of donor and acceptor impurity concen-
trations, initial channel and depletion-layer thickness, photographic mask
configurations, and alignments, and variations of these within a device
type are thus taken into account. The equations presented in this chapter
should not be considered exact, but do give close approximations of
the performance of most devices. They follow, for the most part, FET

25
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theory presented by Shockley® and others!?; however, certain physical
characteristics assumed in theory are sometimes difficult to achieve in
practice. For example, the original Shockley theory assumed abrupt junc-
tions, uniform channel conductivity, and a carrier mobility independent
of electric field intensity. Real devices, made by diffusion techniques,
have some gradation of junctions and channel conductivity. In short-
channel FETSs the field at the drain end of the channel is typically high
enough to cause some reduction in carrier mobility.

For the initial discussions about static characteristics and the interrela-
tionship of various parameters, we will use as an example a device which
has a relatively long channel. Later the effect of shortening the channel
length will be discussed.

2-2 STATIC CHARACTERISTICS, JFET

In general, in a three-terminal device, the drain current Ip is a function
of two variables, Vpgand Vgs. This function is best represented by families
of characteristic curves, as shown in Fig. 2-1. These curves are for the
" “‘common-source” configuration, with the drain as the output and the
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FIGURE 2-1 Static characteristics—n-channel JFET.
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gate as the input. They reveal that for this device, if Vpg is greater than
about 2 V (but less than the drain breakdown), I is primarily determined
by the gate voltage Vgs. Under these conditions it is valid for small
signals to characterize the FET by a single transfer characteristic curve,
commonly called the “forward transconductance curve,” such as the
upper curve shown in Fig. 2-15. Some of the relationships between the
forward transfer curve and the output characteristic curves of Fig.
2-1a will be examined. The value of Vgs which reduces Ip to approxi-
mately zero is the gate-source cutoff voltage, Viswom. With reference to
the output curve, Fig. 2-1q, note that the drain current at Vgs = 0 tends
to become saturated at a drain voltage approximately equal in magnitude
to —Vgscotn. This drain voltage is often referred to as the pinchoff voltage
Vp; however, in this text pinchoff voltage is used interchangeably with
gate-source cutoff voltage. Vp will have the same meaning as Vgsoss).
The symbol Ipss is commonly used to indicate the value of saturated
drain current at Vgg = 0.

The forward transconductance characteristic of Fig. 2-15 can be ap-
proximated by a power law relation expressed as

V n
Ip = Ipss (l_l—/_@—) (2-1)
GS(off)

if Vps = —Vgsotn. By differentiation the small-signal transconductance
grs 1s given by

dlp _ Ipss (1_ Ves )"—1 (2-2)

fs = =—n
gs d VGS VGS(off)

Some texts indicate a value of 3/2 for n; however, experimental mea-
surements on a number of n-channel JFET geometries indicate that the
exponent n is close to 2, which is the value derived in an approximate
treatment by R. D. Middlebrook.?

A useful relationship between gy, Ipss, and Veseomn 1s derived from
the ratio of Egs. (2-2) and (2-1).

Vesoto

B — 1 (Vs — Vastom) ™ 2-3)
Ip
At Vs =0, Ip = Ipgs and ggs = grso. Using 2 as the value of the constant
n leads to

o = —2 255 (2-4)
Vascotn
For n-channel FETs Ipgs is positive and Vs 1s negative; for p-channel
FETs Ipgss is negative and Vescotp is positive; thus gy is a positive quantity
for both p- and n-channel FETs.
Equation (2-1) indicates that for Vgs = Vgsosn), Ip = 0. In a real device
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FIGURE 2-2 Drain current vs. gate-source volt-
age—n-channel JFET (2N4868A).

this does not happen. Starting from zero, as the gate voltage is made
more negative, the drain current decreases until it reaches a very low
value equal to the drain-gate leakage current. At this value the source
current will consist of source-gate leakage. Any further increase in the
magnitude of the negative gate voltage will result in an increase in I
leakage. For the small-signal device illustrated, this minimum Ip is on
the order of 2 X 10713 A,

A more detailed Ip-vs.-Vgs characteristic is shown in Fig. 2-2, in which
the data are plotted on logarithmic paper to show the current magnitude
near ‘“‘cutoff.” Because Ip does not go to zero, the error of Eq. (2-1)
increases as Vggs approaches Vgseotn. From a practical measurement stand-
point, Vs 1s usually specified at an Ip value greater than the minimum
expected value. The symbol Iprr 1s used for the approximate minimum
value of Ip. Device types characterized for switching applications will
usually specify both Vgs et and Ip s, as shown in the example for the
2N3970 specification:

Characteristic Min Max Unit Text conditions
Ip ofsy drain cutoff current 250 PA Vpos=20V, Vgs=—12V
Vascotn gate-source cutoff
voltage —4 —10 \'A Vps=20V, Ip=1nA

For this device Vs is specified as that value of Vgg required to reduce
Ip to 1 nA, with a Vpg of 20 V.
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As is shown by the data plotted in Fig. 2-2, when the FET is to be
used as a switch, the value of Vgg for the switch oFF condition should
be a little greater than the data sheet-specified maximum Vggosn-

Figure 2-2 shows that at a very high negative value of Vs, there
occurs a rapid increase in [p. This i1s the voltage at which avalanche
“breakdown’ occurs at the drain-gate n-p junction; it sets an absolute
maximum rating on the drain-gate voltage for the device. In practice,
the device data sheet will usually specify a minimum value for gate-to-

drain and gate-to-source breakdown, as shown in the 2N3970 specifica-
tion:

Characteristic Min Max  Unit Test conditions

BVgss gate reverse breakdown
voltage ' —40 V.  Ig=1pA, Vps=0

Since the test conditions set Vps = 0, this specification ensures that
both drain-to-gate and source-to-gate breakdown will be equal to or
greater than 40 V. The value of I for the test condition is greater
than the normal gate leakage current of the device. Ig-vs.-Vgs curves
are shown in Fig. 2-3 with test points for BVgss and Igss indicated. Igss
is the gate leakage current at a specified value of Vgs with Vpg = 0.
Forward gate characteristics are not usually specified because few appli-
cations require operation in this mode. The curve of Fig. 2-3b is typical
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for a small-signal JFET with the gate forward-biased. Operation with a
few tenths of a volt forward gate signal is satisfactory if a few hundred
picoamperes of gate current permits proper circuit performance.

The output characteristic curve for Ves = 0 of Fig. 2-1a approximately
follows the equation

Ip = gasoVps (1 + (2-5)

2VGS(off))
where gaso = slope dIp/dVps at Vs and Vps = 0. It has been shown
that ggso = gfsos therefore, by utilizing Eq. (2-4), Eq. (2-5) can be given
as

2 1, DSS ( VDS )
Ip=———"Vps|{ 1+ 2-6
N 2Vesofn) (2-6)

If we rearrange terms and for convenience let Vp = Vggeor, we get

v Vi
Ip = Ipss [2 _DVi - <7D:> ] (2'7)

This equation is not valid when Vps exceeds —Vp. It indicates that as
Vps approaches —Vj, the rate of change of I with changing Vps decreases
and reaches zero at Vps = V. In a real device dIp/dVps does not. reach
zero.

For some types of applications of the FET, it is helpful to under;tand
the characteristics at very low values of Vps, such as those shéwn in
Fig. 2-4. A “very low value” is one which i1s small compared to the
magnitude of Vgs — Vaseotn. In this region Vpg is small enough to have
little effect upon channel thickness, so that the Ip/Vps slope is nearly
linear. Since the slope is a function of Vgs, the FET can be utilized as
a voltage-controlled resistor. The conductance slope (AIp/Vps) at
Vps = 0 is approximately a linear function of Vgs — Vascorn).

If gas at Vgs = 0 is given the term gus, then

V.
gas = gaso (1 *i) (2-8)
Vescotty
with Vps = 0. A plot of this characteristic is shown in Fig. 2-5, along
with gr and Ip characteristics.
The relationship between guso, Vesiotn), and Ipgs is given by the equation
I
gaso=—2 ——— (2-9)
Vascotn)
where Ipss and Vggeom are as indicated in Fig. 2-1. It is important to
note that Eqs. (2-8) and (2-9) and the gg curve of Fig. 2-5 are valid
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FIGURE 2-4 n-channel JFET output characteristic enlarged
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only for the case where Vps is very small compared to Vp. Drain-source
conductance at higher values of Vps will be discussed later. FETs de-
signed to be used as voltage-controlled resistors typically have a high
Vascotn because the Vps/(Vas — Vascotn) ratio should be low to keep distor-

tion low.
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In analog switching applications, Vgs is usually set at zero for the
ON condition and at a voltage greater than Vs ) for the oFF condition.
A maximum value of oON resistance is usually specified at a small value
of Ip or Vps, or by a small-signal ac measurement at Vps = 0.

2N3970
Characteristic Min Max Unit Test conditions
7ps ony Static drain-source
ON resistance 30 Q Ves=0, Ip=1 mA
Tds (ony drain-source ON
resistance 30 0 Ves=0, f=1 kHz

For the ac method, the signal frequency should be low enough that
reactance effects can be neglected.

2-3 GATE-CURRENT CHARACTERISTICS

The gate current I of a JFET not only is a function of Vgs and Vgp
but also may be a function of Ip. Figure 2-1d shows gate-current charac-
teristics of type 2N4868A. This device has a BVggs in excess of 40 V;
however, when the device is biased such that drain-to-source current
is permitted to flow (a normal amplifier condition), then the gate-current
“breakpoint” occurs at-a lower drain-to-gate voltage. This breakpoint
is a function of basic device design and is usually in the 10- to 30-V
range. Beyond this breakpoint, I; is approximately a linear function of
Ip and an exponential function of Vps. At Vps = 0, the gate current is
due to the collection by the gate of thermally generated minority carriers
within the space-charge region at the gate-channel junction. When
source-to-drain current is permitted to flow through the space-charge
region at the drain end of the channel, additional minority carriers are
generated due to electrons colliding with silicon atoms. The number
of minority carriers created is a linear function of the channel current,
flowing and an exponential function of the electric field resulting from
VDG~

This I breakpoint dependency upon I occurs at higher voltages in
p-channel JFETs because of the lower mobility and lower ionization
rates of holes in the drain space-charge region.

For both n-channel and p-channel JFETs the value of Igss and Ig
below the breakpoint is approximately proportional to v/Vgs and v/ Vep.
A further discussion of I is given in Sec. 3-8-2.
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2-4 SMALL-SIGNAL COEFFICIENTS

Because FETs are employed largely in circuits having varying currents
and voltages, their dynamic characteristics are of interest. Referring to
Fig. 2-1b, the slope of the curve or rate of change of Ip with respect
to Vgs is important. This slope is the forward (gate-to-drain) transconduc-
tance of the FET, and 1s given the symbol gg. As is apparent in Fig.
2-1b, grs is a function of Ip, decreasing as Ip is decreased. Figure 2-6
shows the relationship between gr and Ip for a typical FET type. Curves
for two devices of the same geometry but having different Vggosr) values
are included to show that gy is also a function of Vgseotm. The relationships
of these three parameters, shown graphically in Fig. 2-6, are mathemati-
cally expressed by Egs. (2-10), (2-11), and (2-12).

1,
o = —2—— (2-10)
Vasioft
and
4
gfs=gfso(1'_ = ) ‘ (2-11)
Vascofs)
also
I 1/2
s = &rso (—”) (2-12)
Ipss

The exponent 3 in Eq. (2-12) is indicated by the slope of the curves
of Fig. 2-6. A plot of g versus Vggis shown in Fig. 2-5. Note the similarity
of the curves and equations for g and ggs. It should be pointed out
that the constant in Eq. (2-10) and the exponent in Eq. (2-12) may
not be exact, but for most device designs these numbers will be close.

Referring to Fig. 2-1a, the small-signal output conductance is the
slope Alp/AVps at a constant value of Vgs. The term gos is used to symbol-
ize this parameter. It is apparent that ges is a function of Vps and Ip.

o
x

F Vps =20 V
L £=1kH
il

i
LI

« Ves{off) =15V

Forward
transconductance g¢s, Lmhos

FIGURE 2-6 Common-source for-
ward transconductance vs. drain
current.

T

A Vos (o £) =~ 2.9 VH

LI T 11

.01 041 1.0 10
Drain current Ip,mA

-
(o]
(¢}
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At Vps = 0, gos 1s equal to the ggo discussed in association with Eq.
(2-8). As Vps is increased, gos decreases. For voltage-amplifier applica-
tions, a low g is of importance because the maximum voltage gain is
limited by the ratio grs/gos. If Ip really saturated at —Vgseorn, then gos
would drop to zero at Vp¢e equal to or greater than — Vgsosr). Most device
types designed for small-signal low-frequency amplifiers will have gr/
gos ratios in excess of 100 (for Vps > —Vgseotn). Figure 2-7 shows gos
versus Vps for typical n-channel JFETs. Figure 2-8 shows ggs versus Ip
for a constant value of Vps. The curves of Figs. 2-6, 2-7, and 2-8 reveal
two important points about devices of a given basic design: When oper-
ated at a given value of I, the device with the lower Vgse will have
a higher g and a lower gos. For a given power-supply voltage, available
voltage gain is inversely proportional to Vgser). Also, lower values of
Vaseotn permit use of lower-voltage supplies.

A simplified common-source FET voltage-amplifier circuit and its low-
frequency equivalent circuit are shown in Fig. 2-9. This equivalent circuit
neglects reactive components and dc leakages. It is given here to show
the equivalent circuit location of the g and g,s parameters discussed
above. The voltage amplification with this circuit is

2] Ry )
Ay=—=—gp|——— 2-13
== (1 R (2-13)
If gos is small compared to 1/R., then Eq. (2-8) reduces to
Av=—grReL (2-14)

The negative sign indicates that the phase of the signal is inverted.

The low-frequency input conductance giss contains two principal com-
ponents: the gate-source conductance (ggs= Als/AVss) and the gate-
drain conductance (gga = Ale/AVgp):

Giss = Zgs T Ggd (2-15)

o 100 — 10
é Ves = 055 § =Vps=20 V

- ¢ = 1kH
i WA M g .
2 M\ Wes (off) =5V :
s 10 : S -5 vV P

= ==: o %

g N T T f:’ —
E 1.0 = E -3 V
S = = E =
o =y S =l
3 e =F 5 [Vestor)=-2V
5 o4 [ 1 £ [N
© ™6 5 10 15 20 25 30 3 o 1.0 10

Drain-source voltage Vps, V * Drain current Ip,mA

FIGURE 2-7 Output admit- FIGURE 2-8 Output admit-
tance vs. drain-source voltage. tance vs. drain current.
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As indicated in the curves of Fig. 2-1¢ and d, giss for a small-signal
device 1s on the order of 10714 if Vs is below junction breakdown and
Vps is below the Is breakpoint. In an amplifier configuration the effect
of gga will be increased by the voltage gain of the amplifier. For a circuit
such as that shown in Fig. 2-9, the low-frequency input conductance
would be

8is = Zgs + goa(l + g Ry) (2-16)

(assuming that 1/ges > > Ry).
Even with a voltage gain of 10, gis of the FET amplifier will be less

0
\\\
20 \\
Al
20 Giss = 1o 2-38:10° mho N
- GS
T AN
© AN
£ N
o N
5 —60 Y
o
[ D ~
5
[&]
Is +
_80 b— — G — 30V
$Ves
O
-100
-25 -2.0 ~1.5 1.0 -0.5 0

Gate-source voltage Vgs ,V

FIGURE 2-10 Gate input characteristic when Vs exceeds the
I breakpoint.
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than 1072 mho at room temperature. Consequently, a FET has a low-
frequency input resistance in excess of 102 Q, since resistance is the
reciprocal of conductance.

At values of Vps greater than the I breakpoint (see Fig. 2-1d), the
dc value of I increases sharply. Above this corner the quantity ggq
becomes negative, resulting in gis going through zero and becoming
negative. This occurs because I¢ in this region is approximately a linear
function of Ip. Since Alp = grs AVgs, a positive change in Vgs results in
an increase in Ip, which in turn causes an increase in the magnitude
of Is. Since I is negative, Alg is negative; therefore ggq will be negative.
Figure 2-10 is a plot of experimental data obtained from a typical JFET
operating with Vpg greater than the I; breakpoint. These data show
that the input conductance giss is negative for this bias condition. A
transition from positive giss to negative giss will occur near the knee of
the I-vs.-Vps curves shown in Fig. 2-1d. The FET low-frequency equiva-
lent circuit with the gate conductance components added is shown in
Fig. 2-11. The giss characteristic is not normally specified in FET data
sheets; however, its magnitude can be estimated from the I specification.

2-5 JFET CAPACITANCES

As the operating frequency is increased, device capacitances become
important parameters. For the JFET the principal capacitance is that
of the gate-channel junction. The value and geometrical distribution
of this capacitance are functions of the voltages Vgs and Vgp because
these voltages have a direct effect upon the junction depletion-layer
thickness. For abrupt junctions the capacitance per unit area is

K 1/2
=[— -1
¢ (Vbi + Vg> (2-17)

Abrupt junctions are not achieved in the typical FET structure. The
channel may consist of an epitaxial n-type layer on a p-type substrate
and with a diffused p-type top gate. The diffusion process will cause

996_1
[ce ANA 0D

< -1 < -1
39gs €gs Ofs ‘ < 94s

Ls

FIGURE 2-11 JFET low-frequency equiva-
lent.
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FIGURE 2-12 JFET capacitances, intermediate-frequency
model.

some gradation of the junctions. For a graded junction the exponent
of Eq. (2-17) would be { instead of 1. In a functioning circuit the analysis
of gate-to-channel capacitance is complicated by the nonuniform deple-
tion width along the channel. The gate-drain depletion width will be
greater than the gate-source depletion width, thus Cgq usually will be
lower than Cgs. Figure 2-12 shows the equivalent-circuit location of these
capacitances, plus the drain-source capacitance, and gives a concept of
the relative depletion-layer thickness of the drain-gate and source-gate
junctions. This sketch is intended to explain why the value of Cyq is
typically less than that of Cg. In some applications where Vgp and Vg
are approximately equal (such as in an analog switch or voltage-con-
trolled resistor circuit), Cyq and Cys may be approximately equal. The
Cas component is largely the device header (package) capacitance and
is typically small compared to the other two components; however, at
very high frequencies it must be considered. Devices designed specifically
for high frequencies often utilize a special low-capacity package configu-
ration.

Figure 2-13 shows the effect of gate voltage upon Cys and Cyq for a
typical JFET designed for high-frequency (450-MHz) applications (Sili-
conix type U310). The Cyq curve is lower than the Cg because of the

10-V Vps bias (at Vgs = 0, Vgp = —10 V). These capacitances increase
10 —r—
| Vps =10V
al-f=1MHz
s
g ° 7
5 A
4
o2
5 2
FIGURE 2-13 Junction capaci- ©

Cgd
tances vs. gate voltage. h

o
-0 -8 -6 -4 -2 (0]
Gate-source voltage Vgs, V
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the input and feedback admittance and limit the wideband amplifier
performance.

Because FET capacitances are sensitive to applied voltages, the circuit
designer must examine the test conditions used in the device data-sheet
specifications. For example, the device types listed below can be made
from the same basic geometry, but capacitances are specified under dif-
ferent test conditions for each type.

FET Max Test
type Characteristic pF conditions

2N4092 Ciss common-source
input capacitance 16 Vps =20, Ves=—b f=1MHz

2N4092 Crss COMmon-source
reverse transfer

capacitance 5 Vps=0, Ves=—20V
2N4392 Ciss 14 Vog =20, Ves=0 f=1MHz
2N4392 Crss 35 Vps=0, Vgs=—7V
2N4857 Ciss 18 Vps=0, Vgs=—10 V f=1MHz
2N4857 Crss 8 VDs = 0, VGS =—10V
2N5564 Ciss 12 Voe=12, Ip=2 mA f=1MHz
2N5564 Crss 3 Voe=12, Ip=2 mA f=1MHz
2N5638 Ciss 10 Vps=0, Vegs=—12 'V f=1MHz
2N5638 Crss 4
Jlll Cdg(of[) 5 Vps=0, Ves=—10

ng(off) 5 Vps=0, Vgs=—10

Cagton) + Csgion) 28 Vps=Vgs=0

2-6 NOISE CHARACTERISTICS

Electrical noise generated within a FET is usually represented by equiva-
lent noise sources, & and #. Both noise voltage &, and noise current
in are frequency-dependent and have the characteristics shown in Fig.
2-14.

An equivalent noise circuit is shown in Fig. 2-15. Above the frequency
/i, én is approximately given by:

(2-18)

1/2
e‘n=-’<4KTB0'67)

&fs

where K=1.374 X 1072 J/K
T= absolute temperature in kelvins (273 K = 0°C)
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FIGURE 2-14 Characteristics of junction FET noise.

B = frequency range in hertz
gss = transconductance of FET
With the input short-circuited, the noise voltage across the load R,
resulting from the FET is

Output noise voltage = e, 4y

Below the frequency f;, &, increases proportional to 1/f™and is expressed

as
O = [4KTB <Og_i7)(l +j%>]1/2 (2-19)

Noise-free

FET
Re _
in
&r

——
FIGURE 2-15 Equivalent FET noise cir-
cuit.

*®

The low-frequency corner f; for JFETs is typically in the 100-Hz to
1-kHz range, and the exponent = is usually between 1 and 2. As indicated
by the equations, & is inversely proportional to the square root of gy.

The equivalent input noise current i, is caused by the current in
the gate-to-channel junction. Its approximate value below f; is
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tn = (2¢l6B)!/? (2-20)

where ¢=1602 X 10719
B=frequency range in hertz
I¢ = dc gate current
This expression is fairly accurate when I; is the result of the active
device conductance. Typically #, will be lower than the calculated value
because part of I; is due to conductance across the device package.
At higher frequencies (above f),

- 4KTB\!/2
(e

where Rp=real part of gate input impedance. The high-frequency corner
/2 1s typically in the range of 5 to 50 kHz.

Another form of noise is known as “popcorn” or burst noise, the
causes of which have not been completely identified. It shows up as a
random short-duration step-function change in drain current, equivalent
to an input gate-source voltage change of a few tenths of a microvolt.
A more detailed discussion of FET noise is presented in Chapter 3.

2-7 CHARACTERISTIC INTERRELATIONSHIPS

When the time comes to select a FET for a particular circuit application,
it is helpful to have an understanding of the interrelationship of the
various electrical parameters. If the quantity requirements are to be
large, it may be economically desirable to generate a specification tai-
lored to the specific application. If one designs a circuit utilizing a stan-
dard catalog device type, for example, and finds that the design can
tolerate a wider range of Vgses (maximum to minimum), the part sup-
plier may be able to offer a lower-price unit. However, if the range of
a related parameter such as the drain saturation current Ipgs is not also
widened, then the wider Vggeosm spread may be of no help. For a given
“geometry”’ (determined by a set of photographic masks), both Vgt
and Ipgs are affected by conductivity and thickness of the channel. These
are determined by one or more non-mask-related process steps, such
as epitaxial growth, channel diffusion, gate diffusion, or ion implantation.
These parameters are also affected by variations in the masking opera-
tions involved in the etching of oxide windows for top gate diffusions,
especially on very short channel structures. The approximate equations
for the JFET structure indicate the relationship between the electrical
parameters and the geometric parameters.
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W
8fso = K, I T (2-22)
Veseotn = Ko T? (2-23)
W
Vpss = Ks —L- T3 (2-24)

where W= width

L=length

T = thickness of the channel
If one varies only the thickness, then Vggeot), €150, and Ipeay will change
in an interrelated manner.

Ipss = Ki (Vescotn)®'? (2-25)

8rso = Ks (Vaseotn)'? (2-26)
21

grs0=—"—"0 2-27)
Vascotty

Figure 2-16 shows the interrelationship of these three parameters for
a particular JFET geometry. Each dot on these plots represents a particu-
lar device. The data were obtained from devices where the only inten-
tional change was in the “top” gate diffusion time to create a change
in the channel thickness. The fact that the dots do not all fall on a
single line indicates that there were other variations such as donor and
acceptor concentrations. This type of variation from the “ideal” control
is typical of semiconductor manufacturing processes. From this one ge-
ometry or ‘“‘generic type,” several device types may be characterized.
For example, the specification limits for three types are indicated on
the plot. The complete JEDEC registered characteristics for these device
types are given in Table 2-1.

The major differences are due to a difference in channel thickness.
The units with a high value of Vgseofn have a thick channel, while those
with a low Vgseetry have a thin channel. The data of Fig. 2-16 show that
for a given value of Vgsem, the ranges of Ipss and gy are limited. It
should be emphasized that the data are for a particular device geometry
and manufacturing process. It is possible to produce devices which meet
the specified electrical characteristics using different geometries and
processes; therefore, a plot of device types from a different manufacturer
will not necessarily coincide with that shown in Fig. 2-16.

The data shown in Fig. 2-16a and b were used to calculate a g/
Ipss ratio. This characteristic, which is an inverse function of Vgseofr), 1S
plotted in Fig. 2-16¢. These data indicate that for a given geometry, a
higher gg,/Ipss ratio is achieved with the units having lower Vgscots)-
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TABLE 2-1 ELECTRICAL CHARACTERISTICS (25°C UNLESS OTHERWISE NOTED)*

2N4867 2N4868 2N4869
2N48674 2N48684 2N48694
Characteristic Min | Max | Min | Max | Min | Max Unit Test conditions

A Iess gate reverse current —0.25 —0.25 —0.25] nA Ves=—30V, Vps=0

218 —0.25 —0.25 —0.25| pA 150°C
-1t

3| 4 BVgss  gate-source breakdown —40 —40 —40 v Ie=—1pA, Vos=0
1 voltage

4 i Vesotn gate-source cutoff voltage | —0.7 -2 —1 -3| —1.8 -5 Vps=20V, =1 pA

5| c | foss  saturationdrain current 04{ 12 1 3| 25| 75| mA | Vbs=20V, Ves=0

(note 2)

6 & f;'::’c‘;’:dﬁ’c‘:;f]‘zi"(mfedm 700 | 2000 | 1000 | 3000 | 1300 | 4000
_ pmho f=1kHz

7 gos com(;no:l-source output 15 4 10
] conductance Vps=20V, Vgs=0

Crss COmMmMOonN-source reverse

8 D transfer capacitance 5 5 5
—, pacitar pF f=1MHz

9| iss common-source input 95 925 95

capacitance
10| 2 20 20 20 2N4867 Series F=10H
— m =
1| 7|4 shortcircuit equivalent 10 10 0] 2V yps=10V, [2N4867A Series ‘
12| c input noise voltage 10 10 10| VHz Ves=0 2N4867 Series - 1LkH
13 5 5 5 ON4867A Series | /1 Wz
VDS =10 V, Vas =0
14 NF spot noise figure 1 1 1| dB R _20K, 2N4867 Series| f=1kHz
" BK, 2N4867A Series
NS

* JEDEC registered data.
NOTES!:

! Due to symmetrical geometry, these units may be operated with source and drain leads interchanged.

2 Pulse test duration = 2 ms.
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FIGURE 2-17 JFET geometry selection guide.

Characteristics of a variety of n-channel JFET geometries are given
in Fig. 2-17. The interrelationship of characteristics related to channel
thickness is shown in curves g, b, ¢, and d. Other geometry-related charac-
teristics are shown in graphs ¢, f, g, and k. The geometries are identified
by two- or three-letter codes, such as NT, NZA, or NC. These manufac-
turing codes are used by Siliconix Incorporated to designate their partic-
ular FET chip designs and are not necessarily those used by other manu-
facturers. These letter codes are related to device part numbers in the
Geometry section of Siliconix Incorporated’s “Field Effect Transistor
Data Book.” For example, from that book, one can find that the NC
geometry is used to make device types 2N3970-72, 2N4091-93, 2N4391-
93, 2N4856-61, 2N4856A-6-61A, 2N5564-66, 2N5653-54, and Siliconix
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type J111-13. As indicated by this list, the NC geometry has wide use.
Its relatively short channel gives it a reasonably good g/ Ciss ratio, which
makes it useful in UHF/VHF oscillator and amplifier applications up
to about 400 MHz.

The NQT geometry is a dual narrow-channel device. It has a low
grs, but because of its small size it has very low gate-leakage current;
some matched duals characterized from the NQT geometry have an
operating I specification of 0.1 pA max.

2-8 MOSFET CHARACTERISTICS

Common-source output and forward transconductance characteristics
for two types of MOSFETSs are given in Figs. 2-18 and 2-19. Figure
2-18 is for an n-channel depletion-mode device type 2N3631. The output
and transfer characteristics indicate that gate-source voltage may be posi-
tive or negative.

16 v 20 T T
+ Vps =10V
< // < 16 D
€ 12 £ A
s -
I |12V »:_C-' 12 /
o g | 5 TV‘/ l
. hae G
3 / Ves=0 5 8
£ a £
e _ o 4 S
& vl 4 5 /
-4V
(] 0 )
[0} 4 8 12 16 20 -6 -4 -2 O 2 4 6
Drain-source voltage Vps,V Drain-source voltage Vgs,V
(a) Output characteristics (b) Transfer characteristics

FIGURE 2-18 Characteristics of n-channel depletion-type MOSFET (2N3631).

n
(o]
n
[e]

1 B T T
Vus=0 Ves=10V =
| Vus = < | Vgs i Vos QD
16 i —1 E 16 [-Vus=0
9V, | =
12 - I 212 / —
Il/ A = le—y—o U
1 c G —
/1 @ /
MY/4 7] £ ® /
o
4 £y £ 4
3V~ 4V~ | 5V 5
=t a 7 bs
o R : o
o] 2 4 6 8 10 (0] 2 4 6 8 10
Drain-source votage Vgg ,V Gate-source voltage Vgs , V
(a) Output characteristics (b) Transfer characteristic

FIGURE 2-19 Characteristics of n-channel enhancement-type MOSFET (M116).
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An important characteristic of this device, compared with a JFET,
1s the very low gate current. Input leakage resistance 1s typically greater
than 10* Q.

This low input leakage characteristic makes this device useful in ultra-
high input-impedance amplifiers for circuits such as ionization-chamber
input-type smoke detectors, pH measurement instruments, and proxim-
ity sensors. Caution must be exercised in handling this unit because it
contains no protective circuit for the gate oxide. A gate-to-channel volt-
age in excess of 260 V may cause permanent damage to the oxide. In
this particular geometry the body is internally connected to the source.

Figure 2-19 shows characteristics for an n-channel enhancement-mode
device which has incorporated a gate-protecting diode connected be-
tween the gate terminal and the body of the MOSFET. This diode is
designed to have a breakdown voltage of less than the voltage which
would damage the gate oxide but greater than the normal gate operating
voltage range. The diode limits the magnitude of the negative-going
gate-body voltage to about 0.6 V, and the positive gate-body voltage
to about 50 V.

The transconductance and output characteristics of the MOSFET are
similar to those of the JFET. The transconductance curve is shifted
along the Vgs axis for the “normally oFr” enhancement-type device,
so that a positive gate-source voltage is required to turn this unit ON.
The Vgs at which channel conductance just starts is called the ‘“gate-
source threshold voltage” and is given the symbol Vgsen. This corre-
sponds to the Vgseot of the depletion-type devices. The transconductance
equations of the two types are similar, i.e.,

K
Ip= 3 (Ves — Vascotn)? (2-28q)
where Ves > Vaseorn (depletion type)
K
Ip= 9 (Ves — Vesam)? (2-28b)

where Vgs > Vasin) (enhancement type)
K is the device constant, which is a function of its geometry. The trans-
conductance is

AL
&s AVgs

= K(Ves — Vascotn) (2-294)

where Vgs > Vesor (depletion type)
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Al
&rs AVos

= K(Ves — Vesin) (2-29b)

where Vgs > Vgsiny (enhancement type)

Equations (2-28) and (2-29) assume that Vps is greater than (Vgs —
Vescotn) or (Ves — Vesiny). As with the JFET, for the idealized device,
Ip and gy, saturate at a drain voltage of (Vas — Vascomn) or (Vas — Vesam)-
Below saturation, I and gy are functions of both Vgs and Vps:

2
Ih= K( Vp Vos — Z%S—) (2-30)
where Vp = (Vgs — Vasin) or (Vas — Vaseotn) and Vps < Vp

A low-frequency equivalent circuit is shown in Fig. 2-20 for the com-
mon-source configuration. The transconductance gy has been discussed
above. The input conductance gi, is due to leakage through the thin
gate oxide, device package leakage, and (if included) input protection
diode. The output conductance gy has a finite value even at Vps greater
than “‘saturation” because of the decrease in effective channel length
with increasing Vps.

The output capacitance Cgs consists mostly of the drain-body n-p
junction capacitance and is inversely proportional to the square root
of the drain voltage. Input capacitance Cy and feedback capacitance
Cag are complex functions of Vgs, Vps, substrate resistivity, threshold
voltage, and overlap of the gate metal above the source and drain regions.
Figure 2-21 shows short-circuit gate capacitance vs. gate-source voltage
for an n-channel enhancement-type MOSFET. This capacitance is related
to the carrier concentration of the silicon directly under the gate metal.
At a gate voltage below Vgsin), the “channel” region is depleted of
carriers and thus Cg decreases. For Vgs more positive than Vgsn), conduc-
tion electron concentration is increased; thus C, increases for Vgs >
Vesiny- In many devices the metal gate overlaps the drain region. This

Cdg
D o— }[L —-oD
G
e 9¢s €g 1
Cogs A~ 34 200 < Cys
G 9in

FIGURE 2-20 Low-frequency equivalent circuit for MOS-
FET.
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FIGURE 2-21 MOSFET capacitance characteristics.

fringe effect becomes an important contribution to the feedback capaci-
tance Cggq.

Because of the nonlinear nature of the FET, these equivalent-circuit
elements are functions of the operating points; thus it is important that
the bias conditions be specified when assigning values to the equivalent-
circuit components.

2-8-1 Dual-Gate MOSFET

The dual-gate MOSFET is designed to decrease the degenerative feed-
back effect of Cgg. This structure in a typical application is equivalent
to a common-source amplifier followed by a common-gate amplifier,
an arrangement commonly called a “Cascode” circuit. Because of the
low voltage gain of the input stage, the “Miller effect” of the Cyy is
greatly reduced. The second gate also provides an effective means for
automatic gain control (AGC). Application of the AGC signal to gate
2 results in a more remote cutoff characteristic than is achieved with a
single-gate structure.

Figure 2-22a shows a section view of the dual-gate structure. This
device is equivalent to two MOSFETs connected as shown in Fig.
2-22b. The more common symbol is given in Fig. 2-22¢. A symbol with
gate-protecting diodes is shown in Fig. 2-22d. The series diode arrange-
ment shown permits both polarities of gate voltages—an important factor
for some applications.

The output and forward transconductance characteristics of the dual-
gate MOSFET are functions of both gates. If Vs, is large, the output
and transfer characteristics Ip vs. Vg1 and Ip vs. Vpg are similar to those
of a single-gate device. Under these conditions, the voltage Vgs2 has
created a low-resistance channel between the drain and the internal
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FIGURE 2-22 Dual-gate MOSFET—structure and symbols.

node S'D’. As Vgso 1s decreased, the transconductance characteristic
curves become saturated at a drain current determined by Vgse as shown
in Fig. 2-23a. The resulting forward transconductance characteristics
are shown in Fig. 2-23b.

The small-signal equivalent circuit shown in Fig. 2-20 can also be
utilized for the dual-gate MOSFET. The value of Cyy for the dual-gate
unit is greatly reduced compared with an equivalent single-gate device,
a typical value being 0.02 pF for the dual-gate unit compared with
1.0 pF for the single-gate unit.

2-8-2 Short-Channel MOSFET (VMOS)

The short channel and the backside drain contact of the VMOS (vertical-
channel MOS) design result in higher current capability than has been
achieved with conventional planar MOS designs. High drain-source volt-
age Vps and low drain-gate capacitance Cyq characteristics are achieved
by including a near-intrinsic n~ layer between the drain end of the chan-
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FIGURE 2-23 Dual-gate MOSFET characteristics.
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nel and the n* drain contact. The high Vps advantage resulting from
this design is achieved at the expense of drain-source symmetry; this
means that drain and source functions cannot typically be interchanged.
The source-body breakdown voltage is lower than drain-body break-
down. However, this nonsymmetry characteristic is unimportant in most
applications where the body would be connected to the source. (For
analog switch applications, Chapter 5 shows how VMOS units can be
used back to back to achieve symmetrical high-voltage switching charac-
teristics.) The short channel length causes a carrier velocity saturation
effect which results in a low g as indicated in the output characteristics
of Fig. 2-24a. The carrier velocity saturation also causes gy to saturate
at (Vas — Vesan) values exceeding a few volts. For example, the transcon-
ductance gy, of the VMOS type 2N6656 saturates at a Vg value of about
4 V. This constant gs characteristic is indicated in the Ip-vs.-Vg and
the gs-vs.-Vgs curves of Fig. 2-24.
The transfer characteristic indicates that

In= K (Vos — Vesaw) (2-31)

where Vgsin) 1s the intercept at Ip = 0 of Vgs extrapolated from the
linear portion of the characteristic (see Fig. 2-245). Equation (2-31) also
assumes that Vps > (Vas — Vesan)-

Gate capacitance of the VMOS may be separated into three compo-
nents. The gate-to-drain region capacitance, at the bottom portion of
the V groove, will decrease as Vyq is increased because of the increasing
depletion of carriers in the n~ layer. Thus Cus (or Cyq) has a negative
Vag coefhicient and, because of the low carrier concentration in the n~
layer, will be fairly small.

Gate-to-source capacitance Cg is a function of the gate-metal overlap
into the source region. The carrier concentration in the n* source region
is relatively high; therefore gate-source voltage has little effect upon
the capacity of this region unless negative gate voltages are large enough
to deplete the source. Positive gate-source voltages exceeding Vystn)
pull carriers into the channel region, increasing gate-to-channel capaci-
tance. On either side of the threshold region this capacitance is not
very voltage-dependent.

Drain-source capacitance Cgs is the junction capacitance of the drain-
body diode. It thus has a negative voltage coefhicient.

The gate capacitance of the typical VMOS structure, per unit of for-
ward transconductance, is lower than that of the typical high-frequency
JFET; thus excellent high-frequency performance can be achieved. Fig-
ure 2-24¢ shows capacitance characteristics of a VMOS device which
has a gz of about 250 mmhos. The gs/Ciss is indicated as (250 X
1073)/(50 X 10712) = 5 X 10° mhos/F. For comparison the type U310
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FIGURE 2-24 Performance characteristics—typical VMOS (2N6656).

(a good 450-MHz JFET) has an indicated gy;/Ciss ratio on the order of
1072/(5 X 1071%) = 2 X 10° mhos/F. A similar comparison using Crss
shows an even more significant advantage of VMOS.

VMOS FETs are available both with and without zener diodes or
other protective devices shunting the gate-to-source voltage. The inclu-
sion of these devices contributes to input admittance, which is undesira-
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ble for high-frequency or fast-switching applications. High-frequency,
high-power VMOS FETs without gate-protecting diodes have been
found to be relatively trouble-free if typical MOSFET handling precau-
tions are exercised.

The positive temperature coefficient of the drain-to-source on resis-
tance (and the corresponding negative coefficient of Ip) serves as an
aid in paralleling several devices for increased current and power capabil-
ity. The “current-hogging” problem of paralleled bipolar transistors
does not occur, and so negative-feedback resistors are not required.

2-9 ANALOG SWITCH PARAMETERS

The high ratio of OFF resistance to oN resistance of the FET has resulted
in a variety of applications as electronic switches. The FET is especially
useful in circuits which must control analog signals. In the on state, a
conducting channel connects source to drain with none of the junction
barriers (and resulting offset voltages) that exist in diode, bipolar transis-
tor, and SCR switches. In general, design goals for a FET switch are
similar to those for a FET amplifier. That is, high channel conductance,

JFET MOSFET
U
S D st z L_OD
Ojfi_o e
Toom} TU
s (in)
So A oD y Y Yy
A 7 § So VWA —oD
72—\ DS (on)
Le o
ON condition (Vgg=0) ON condition (p-channel)

I lo(off)
Cos Csu S(off) T
So 1€ oD
o7 A 2 3
s{off) Io(off)
Is (off) Csc _LCDG Ip(ofs) CGSJ—I CDS +Cco
G lG

OFF condition (Vgs~Vgs (off)) <O OFF condition
FIGURE 2-25 Equivalent circuits for FET analog switch.
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FIGURE 2-26 Channel conductance gqs versus gate-source volt-
age Vgs.

low capacitance, low leakages, high breakdown voltage, and low gate-
control voltages are desirable. For the circuit designer, however, different
characteristic specifications are needed. This section covers the major
switch parameters which are shown in the equivalent circuits of Fig.
2-25. The specifications assume that for the switch ofFf condition the
gate-source and gate-drain voltages are such that the channel is cut
off. This means that for the n-channel FET the Vgs and Vgp must be
more negative than the value of Vggot or Vesin). For the switch oN
condition, Vgs and/or Vgp must be more positive than the value of Vgsorn
or Vgsin)- In the oN condition the channel conduction is a function of
gate voltage and drain-source voltage. Usually when the switch is oN,
Vps 1s low; therefore the oN resistance 7psen) is specified at a low value
of Vps. Figure 2-26 shows channel conductance characteristics for
n-channel and p-channel depletion-type and enhancement-type FETs.

Equations for these characteristics are as follows. For n-channel deple-
tion type:

1
gas =—= K (Ves — Vascotn) (2-32a)
Tds

where Vs > Vesotn)
For p-channel depletion type:

1
gas = — = K (Vgscotn — Vas) (2-32b)

Tds

where Vgs < Vaseotty
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For n-channel enhancement type:
1
8as =— = K (Vas — Vasimw) (2-32¢)
Tds

where V(;s > VGS(th)
For p-channel enhancement type:
gas = 1. K (Vesian) — Vas) (2-324)
Tds

where Ves < Vesin)
[In Egs. (2-32) the symbol > means “more positive than” and < means
“less positive than.”] As shown in Fig. 2-26 and Egs. (2-32), making
the n-channel Vgs more positive or the p-channel Vgs more negative
(with respect to Veseotn or Vasiw) will improve channel conduction and
lower 745. For the JFET a “forward” bias at the gate-to-channel p-n
junction should be avoided; therefore the oN resistance is normally speci-
fied with Vg = 0.

For the enhancement-type MOSFET there is no gate-to-channel junc-
tion to limit Vgs. However, there is usually a gate-to-body protective
diode included in the device. Also the gate-to-channel voltage should
not exceed the maximum device ratings, or the gate dielectric may be
damaged. In many applications, the source-to-body and drain-to-body
voltage may be a function of the analog voltage being switched. Since
the body acts like a ““back” gate (with respect to the channel), the channel-
to-body voltage will affect the value of 7ggon). Figure 2-27 shows 7ason)
characteristics for a Siliconix type M114, a p-channel enhancement-type
MOSFET designed for analog switching applications. The specification
for this device places limits on 7440n) at three different bias conditions
as tabulated below.

Characteristic(M114) Min Max Unit Test conditions
Tdstony drain-source 240 Q Ves=—40V, Vzgs=0
ON resistance 275 Q Ves=—25V, Vgs=15 Ip=0

500 Q Ves=—10V, Vgs=30 f =1LkHz

In the switch OFF state, the value of (VGS - VGS(off)) or (V(;s - VGS(th))
must be negative for the n-channel FET or positive for the p-channel
FET. Source and drain leakage is principally to the gate for the JFET
and to the body for the MOSFET. These are reverse-bias p-n junction
leakages and typically are proportional to the square root of the junction
voltage.
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Source-to-drain feedthrough in the oFF state is a function of the ca-
pacitances shown in Fig. 2-25. Cy4s is small (<0.1 pF) compared with
the others and can usually be neglected. Feedthrough via Cgg, Cpg, and
Csu can be greatly reduced by providing a low-ac-impedance termination
for the gate and body terminals. Many data sheets quote input and
output capacitances for the common-source amplifier configuration, that
18, Ciss, Crss, and Coss. These parameters may be related to the circuits
of Fig. 2-25 by the equations

Ciss = Cgs + Cya (2-33)
Coss = Cas + Cga + Cpa (2-34)
Crss = Cga (2-35)

In addition to contributing to source-to-drain OFF-state feedthrough,
Cgs and Cyq will contribute to charge injection from the gate-control
circuit to the analog signal path.

Switching times (turn-oN and turn-ofF times) are largely determined
by gate capacitance, which must be charged or discharged to change
the conduction state of the channel. A low value of capacitance is desira-
ble for fast switching; however, if it is achieved by reducing channel
width, an increase in 7gs results. A good figure of merit is the 74 X
Ciss product, which should be small. The value of 74 can be reduced
for a given geometry by increasing channel thickness; however, this also
increases Vs, and therefore, when comparing the 745 X Cigs products
of various devices, the value of Vgse must also be considered. For
JFETS, 7450n) 1s approximately proportional to 1/+/Vesem for a given
device geometry.

2-9-1 Offset Voltage

Ideally no currents are required to hold the FET switch in either the
ON state or the OFF state. In the ON state, there are no p-n junctions
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with their potential barriers in series with the conducting source-to-
drain channel. However, offset voltages may occur from differential or
unbalanced thermoelectric EMFs generated between source and drain.
At each dissimilar metal junction, a thermoelectric EMF will exist. A
typical system is shown in Fig. 2-28. In this system, the thermal offset
voltage is given by

Vitherman = (Gold/Al coefhicient) (T; — Ty) + (Al/
silicon coeflicient) (T2 — T3) (2-36)

The source and drain contacts on the FET chip are very close together,
so that unless there is appreciable dissipation within the chip, T, — T3
is very small. Thermal offset voltages of a discrete FET are typically
less than 1 uV. If the device is a part of an integrated circuit or is included
within a package containing heat-generating components which cause
a thermal gradient across the chip, tens of microvolts of thermal EMF
offset voltage may be developed.

2-10 TEMPERATURE EFFECTS

Changes in FET characteristics with increasing temperature can be re-
lated to one or a combination of the following: (1) a decrease in carrier
mobility, (2) an increase in the thermal generation of hole-electron pairs,
(3) a decrease in the depletion-layer width at p-n junctions, (4) a decrease
in impact-ionization rates in high-field regions, and (5) an increase in
donor and acceptor impurity ionization. These factors have the effect
of causing most FET characteristics to improve with decreasing tempera-
tures. Factor 5 is minor above about 70 K; however, below this, impurity
1onization starts to decrease rapidly, so that JFET channel conduction
also drops rapidly. The improvement in carrier mobility with decreasing
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temperature results in increasing channel conductance (and transcon-
ductance) until the 70-K region is approached. The increasing mobility
also causes some reduction in avalanche breakdown of p-n junctions.

JFET gate “leakage” current Ig, in a normal common-source amplifier
operating mode, is proportional to minority-carrier generation within
the gate-junction depletion regions (space-charge regions). The two
sources of carriers are those generated by thermal ionization and those
generated by impact ionization. Thermal generation increases exponen-
tially with temperature—doubling about every 10 or 12°C. Impact ioniza-
tion decreases with temperature because it 1s a function of carrier veloc-
ity, which has a negative temperature coefhicient. Figure 2-1d shows the
typical net effect of these two characteristics upon /. In most applications
where a low I 1s important, the FET will be biased below the “knee”
or “breakpoint” of the Is-versus-Vpg curve. If this is the case, then I
will approximately double for every 10 to 12°C increase in temperature.
Note that the breakpoint is a function of channel (drain) current. This
1s because the “excess” gate current is due to impact ionization by the
carriers making up the channel current, and therefore is proportional
to channel current.

The decrease in depletion-layer width at the p-n junctions results in
an increase in channel thickness and thus an increase in Vggeotr). This
is equivalent to a Vgs change of about 2.2 mV/°C. (This is the same
as the p-n diode forward-voltage change, and the base-emitter voltage
change in a junction transistor.) With respect to channel conduction
gas and drain saturation current Ipgs, the widening channel effect is op-
posed by a decrease in mobility. If Vggeosm 1s large (say 5 V), then the
mobility decrease predominates and Ipss and gps have a negative tem-
perature coeflicient of approximately (1.006)747. If Vggeom is approxi-
mately —0.63 V, the channel thickness change exactly compensates the
mobility decrease, which results in a near zero temperature coeflicient
for Ipss. A FET with Vgt greater than 0.63 V can be biased down
to its zero-TC operating point, at a Vgs of about Vggos + 0.63 V. Figure
2-29 shows the Ip-versus-Vgs characteristics at three temperatures. It

-1.6 ,
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€ ’;‘g +125°C
[ O N +
.
2 o6l N\
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FIGURE 2-29 FET transfer 5 ~04
characteristics at three tempera- © -0.2 N
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can be seen that for this device zero TC for Ip occurs at Vgs =09V,
which is about 0.63 V above Vgsots-

Temperature effect upon gate capacitance is a function of how the
device is biased. The change in depletion-layer thickness tends to give
the junction capacitance a positive coeflicient. However, if the bias is
large (drain-gate voltage, for example), then the percentage change in
depletion-layer thickness (and thus the capacitance) is small.

2-11 DERATING FACTORS

As shown above, the FET electrical characteristics are a function of
temperature. The temperature of importance is that of the active region
of the device, which probably will be higher than the surrounding am-
bient temperature due to internal heating. Every part of the FET has
thermal properties: the silicon die, the die attach material (solder, epoxy,
etc.), and the header. The thermal properties include thermal resistance
and capacitance, analogous to electrical resistance and capacitance. The
die temperature rise above ambient is the product of the die power
dissipation and the thermal resistance between the die and the ambient.
Thermal resistance is normally expressed as °C/W (degrees Celsius per
watt). For power devices, the temperature rise is usually specified with
reference to the device case (package) temperature; thus it does not
take into account the thermal resistance involved in mounting the case
to a heat sink.

Temperature is important from the standpoints of electrical character-
istics and long-term reliability. The maximum device temperature and
dissipation ratings specified in data sheets usually are related to long-
term reliability considerations. Recommended maximum internal tem-
peratures established by users and manufacturers of silicon FETs are
usually in the 150 to 200°C range. Dissipation ratings are thus related
to the recommended maximum device temperature. For example, as-
sume a device with a maximum temperature rating of 200°C has a ther-
mal resistance of 30°C/W. If the case temperature is held to a maximum
of 50°C, then the dissipation should be limited to

I;— T _200—50
°C/W 30/W

For another example, assume a device has a “free-air” (no heat sink)
power dissipation derating factor of 3 mW/°C. This implies that the
thermal resistance is (3 mW/°C)~! or 333°C/W. If the device is operated
at a power dissipation level of 50 mW, then the internal temperature
T; will be

pP= =bW
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(333°C)

AT;=(0.050 W) =16.5°C

above the ambient temperature. The free-air rating means that the ther-
mal resistance of case to surrounding air is included in the rating, that
is, no heat sink is assumed.

2-12 GLOSSARY OF TERMS AND ABBREVIATIONS

BVsss Gate-source breakdown voltage

Coa Body-drain capacitance

Coa Gate-drain feedback capacitance

Cogs Gate-source capacitance

Ciss Common-source input capacitance

Coss Common-source output capacitance

Crss Common-source reverse transfer capacitance

Cas Drain-source capacitance

n Equivalent short-circuit input noise voltage

in Equivalent short-circuit input noise current

&fs Common-source forward transconductance

gfs0 Common-source forward transconductance when
VGS =0

Giss Common-source input conductance

Zos Common-source output conductance

Inetn  Drain cutoff current

Ip Drain current

Ipss Saturation drain current (at Vgs = 0)

Ic Operating gate current

Igss Gate reverse current

Tdson) ~ Dynamic drain-source ON resistance
Tpsony)  Static drain-source ON resistance

R;, Drain load impedance
Vbs Drain-source voltage
Voe Drain-gate voltage
Ves Gate-source voltage

Vo Pinchoff voltage
Vesany Gate threshold voltage
Vesoty Gate-source cutoff voltage
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3-1 INTRODUCTION

FET electrical characteristics were discussed in Chapter 2, and equivalent
circuit models were developed. In this chapter we will utilize these char-
acteristics and models to develop FET amplifier configurations.

Three basic problems facing the designer of an amplifier are (1) the
choice of the circuit configuration, (2) the selection of the active device
type to be utilized, and (3) the setting of the bias conditions. The choices
for an amplifier stage that delivers 50 W of audio power to a speaker
differ from those for one which amplifies a 5-uV signal from a high-
impedance source. The selection of a device and its optimum bias are
interrelated; however, the approximate bias can be determined prior
to the selection of a specific device type.

61
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3-2 GROSS BOUNDARIES OF THE OPERATING REGION

For a linear amplifier there are gross boundaries on the FET output
characteristics within which the operating point (bias) must be located.
For reliable operation the voltage, current, and power-dissipation ratings
of the FET should not be exceeded. For low distortion Vpe much below
the Ip saturation region should be avoided. The minimum drain-voltage
boundary should be such that*

Voo =—Vp . (-1

The maximum drain voltage should be specified so that the drain-gate
or drain-source breakdown voltage is not likely to be exceeded. The
maximum drain current may be limited by the Ip (max) rating of the
device or typically, in the case of a small-signal device, by the Ipss value.
Ip may be permitted to be greater than Ipgs if the application permits
a forward bias on the gate.

The maximum power-dissipation rating results in the boundary of
the maximum Vpg * Ip product. This boundary is a function of maximum
operating temperature. In some cases exceeding the dissipation bound-
ary may be permitted if the time factor is such that the rise in device
temperature does not exceed the device maximum temperature rating.

The shaded area of Fig. 3-1 shows the allowed operating region.
The quiescent point (zero-signal bias point) must be such that with

Dy 777 W

/ ///\ Power maximum
/

0 #*—Vps =—Vp
-
$
-t +—f—

I 3 / Voltage

| c maximum

| S Y/ /

| o

¢ L 7 7
Vp Vesa O 0 Vbs,a Voo Vb (max)

Gate - source voltage Vgs Drain —source voltage Vps

FIGURE 3-1 Gross operating boundaries for linear operation.

the maximum required output voltage and current swing, Vpg is not
forced below —V, and Ip is not forced to zero. Further restrictions on
the gross boundaries may be set by other factors such as available power-
supply voltage and power consumption limits.

* We have chosen to let Vp = Vgseor). This differs from some writers’ use of V), to mean
the value of Vps at which I saturates. For the classical FET, with characteristics as shown
in Fig. 2-1, I saturation occurs when Vpg = —V).
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3-3 DESIGN EXAMPLE

We will design a FET voltage-amplifier stage and discuss some steps
in choosing a suitable FET. Using this FET amplifier, we will then discuss
biasing methods. For the voltage-amplifier stage shown in Fig. 3-2, make
the following assumptions:

1. Voltage needed to drive the VMOS power output stage
=2V rms=28V peak

. High-frequency (—3 dB) corner > 50 kHz
. R, =106 Q
. CL = 200 pF

. Total available supply voltage = 30 V
. Rgen = 30,000 Q

. Low-frequency corner < 20 Hz

® g O Ot A~ N

. Voltage gain ¢,/¢en to be as high as practical

There are three amplifier configurations: the common-drain, the com-
mon-gate, and the common-source. The common-drain stage has a very
high input impedance and a low output impedance; however, its voltage
gain is less than 1. The common-gate stage can have a high voltage
gain, but its input impedance is low. The common-source stage has
both high input impedance and high voltage gain, so it is the configura-
tion we will use for this amplifier example. We will start with the circuit
of Fig. 3-2. The approximate equivalent circuits for low frequency, mid-
frequency, and high frequency are shown in Fig. 3-3.

F o

|

|

|

|

Cs |
T
- |
. |
k—— Voltage amplifier—e

FIGURE 3-2 ]JFET voltage amplifier stage.
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FIGURE 3-3 Equivalent circuit of Fig. 3-2.

3-4 ESTABLISHING THE OPERATING
POINT AND BIAS METHOD

The allowed operating region has been indicated in Fig. 3-1. How do
we establish the quiescent operating point and how accurately need it
be maintained? Fortunately, biasing of a single-stage FET is a relatively
simple matter as compared with a bipolar transistor. The input (gate)
of the FET draws very little direct current, and FET dc characteristics
are not as temperature-dependent as bipolar characteristics. However,
parameters do vary with temperature. Also, variations will occur from
device to device within the same type number. To obtain fairly uniform
performance over a wide temperature range with devices of a given
type, it is desirable to control I. When biased to a given Ip, gy varies
less from unit to unit and with temperature than would be the case if
it were biased with a constant Vgs. If the maximum possible output
voltage i1s needed, then constant I biasing is the best method to use.
Constant Vgg biasing is seldom used in low-frequency RC-coupled ampli-
fier circuits because of the wide spread in Ipss usually specified in device
types.

Biasing in such a way that Ip is a controlled function of 7, may be
even better than the constant-Ip method. With constant current biasing,
units with a high 7, typically will have a lower gz than will units of
the same device type with a low V,. By permitting the Ip to increase
for the high-V, units, the g can be held more nearly constant. This
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will result in a change in Vpg, which must be taken into account when
considering the maximum output.

Figure 3-4 shows one method of making Ip a function of V,. The
source current is supplied through a source resistor Rs, and Vg 1s con-
stant. This is sometimes called the self-bias method and is widely used
for ac amplifiers.

For the forward-transfer and the output characteristic curves shown
in Fig. 3-1, the source terminal was used as a reference (Vs was constant).
In the circuit of Fig. 3-2, however, the gate voltage V; is constant (assum-
ing I 1s negligible). To study this bias situation, a different presentation
of the characteristics will be used. For our design we will maintain
Vpe>—V, so that to a first approximation Ip is affected only by Vsg.
Figure 3-4 shows the Ip-versus-Vsq characteristic curves for two devices
that we will consider to be our limiting units. Q, is the unit with maximum
Vp, and Q2 is the unit with minimum V. Our goal is to minimize gg
variations between the limit devices. We will try to bias Q; so that its
grs at Ipa) 1s the same as the Qs ggs at Ipe). The maximum value of
Ipa) to avoid output clipping is

{

VnD_VG+VP_\/§eD ;

Ipay =~ d (3-2)
Rp /7
+Vpo
o R1 RD
Ipvs Vsg characteristics D
G
Device Q >
ew.ce 1 o+—Slope=Rg R T
. Device Q2 | Locusof Vgvs s VR Rs Vs
H
+ . Slope = 1 l
O *D(max) Ro =
5 1
3 D (1) Locus of Vpvs Ip
¢ To
5 -
a —+
b 1
ve Voo
——si Source voltage Vg
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Ves (1)
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|Vp (1l
V2eq
Voe(1)
Vo6 (2)

FIGURE 3-4 Bias characteristics for the amplifier circuit of Fig. 3-2.
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The problem is a little more complicated now because of our desire
to maintain a constant gz. It can be seen in Fig. 3-4 that for a given
Iny, Vg and Ipy will be a function of Rg. We want Ip@) to be the value
that results in the gg of Q2 being the same as the gy of Q5.

To determine Ipi) we make use of Egs. (2-12) and (2-10). By letting
grs) = grs2), We can get Ipe):

1 V, 2
Ipe) = Ipw) LSS <ﬂ‘)) (3-3)
Ipssiey \ Vpa)

where the subscripts (1) and (2) indicate devices 1 and 2.
To obtain the slope Rgs, we need the values of Vsga) and Vsg), which
may be derived from Eq. (2-1). ‘

1)

Then from Fig. 3-4 we get

AVs_ Vsow — Vsow
Ry=Z =—po—p 2 (8-5)
N ¥ Als Il{(l) - 10}52)

and b

We can estimate the gy at the operating Ip with an equation derived
from Egs. (2-10) and (2-12):

n;:},;“ ’
Vo= RsIpe) — Vsew@ (3-6)

_ 2(Iplpss !'?

&rs 7, (3'7)

The value of Rp is needed to determine Ipu) and the voltage gain 4v.
To maximize Ay, Rp should be high; however, an upper limit is imposed
by the required frequency response. The output side of the equivalent
circuit shown in Fig. 3-3 will have a high-frequency corner which will
be a function of R,. Midfrequency output voltage is

op = —¢ggrsRo (3-8)
High-frequency output is
v —eggst,;‘
= 3-9
bt =771 @m[CLR,)TT2 3-9)
= 1 ’
where R =1 B T 1/Ro+ gw (3-10)

The fall-off in output at high frequency resulting from C is obtained
by the ratio of Eq. (3-9) to Eq. (3-8):
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Co(HF) - 1
eomr (1 + 2wfCLR;)?]Y/?

(assuming ¢, 1s constant).

(3-11)

3-5 INPUT CAPACITANCE

On the input side of the high-frequency equivalent circuit, the capaci-
tance Gin will cause ¢ to decrease as frequency is increased. The equation
to determine this loss is similiar to Eq. (3-11):

€g(HF) 1
= 3-12
egom  [1 + QafGaRe)?)M? ( )
where R¢ 1s the parallel combination of Regen, R;, and R,, and
Cin = Cgs + Cga(1 — 4v) (3-13)

Cgs and Cyq are functions of Vgs and Vgp. Therefore we must determine
bias conditions as well as Ay to determine Ci,.
Junction capacitance Cj as a function of voltage has the form

Ci=0G [1 +<V1;)k]—l (3-14)

If C; is known at one bias voltage Vjqu), it can be determined at another
bias voltage Vje) by

RN
Vi Vm)) (3-15)

Cicor = C
g2 = Gj) ( Voi— Vi

For an abrupt junction, k¢ = 0.5; for a linearly graded junction, k£ =
0.333. Most JFET gate junctions fall between these two conditions, so
we will use £ = 0.4. For silicon the “bult-in” space-charge voltage Ve;
is about 0.6 V. The FET specification sheet will normally give the bias
condition for the Cgs and Cyq specs. For the amplifier, Vgs is given by
Eq. (3-4). By observation from Fig. 3-4 we can get

—Vep=Vop— Ve— DbRp (3-16)

3-6 CHOOSING THE FET—A DESIGN EXAMPLE

We will use these equations in the design of the amplifier of Fig. 3-2.
A point that should be emphasized is that not all JFET device types
conform to the equations presented in Chapter 2 and in this chapter.
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FIGURE 3-5 Comparison of short-channel FET (NC geometry) with long-
channel FET. ’

After a part number has been selected for the amplifier, its characteristics
should be checked with the design operating conditions, for conformance
with the design goals. For example, the output characteristics of two
different FET geometries are given in Fig. 3-5. The active chip areas
of these two geometries are approximately equal, and their Vggosr) values
are about the same. It can be seen, however, that the NC geometry
has an Ipgs about 10 times that of the NS geometry. This is due to
the difference in the channel length and width of the two types, the
shorter length of the NC channel resulting in a higher Ipss and gy per
unit of channel width. It also results in a higher gso/Cyq ratio, which
1s an important factor for high-frequency amplifiers and for low-oN-resis-
tance analog switches. The long-channel NS geometry, on the other
hand, is good for low-noise performance at low frequencies where its
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relatively low gg;/Cgq ratio is not so important as it is for high-frequency
devices. Figure 3-5 compares the output characteristics of these two
devices at various Ip levels.

The short-channel effect of the NC geometry is very noticeable at
low-current-bias conditions. The high gos is apparent. It can also be
seen, however, that when biased for the same I, condition, the gfs 18
much higher for the NC than for the NS. Even with the higher g, the
Av [Eq. (2-13)] for the NC unit can be greater than for the NS unit.
These characteristics should point out the importance of not taking
for granted all equation simplifications. Neglecting gos [Eq. (2-14)] to
arrive at a simplified equation for 4y would cause little error for the
NS geometry with the load lines shown in Fig. 3-5; however, it would
result in a large error with the NC geometry.

Deciding what FET type to use for a given application can be a prob-
lem. There are several hundred part numbers listed in a typical FET
catalog. Fortunately almost all these numbered types are made from
just a few basic production designs. These designs are referred to as
“geometries.” Within a given geometry the Ipss and Vggeorr) are related
approximately as indicated by Eqs. (2-1) through (2-4). The major differ-
ence between devices within a given geometry is the channel thickness,
usually controlled by an epitaxial-layer thickness, ion implant depth,
diffusion time, or a combination of these. Figure 3-6 shows the Ipgg
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FIGURE 3-6 Ipss and gy versus Vsom relationship of
NC geometry.
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versus Vgseotr) relationship of devices made from Siliconix Inc.’s “NC”
geometry. About 40 ‘“standard” part numbers are characterized from
this one geometry.

For our amplifier example we will utilize a “JFET geometry selector
guide” as was shown in Fig. 2-17. Certain parts of this guide are repro-
duced in Fig. 3-7 for convenience. The curves indicate a V} range from
about 0.2 to 10 V. With our knowledge that higher 4y can be achieved
with lower ¥, units (provided I, is adequate), we tend to favor these
units for our design. Since 3 V is about the middle of the V, range
indicated, we will use this as a tentative value.

Figure 3-4 shows the bias characteristics for the amplifier. The bias
current Ipg) can be calculated with Eq. (3-2); however, we must first
set values for Rp and V. Our amplifier design called for ¢ to be 2 V
rms, and we have assumed V, = —3 V. The upper limit for R, is deter-
mined by the maximum permissible fall-off at high frequency as indicated
by Eq. (3-11). The design goal called for less than 3 dB loss at 50

-100 Trvm rreer
50 Tpos'@ Vps= 10V, Vgs= O % 100 BLI I@lll TT l/\A TTT17T |q
e - s — BVess [
5 % [~ Vos=0 I—
R £> sof J1Ls
t> @ a - —
S ~ -50 Ry ]
St 33 o "I|| .
o [} o —
o 7 (=3 _
[ © 3 40
EE g2 g ]
g -o05 =2
v | m S > 20} -
® a | -
+ NP,NGP, NNP
& o1 IIIIN1IIIIIIII\IIIIIIIHIIIIII\ S ol
0.01 04 10 100 1K 10K g&ghggg:ggé"’z‘&'%%
Saturation drain-current Ipss, zz =2z zzz 22
mA Geometry code
(a) (b)
8 20 v 8 TTT T T T T 71T
g [ Co o vgsz10v | 60pF|]| & [lnBvstrov 99F“[" ]
5 " ves=0 160 pF éu‘i [ Ves=0 315F 1]
2 15 - H £ =6 -
o 3,, a
© —
sw [ 1 56 .
>
2o H 34
g6 L | S8
5 23
2 5 3 a2
1 1 O
c | s O
o B o
€ €
€ E o]
o [e]
© (8}

FIGURE 3-7 JFET geometry selector guide.
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kHz. There will be some loss at the input due to Gyn; however, we can’t
determine Gy until we know the device we are going to use and the
value of Rp. We will assume for the moment a 1.5-dB loss at the input
and a 1.5-dB loss at the output.

A loss of 1.5 dB is a voltage ratio of 0.841. Using this value we use
Eq. (3-11) to obtain a value for R,:

_ [(eoomm)/ ormy)2 — 1]1/2
27TfCL

With f= 50 kHz, C, = 200 pF, and the 1.5-dB loss indicated above,
we get with Eq. (3-17) a value of R, = 10,239 Q. R, 1s the parallel
combination of Rp, Ry, and 1/gs. In our example R, = 1 MQ, so it
can be neglected. Figure 3-5 shows that gy 1s a function of the FET
geometry, so we cannot get its value until we select the device type.
For the moment we will assume that 1/g,s >> Rpgand let Ry = R,.
We will modify this after we determine the approximate gos for the se-
lected device type.

The best value for Vg will be a function of the geometry; for now
we will assume a value of 3 V so that we can proceed with estimating
an Ipg) value. Using Eq. (3-2) we get

30—-3—-3-28
10,239

Minimum Ipgs of the selected FET should allow for a peak signal current
above the Ipq) value.

R, (3-17)

2 mA

Ipa) =

\/§ €o
Rp

If Ipssimin) 18 lower than Ipmax), then the gate will become forward-biased
on positive input peaks. Typically Ipss will decrease as temperature in-
creases, so this must be taken into account. The maximum temperature
coeflicient for Ipss is approximately ¢ (©-000AT Tf we assume a maximum
operating temperature of 75°C, then the 25°C value of Ipss should be

Ipmax = Ipay + (3-18)

Ipssizs®) = Ipssersee” 000915 = 1 35 [g5757)
With ID(l) =2 mA, ID(max) per Eq (3-18) will be
(1.414)(2)
10.239
and Ipgscesy = (1.351)(2.28) = 3.08 mA (min).
Looking at the selector guide in Fig. 3-7 we tabulate in Table 3-1

FET geometries having Ipss > 3 mA. We have added to this table the
approximate Vp, BVgss, and capacitance values.

Ipmaxy =2 + =2.28 mA



72 DESIGNINC WITH FIELD EFFECT TRANSISTORS

TABLE 3-1 SELECTED FET GEOMETRIES HAVING Iyss >3 mA

At Vps=10 V and Vgs = 0

Approximate — Vp

Geometry Jor Inss= 3 mA v BVgss range Ciss — Crss Crss
NS 27V >40 V 10 pF 4 pF
NFA 3.3 - >40 3.5 0.8
NP ] 2.3 >40 35 1.6
NRL 15 >40 4 1
NH 1.3 3040 2 0.6
NZF 0.9 3040 5 1
NC <0.5 >40 10 3
NZA <<0.5 ) 25-35 ' 8 2
NVA <0.5 25-35 160 —

NoTE: NQT, NQP, NNP, and NNR geometries are dual FETs and so they are not considered for this
application.

High gain at midfrequency could be achieved with the NVA geometry;
however, because of its large capacitance values, the high gain would
probably have to be sacrificed to get the desired high-frequency corner.
Also there are no standard devices from NVA geometry having a Vpe
rating of 30 V or greater, so we will not evaluate this geometry further.

The NC geometry is next in line with respect to Ipss/Vp ratio. It
has a high BVgss and reasonably low Cis and Crs. There are several
devices using this geometry that have low V), specs of —0.5 to —3 V.
We will select the 2N4393 for further evaluation.

The NZF geometry has lower Ciss and Gy than the NC; however,
there are no standard device types with BVgss of 30 V or greater.

The low-capacity NH geometry should be further evaluated and com-
pared with the device selected from the NC geometry. We find that
the FET type 2N4416 has a 5-mA Ipgs minimum, and also has a 30-V
BVgss minimum, so we select it for evaluation. The other geometries
in Table 3-1 have higher 7}, and higher Cis than the NH, so they will
not perform as well.

Table 3-2 1s used to list the characteristics of the 2N4416 and the
calculated amplifier-component values. In the ‘“Note” column we indi-
cate whether the listed characteristic is a data-sheet limit, a value esti-
mated from the data-book curves, or a calculated value. We have a col-
umn for the high-V}, unit (Q; in Fig. 3-4) and a column for the low-7},
unit (Q: in Fig. 3-4). The performance curves will aid us in estimating
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TABLE 3-2 DEVICE TYPE 2N4416 (SILICONIX NH GEOMETRY)

Value for Value for

Characteristic Q. (high Vy) Q.: (low Vy) Unit Note
Ipss 15 5 mA 1
v, 6 2.5 v 1
Cos 3.2 3.2 pF Vas=0
Caa 08 0.8 pF Tg=—15V
Ipss 15 mA 1
Ipss 6 mA 2
v, 48 \ 2
Vo 2.5 A% 1
Zos 0.013 0.007 mmbho 2
Rp 12 12 kQ Eq. (3-17)
R, 10.4 11 kQ Eq. (3-10)
Ip 1.5 1.02 mA Egs. (3-2), (3-3)
Vse 3.28 1.47 A% Eq. (3-4)
Rs 3.77 3.77 kQ Eq. (3-5)
Ve 2.38 2.38 \% Eq. (3-6)
grs 3 3 mmho 2
oo/ 31.2 33 2R
Ve 9.62 15.38 % Eq. (3-16)
Cos 1.55 1.95 pF Eq. (3-15)
Cya 0.95 0.8 pF Eq. (3-15)
Co(HF) / Co(MF) 0.837 0.823 — Eq. (3-11)
€qeHF) / g(MF) 0.957 0.965 —_ Eq. (3-11)
CoHF) / €g(MF) 0.801 0.794 —_—
20 log [eowr) /egmm] —1.93 —2.0 dB
G 0.03 pF Eq. (3-20)
G 0.03 . uF Eq. (3-20)
G 33 pF Eq. (3-20)
R 12 mf Eq. (3-21)
R, 1 m{} Eq. (3-21)

NOTES:
1. Data-sheet limit.

2. Estimated from curves.
3. Calculated with equation.
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the interrelation of the various characteristics. For example, we note
that the typical Ipgsmax) unit of the 2N4416 (NH geometry) has a V}, of
about —4.8 V instead of the —6-V limit permitted by the specification
sheet.

Also the typical Vpmin) unit has an Ipss of about 6 mA instead of
the data-sheet limit of 5 mA.

In calculating Ipg) we will use —6 V for V, because this will ensure
that a data-sheet-limit unit will not result in output clipping at maximum
¢. For calculating I, however, we will use the relationships indicated
by the performance curve. This should result in better selection of the
proper Rg for gy control.

We proceed with the calculations and fill in Table 3-2. In arriving
at the first approximation for Ipq), ges was neglected. Now that we have
Ip, we can estimate from the performance curves gos for the two devices.
For the NH with high V}, we get gos = 0.013 mmbho.

The calculated value of gy is 1.98 mmhos. The gy versus Ip perform-
ance curve in the data book indicates that gg is closer to 3 mmhos for
this device. The error in the equation is probably due to the short-
channel effect in the NH geometry. We used the higher of the two -
values in Table 3-2. '

The midfrequency gain (¢/¢g) is slightly higher for the low-V}, unit
because the lower I gives a lower go. This could be compensated by
lowering Ipe) to reduce gyse).

The high-frequency loss is only 2 dB because the Gy loss is less
than we initially allowed for. Figure 3-3a shows the low-frequency equiva-
lent circuit. Response will be determined by the input and output cou-
pling capacitors, and by the source-bypass capacitor. The low-frequency
transfer function of a simple RC high-pass filter is

1
T {1+ [1/@mfCR)]2 2

Kir (3-19)
We have three RC networks to consider: (1) the input, consisting of
Ci, Rgen, and Ry, (2) the output, consisting of Cp, Rp, gos, and Rs; and
(8) the source circuit, consisting of Cs, Rs, and g.

We let the attenuation resulting from these three RC networks be
- —3 dB, i.e, the product of the three Kir factors be 0.708. Since the
input and output Rg are much larger than the equivalent source resis-
tance, C; and C; can be much smaller than Cs. If we let K r associated
with C; and G; each = 0.95, then K.r associated with Cg will be

0.708

=095 095 278

Ks
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where Ks is low-frequency attenuation resulting from imperfect source
bypassing. For both the input and the output, R is approximately 108
Q. Assuming K= 0.95 at f= 20 Hz,

C=[27fR(Ki#— 1)/2]1 (8-20)

Using the above values we get C; and G; = 0.0242 puF. We will use
0.03 pF.

For the source circuit, the equivalent R is Rs in parallel with gzt
Using Eq. (3-20) and letting K= 0.784, we get Cs = 33 uF. The voltage
across Cs will not exceed Rs/(Rp + Rs) (Vpp). A 10-V rating for Cg is
used.

We have assumed the parallel combination of Rg and Rge = 108
Q. The ratio is set by Vpp and V.

Ree Vg

g 3-21
RG1+ RG2 VDD ( )

Since we want

< R
=108 Q)
Rei+ Ree
and
Rea =—VG=2.38
RG1+R62 VDD 30
30
= (106 =126 M
Reay= (10 )(2.38) 12.6 MQ

Use 12 MQ. Then
2.38
Reo ="3—0‘ (Re1+ Rea)

. 2.38\"1=1.0%3 M
RGz'—_‘_?)'a‘RGl(l ———)

Use 1 MQ.
The completed amplifier design is shown in Fig. 3-8.

3-7 CONSTANT CURRENT-SOURCE BIAS

Replacing Rs in Fig. 3-8 with a current source results in the circuit
and bias conditions shown in Fig. 3-9. The value of the current source
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1MQ 3 39K 33uf

Rs3—=1 10V = FIGURE 3-8 Completed

= amplifier schematic.

"

Is determines the value of Ip. If Is is constant, then Ipq), = Ipe). Ip does
not change from device to device. From a practical standpoint a FET
current-limited diode, such as the Siliconix type CR100, can be used.
By setting Vg to + 2V, the CR100 operates well into its saturated region,
so that its effective output resistance is greater than 180 kQ. Hence, a
Vse change of 2 V results in a less than 12-pA change in Ip. However,
we must take into account the current-source tolerance. If we assume
a =10 percent tolerance, for example, then the Ipq range would be
0.9 to 1.1 mA. As with the source resistance example, the current source
must be bypassed with Cs of essentially the same value.

An advantage of the constant current source over the large source
resistor is the improvement in current stability. The drain current is
essentially independent of the Ipss and V), of the FET (within limits).
As shown in Fig. 3.9, Ipu) and Ipe) are equal to the current of the regulator
CR100. With CR100 limits of 0.9 and 1.1 mA, Vp would be

Voig = 30 V — (0.9 mA)(12 kQ) =19.2 V
Vodowy = 30 V— (1.1 mA)(12 kQ) = 16.8 V

+Vpp
Ry Ro
\ I vs.V characteristic of
current source CR 100 Re CR100

1
Ro

FIGURE 3-9 Characteristics with constant current bias.
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Maximum output voltage without clipping would be

€ochigh) max — 30— 19.2=10.8 V
19.2-6=13.6 V
Cotlow) max — 30— 16.8=13.2V
16.8—6=102V

For the worst case,
€o(peak) — 102V

An important application of the current regulator (or “‘current
source”’) is in differential amplifiers. The high output resistance of the
current source enhances the common-mode rejection.

3-8 CASCODE CIRCUITS

The term “Cascode” describes an amplifier stage consisting of a com-
mon-source (or emitter or cathode) stage, followed by a common-gate
(or-base or grid) stage. This circuit configuration was originally devel-
oped to achieve improved high-frequency performance in vacuum tube
amplifiers. The Cascode configuration not only improved the output-
to-input isolation; it also greatly improved the high-frequency amplifier
stability by reducing the feedback capacitance within the amplifier stage.
In this section Cascode circuit advantages in dc and low-frequency ampli-
fier circuits are covered. High-frequency circuits are discussed in Chapter
4.

3-8-1 Increasing Junction-FET-Amplifier Input
Resistance by Using Cascode Circuits

The gate-leakage current Ig as a function of drain-to-gate voltage Vpe
discussed in Chapter 2 increases rapidly once the I breakpoint voltage
is exceeded (Fig. 2.1d). Cascode circuits are useful in amplifier applica-
tions requiring high input resistance over a wide input-voltage range;
for example, source followers and differential amplifiers. Before discuss-
ing the circuits, let’s look a little closer at the I breakpoint mechanism.

3-8-2 I; Breakpoint Mechanism

The gate current I of an n-channel JFET is a function of gate-source
voltage Vs, gate-drain voltage Vgp, drain current Ip, and temperature.
Figure 3-10d shows a typical family of Ig-versus-Vpg characteristics, with
Ip as a parameter. At a fixed value of Ip, I; is a slowly varying function
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FIGURE 3-10 Characteristics of n-channel JFET.

of Vpe until the I breakpoint is reached. The breakpoint is a function
of Ip. Beyond the breakpoint, I; is an exponential function of Vpe and
a linear function of Ip.

Anunderstanding of the Ig-versus-Vpg characteristics is aided by consid-
ering the equivalent circuit shown in Fig. 3-11, which indicates that I
is the sum of three components: I, I, and L. I, and I are simple
leakage currents of reverse-biased gate-source and gate-drain p-n junc-
tions. They are the result of thermal ionization of carriers within the
junction depletion layers and will approximately double in magnitude
for each 10°C increase in junction temperature. I; and L are approxi-
mately proportional to the square root of junction voltages Vpe and
Vse, respectively.

The I; component results from carriers generated within the drain-
gate space-charge region due to impact ionization by the drain-current
carriers. Thus I3 is a lnear function of Ip and an exponential function
of Vpg. At low voltage the impact ionization rate is so low that the I3
component is undetectable in the presence of the thermally generated
components /; and I,. Impact ionization rate, however, is an exponential
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I3=f(Lp,Vog)
D ——

I
a el
>

(a) FET symbol (b) Equivalent circuit

I

FIGURE 3-11 Equivalent circuit of JFET to analyze gate
current.

function of electric field. Thus increasing Vpe causes a rapid increase
in the I3 component.

Impact ionization is also a function of carrier mobility. Since mobility
has a negative temperature coefficient, I5 decreases with increasing tem-
perature. The broken-line curve in Fig. 3-10 shows I versus Vp¢ at a
temperature of 125°C. It can be seen that the breakpoint caused by I
occurs at a higher value of Vpg.

3-8-3 Practical FET Cascode Circuits

Operation at Vpe values below the Ig breakpoint is desirable for amplifier
applications requiring very high input resistance. If a large input-voltage
range is required, the circuits shown in Fig. 3-126 and d have been
found to be useful. The circuits maintain a low Vpe on the input FET
Q;; thus, the breakpoint of Q, is not encountered, and the I3 component
is undetectable. Gate current of Q, increases as its Iz breakpoint is ex-
ceeded; however, it does not contribute to input current and remains
well below 0.1 percent of Ip until avalanche breakdown is approached.
The curves of Fig. 3-12 compare the Iz versus Vpg characteristics of
the circuits shown.

Another advantage of the Cascode circuit is a reduction in input capa-
citance due to a decrease in the Miller effect. Figure 3-12 shows Gy
versus Vpg for the amplifier circuits. The great reduction of Gy of the
source follower of Fig. 3.12d is caused by the “bootstrapping” of the
Q, drain to its source. Thus, both the drain and the source of Q, are
forced to “follow” the gate, greatly reducing the effect of both Cgq and
Cgs upon Gip.

Figure 3-13 shows the transconductance and static output characteris-
tics of the Cascode circuit for comparison; the broken-line curves indicate
the characteristics of the single device Q. At the selected operating
point (Ip = 10 mA) the transconductance is approximately the same
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FIGURE 3-14 Characteristics of Cascode circuits.

as for the single device. The output conductance, however, is much
lower for the Cascode connection.

Figure 3-14 will aid in understanding the Cascode characteristics.
Note that Vgs of Q2 = Vps of Q;. The operating point for Q, will be at
the intersection of the Ip-versus-Vsg curve of Q. The broken-line curve
shows the approximate Vps at which Ip saturation occurs for Q;. The
optimum operating point for Q, is near its Ip saturation. At lower values,
transconductance begins to drop due to an increase in gqs. Higher values
will result in some increase in Ig.

The voltage at which drain current saturates is

Vbs = Vas — Vascotn (3-22)
Voe = —Vescotn (3-23)

To keep both Q; and Q, operating in drain-current saturation, the mini-
mum drain-gate voltage of the Cascode connection should be

Vbamin) = — Vescotty — Vascotn@ (3-24)
If Q; and Q; are matched units, then
Vbamin) = —2 Vescotn (3-25)

The Cascode FET pair, as shown in Fig. 3-15a4, may be regarded as
an active two-port. The midfrequency equivalent circuit shown in Fig.
3-15b may be reduced to the simplified circuit shown in Fig. 3-15¢. The
feedback capacitance Cyq and the output conductance g5 are reduced
by the ratio gus/gys.

The voltage gain (Ay) of the input stage of the Cascode is approxi-
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FIGURE 3-15 Cascode equivalent circuit.

matyely —1; therefore, the input capacitance (including the Miller effect)
is

Gin= Cgs+2Cga (3-26)

where Cgq and Cy are values for the input FET.

Output capacitance is approximately Cyq of the common-gate output
stage. Forward transconductance gs will be equal to the input-stage
transconductance.

At a given drain current level the effective “bottoming” voltage (mini-
mum Vpg) for the Cascode is about twice that for a single device; thus
the power efficiency is lower. For small-signal amplifiers, which are the
major application of the Cascode, this is not important. A commonly
used Cascode configuration for FM and TV front ends is the dual-gate
MOSFET, which in effect is an integrated Cascode pair (shown in Fig.
3-16). The 3N201 is an example of such a device. Its characteristics
are discussed in Chapter 4.

S Gy G2
Gate
[oxide D
Y 24 |4 { ,Ij
7277 A Y27z G2 o—
5 Gy O-—|
p - type substrate
S

‘— n-type channel

FIGURE 3-16 Dual-gate MOSFET.
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The reduction of Iz and Gy by the use of the Cascode connection
can be used to advantage in differential amplifiers. The common-mode
voltage range can be greatly increased and the input bias current re-
duced. The Cascode differential amplifier is further discussed in Sec.
3-10.

3-9 SOURCE FOLLOWER (COMMON-DRAIN AMPLIFIER)

Too little knowledge of biasing methods for FET amplifiers sometimes
keeps engineers from making maximum use of FETs in circuit designs.
The common-drain amplifier, or source follower, is a particularly valua-
ble configuration. Its high input impedance and low output impedance
make it very useful for impedance transformations between FETs and
bipolar transistors.

Figure 3-17 shows 10 circuits, which represent virtually every source-
follower configuration. Understanding these circuits will help the de-
signer obtain consistent circuit performance despite wide device varia-
tions.

There are two basic connections for source followers: with and without
gate feedback. Each connection comes in several variations. In Fig.
3-17, circuits a through e have no gate feedback; their input resistances
are approximately equal to Rg. Circuits f through % employ feedback
to their gates to increase the input resistance above Rg.

Before getting into the details of bias-circuit design, note several gen-
eral observations that can be made.

O Circuits a, d, and fcan accept only positive and small nega-
tive signals because these circuits have their source resistors
connected to ground. A signal equal to Vgsem will cut off
Ip. The other circuits can handle large positive and negative
signals limited only by the available supply voltages and
device breakdown voltage.

O Circuits ¢, d, ¢, h, j, and k& employ current sources to improve
drain-current (Ip) stability and increase gain.

O Circuits d, ¢, and % employ FETs as current sources. In
circuit d, Q2 must have a lower cutoff voltage Vgseotr and
a lower zero gate-voltage drain current Ipgs than Q;.

O Circuits ¢, g, h, and k employ a source resistor Rg which
may be selected to set the quiescent output voltage equal
to zero.
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FIGURE 3-17 Virtually every practical source-follower configuration is represented
in this collection of 10 circuits. Configurations (a) through (e¢) do not employ gate
feedback; the corresponding ones in the bottom row do. (Reprinted with permission
from J. S. Sherwin, “Build Better Source Followers 10 Ways,” Electronic Design, Vol.
18, No. 12, copyright Hayden Publishing Co., Inc., 1970.)

O Circuits ¢ and % use matched FETs. Rg is selected to set
Ip near the specified low-drift operating current. The input-
output offset is zero if Rs; = Rsz and the FET's are matched.

3-9-1 Biasing without Feedback Is Simple

In Fig. 3-17, the no-feedback circuits a through e use simple biasing
techniques. Circuit a is a self-bias configuration; the voltage drop across
Rs biases the gate (which draws essentially zero current) through resistor
Rg. Since no gate-to-source voltage Vgs can be developed when Ip =
0, the self-bias load line passes through the origin as shown in Fig.
3-18. For the 2N4339 FET, whose limiting transfer characteristics are
used as an example, the quiescent drain current is seen to lie between
about 0.25 and 0.55 mA when a 1-k(Q) source resistor is used. The quies-
cent output voltage lies between +0.25 and +0.55 V.

Circuit 3-17b is another example of source-resistor biasing with a
—Vss supply added. The advantage over circuit 3-17q is that the signal
voltage can swing negative to approximately —Vss. Two bias lines are
shown, one for Vss = —15 V and the other for Vgs = —1.6 V (see Fig.
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FIGURE 3-18 Self-biasing (Fig. 3-17a) uses the voltage
dropped across the source resistor Rs to bias the gate. The
load line passes through the origin and has a slope of —1/
Rs. (Reprinted with permission from J. S. Sherwin, “Build
Better Source Followers 10 Ways,” Electronic Design, Vol.
18, No. 12, copyright Hayden Publishing Co., Inc., 1970.)

3-19). For the first case, the quiescent output voltage lies between +0.18
and +0.74 V. For the second, it lies between +0.3 and +0.82 V.

The bias load line for circuit 3-17¢ is just a horizontal line (Ip =
constant). The quiescent output voltage is between +0.15 and 0.7 V
for Ip = 0.3 mA.

Circuit 3-17d is similar to 3-17¢ except that the Vgs = 0 output charac-
teristic of FET Q. is used as a current source. As seen in Fig. 3-20,

1.5 +Voo
VDS=15V I~
—1.2
B +Ves
B <
0.8 g
B o Slopes,=—1/Rs Re Rs
/~0»4 Rs=50K Vss=—15V = —Vss
L. Rg=1
Ll 20K Vss=-16y
L |
T T T T I T : I T T T I L
-16 -1.2 -0.8 -04 o] +04 +08 +1.2 +16

Ves» V

FIGURE 3-19 Adding a Vss supply to the self-bias circuit (Fig. 3-18) allows it to handle
large negative signals. The load line’s intercept with the Vs axis is at Vss. Bias lines
are shown for Vss = —15 V and Vss = —1.6 V. (Reprinted with permission from J. S.
Sherwin, “Build Better Source Followers 10 Ways,” Electronic Design, Vol. 18, No. 12,
copyright Hayden Publishing Co., Inc., 1970.)
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FIGURE 3-20 FET Q: does not behave like an ideal
current source when its Vs gets very small (Fig. 3-17d).
Therefore, Q, should have a significantly larger Vsseom
than Q,. (Reprinted with permission from J. S. Sherwin,
“Build Better Source Followers 10 Ways,” Electronic
Design, Vol. 18, No. 12, copyright Hayden Publishing
Co., Inc., 1970.)

Q> does not supply constant current when its Vps gets very small. This
technique should, therefore, be used only to bias FETs whose Vs at
the desired Ip is higher than the equivalent Vgseosn of the current-source
FET diode.

A pair of matched FETs is used in the circuit of Fig. 3-17¢, one as
a source follower and the other as a current source. The operating
drain current Ipg is set by Rss, as indicated by the load line of Fig.
3-21. The drain current may be anywhere from 0.20 to 0.42 mA, as
shown by the limiting transfer characteristic intercepts; however, Vgs; =
Vasz because the FET's are matched.

Since Ipy = Ips and Vgg1 = Vgse, choosing Rsy = Rge will ensure that
the voltage from point A to B equals the voltage from point C to D
(Fig. 3-17¢). This source follower, therefore, exhibits zero or near-zero
offset. If the FETs are temperature-matched at the operating Ip, the
source follower will exhibit zero or near-zero temperature drift.

3-9-2 Biasing with Feedback Increases Zi,

Each of the feedback-type source followers (Fig. 3-17f through #) is
biased by a method similar to that used with the nonfeedback circuit
above it. However, in each case, Rg is returned to a point in the source
circuit that provides almost unity positive feedback to the lower end
of Rg. If Rs is chosen so that Rg is returned to zero dc volts (except
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in circuits 3-17fand j), then the input/output offset is zero. R; is usually
much larger than Rs.

Circuit 3-17f1s useful principally for ac-coupled circuits. Rs is usually
much less than R; to provide near-unity feedback. The bias load line
is set by Rg (Fig. 3-22). The output load line, however, is determined
by the sum of Rs + R;. The feedback voltage Vg, measured at the
junction of Rs and Ry, is determined by the intercept of the Rs + R,
load line with the Vgs axis. The quiescent output voltage Vs is Vig —
Ves.

In the circuit of Fig. 3-17g, Rs can be trimmed to provide zero offset.
As the curves of Fig. 3-23 show, Rs will be between 670 Q and 2.5
k. Rs is much less than R;. The source load line intercepts the Vgs
axis at Vgg = —15 V.

Circuit 3-17 is almost the same as 3-17g; the difference is that resistor
R, is replaced by a current source. Since an ideal current source has
infinite impedance, the bias curve of circuit 3-17h differs from that of
Fig. 3-17g (Fig. 3-24) in that the load line is perfectly flat.

Circuit 3-17; is similar to 3-17h except that the output is taken from
the top of Rs to reduce the output impedance. Rs must be trimmed if
the circuit is to work at all properly.

In Figure 3-24, the constant-current load line represents a 0.3-mA
current source, and the effect of a 1-k{) source resistor is shown. The
offset voltage is seen to lie between 0.2 and 0.75 V. The intercept of
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FIGURE 3-21 This load line is set by Rs; and Q,, which
acts as a current source (Fig. 3-17¢). If its components
are properly matched, the circuit will have zero or near-
zero offset. (Reprinted with permission from J. S.
Sherwin, “Build Better Source Followers 10 Ways,”
Electronic Design, Vol. 18, No. 12, copyright Hayden
Publishing Co., Inc., 1970.)
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FIGURE 3-22 The bias load line is set by R, but the output load line is
determined by Rs + R; when gate feedback is employed (Fig. 3-17f). The
feedback Vs is determined by the intercept of the Rs + R, load line and the
Ves axis (Vgs = Vie — Vs). (Reprinted with permission from J. S. Sherwin, “Build
Better Source Followers 10 Ways,” Electronic Design, Vol. 18, No. 12, copyright

Hayden Publishing Co., Inc., 1970.)
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FIGURE 3-23 Rs can be trimmed to provide zero offset at
some point between 670 Q and 2.5 kQ (Fig. 3-17g). The source
load line intercepts the Vgs axis at Vgs = —Vee = —15 V. Note
that this load line is not perfectly flat. It has a slope of —1/
50 K, because the current source is not perfect; it has a
resistance of 50 k(). (Reprinted with permission from J. S.
Sherwin, “Build Better Source Followers 10 Ways,” Electronic
Design, Vol. 18, No. 12, copyright Hayden Publishing Co., Inc.,
1970.)
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FIGURE 3-24 If Rs is not trimmed so that the load line
passes through the origin, a voltage will appear at the gate,
causing a reduction in dc input impedance. The incremental
impedance will not be affected. (Reprinted with permission
from J. S. Sherwin, “Build Better Source Followers 10 Ways,”
Electronic Design, Vol. 18, No. 12, copyright Hayden
Publishing Co., Inc., 1970.)

the Rs load line and the Vgs axis sets the voltage at the junction of Rg
and the current source (Vgg). For Rs = 1 kQ, Vpg will be between —0.1
and +0.45 V. Since Vg appears at the gate, it must be zero if the dc
input impedance of the circuit is to be preserved. This can be done
by trimming R;, as shown dashed in Fig. 3-24. The biasing then becomes
the same as for circuit 3-17A.

Biasing for circuit 3-17k is identical to that for circuit 3-17¢ except
that feedback is added to raise the input impedance.

Figure 3-25 shows the general source-follower circuit, the equivalent
small-signal, low-frequency equivalent circuit, and equations.

3-10 DIFFERENTIAL AMPLIFIER

A “‘differential amplifier” is one that provides an output proportional
to the difference between the signals at the two input terminals while
preventing an output occurring from a signal which is common to the
two input terminals. The input terminals are “floating”’—that is, neither
input is grounded. The signal of interest is impressed between the two
inputs. The output may be either a differential floating output or a
single-ended output referenced to ground.

Good dc amplifier operation depends upon low-drift design. A single-
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ended transistor stage may have drift which exceeds the magnitude of
the signal to be amplified. Taking advantage of a pair of matched transis-
tors and a design which provides common-mode rejection, the differen-
tial amplifier makes possible low-drift dc amplifiers.

3-10-1 Basic Design

Figure 3-26 shows a source-coupled pair of FETs. Assume that Q; and
Q2 are matched—that is, that they have identical transfer and output
characteristics. With the input, ¢, at zero and e at zero, the current
source Is will divide equally between Q; and Q,, so that Ip; = Ip; and
Vp1 = Vpa. The differential output voltage ¢ will be zero. A change in
the value of Is or Vpp will not cause a differential output voltage. Now
assume an input voltage ¢ of +50 mV. This positive voltage tends to
increase the current through Q,. Any increase in Ip; must be offset by
a corresponding decrease in Ip,, since the total current is fixed at Is. If
Vs were fixed, then Alp; would be egy; however, Vs is not fixed. Since
Alp; must equal minus Alp;, vgsz must equal minus vg; (assuming that
gss of the two FETs is constant for small signals). Therefore, we can
assume that

Ugs1 = —Ugs2 = %ei (3-27)

(This assumes that gg = grse.)
The voltage changes at D, and at D, are

—Ua1 = UgsaigssRp = LeigssRo (3-28)
Vd2 — 'UgszgstD = _%eigstD (3'29)
therefore € = Ua1 — Va2 = —eigssRp (3-30)

FIGURE 3-26 Differential
(dual FET type U401).
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Assume gg = 1072 mho and Rp = 10 kQ. The output voltage with a
50-mV input signal is

% =—0.05X10"2X10,000=—0.5V
The voltage amplification of this differential stage is

€o
Aaits =—=—grRp (3-31)

1

It is the same as a single-stage common-source amplifier. [Output con-
ductance g, is neglected in Eqgs. (3-28) through (3-31).]

A significant advantage of the differential amplifier is its ability to
differentiate between common-mode input and differential input signals.
Consider an input signal to be amplified ¢ and an undesired signal
¢em to be rejected. The differential signal will result in an output voltage
¢ given by Eq. (3-30). The common-mode signal, however, is applied
to both gates equally, and if the devices are matched, there will be no
differential change in drain currents, and hence there will be no differen-
tial output ¢,.

The common source § of the two FET's will follow the common-mode
voltage (offset by —Vgs); therefore Vps will change by the magnitude
of the common-mode voltage. Vps should not be permitted to fall below
the “pinchoff” region of the FET output characteristics. This condition
will be met if Vpg = —Veseon; therefore, in the positive direction, the
common-mode voltage should not exceed

temmax) = Vb + Vascotn)

3-
= Vpp — IpRp + Vascotn (3-32)

(Note: Veseotn for the n-channel FET is a negative number.)

In the negative direction ¢, should not cause Vs to drop below the
value required for the current source Qs to maintain its function of
supplying adequate source current Is. Other limits on e, are imposed
by the maximum Vpe rating of the FETs and by the Vpe that causes Ig
to become excessive.

The voltage-gain equation (3-31) shows that Ay 1s a linear function
of Rp. For maximum gain a high value of Ry is desirable. Given a supply
voltage, increasing the value of Rp decreases Vp, unless Is is decreased
to keep Rplp constant. The choice of Rp is affected by:

1. Desired voltage gain Ay
2. Available supply voltage Vpp

3. Maximum common-mode input voltage écmmax
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4. Maximum value of common-source current Ismax)
5. Maximum differential input voltage ¢;
6. High-frequency roll-off
We will go through some of the design steps for the circuit shown
in Fig. 3-26. The following assumptions are made:
1. Common-mode voltage: e¢m = £ 8 V.
. Differential input voltage: ¢ = +0.05 V.

. Voltage amplification: Ay = as high as practical.

00 N

. Available supply voltages: Vpp = 15 V £ 5%; Vss = —15
V =+ 5%. (Factors affecting the choice of the proper FET
pair for Q; and Q; are discussed in Sec. 3-6. We will assume
for this example that a general-purpose dual type has been
selected.)

5. O plus Q, — dual FET type U401. (The matched character-
istics of the U401 are specified at an operating Ip of 200
MA; therefore, we will select a current source Qs of approxi-
mately twice this value.)

6. Q3 — Current regulator diode type CR039.

The maximum value of Rp is arrived at by solving for Rp in the equation
Vopanin) — Iptmaxy Ro = Vpanin) — Vemaman + Vimao + Voeminy  (3-33)

As a rule of thumb, to stay in the saturated current region of the
FET output characteristics, Vpg should not fall below the value of
— Vesothmax) = 2.5 V; therefore, we set Vpgmin) = 2.5 V. Ipmax) Will occur
when the differential input is at ¢;max and is given by

Ipmax) = %Is(max) + %ei(max)gfs(max) (3'34)

From the data sheets for the CR039 and the U401, Ismax = 1.1 X 0.390
mA and grgmax) = 1.6 mmhos. Solving Eq. (3-33) for Rp yields

_ Voomin) — Vemanax) — €imax) — Vpeamin
RD(max) -

%( Ismax) + ei(max)gfs(max})
2(14.25 — 8 — 0.05 — 2.5)

max) — 3-35
Romax (1.1)(0.8390)(10-3) + (0.05)(1.6)(10-3) (3-35)

Rpmax) = 14,538 Q
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We will use a value of 14,000 Q for Rp and calculate the voltage
gain using the data-sheet minimum value for gy.

Av=—gsRp=—(1,000)(1075) X 14,000 = —14

We will now consider ways in which Ay may be increased, while still
adhering to assumptions 1 through 4 above. Equation (8-31) shows that
to increase Ay, the ggRp product must be increased. Other factors re-
maining constant, if Rp is increased, then Ipmax must be decreased to
maintain the same minimum value for Vp. A decrease in Ip will result
in a decrease in gg; however, as shown in Eq. (2-12) and Fig. 2-6, for
a given FET the gs decrease will be proportional to the square root
of the I decrease. Operating at a lower value of Ip, with a given device,
can result in a higher voltage gain. In this example, if we reduce the
value of Is by a factor of 2, gz will be reduced by a factor of only
212, Doubling Rp, then (to maintain the same IpRp), will increase Ay
by a factor of 2'/2; thus the voltage gain would be increased from 14
to 19.8. Because of the doubling of Rp, the output resistance would
be increased and the high-frequency corner would be decreased. Also,
if the FETs are not operated at the data-sheet-specified value of Ip,
the offset and drift specifications may not be met. Increasing the value
of Vpp would also permit a higher value of Rp while maintaining the
same Ipmax). Care must be taken not to exceed the Vpgmax) voltage rating
of the FET.

3-10-2 Drift and Offset Compensation

JFET differential inputs are often used in dc amplifiers because they
provide high input impedance and operate with extremely low input
bias current. To achieve accurate measurements, the input offset and
equivalent input drift must be made small with respect to the signal
being measured. Methods of nulling or minimizing input offset and drift
and how this compensation affects the common-mode rejection ratio
(CMRR) will be examined.

An understanding of the effect of temperature changes upon the basic
parameters of the FET aids in the application of temperature-induced
drift compensation. For the purpose of this discussion, temperature drift
is defined as the change in Vg required to maintain a constant Ip as
the temperature is changed. For a typical JFET, operating with a Vpe
greater than —V), the relationship between Ip and Vgs was shown in
Eq. (3-4).

As pointed out in Chapter 1, ¥} is a function of the zero-bias depletion-
layer width at the gate-channel p-n junction. The depletion width de-
creases with increasing temperature, which results in an increase in chan-
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nel width and therefore an increase in —V}. The temperature coefhicient
of —Vp 1s about 2.2 mV/°C. This widening of the channel with increasing
temperature tends to increase channel conduction; Aowever, at the same
time, Increasing temperature causes a decrease in carrier mobility and
thus in channel conductivity. Carrier mobility has a negative temperature
coefhcient of about 0.6%/°C. The positive channel-thickness coeflicient
and the negative mobility coefficient have opposite effects upon the tem-
perature characteristic of Ip and Ipss. In a thick-channel device (high
Véscomn) the mobility factor dominates and Ipss has a negative temperature
coefficient. In a thin-channel unit the channel-thickness effect dominates
and Ipss has a positive temperature coefficient. At a particular channel
thickness the temperature coefficients exactly compensate and Ipss has
a zero temperature coefficient. It has been shown that this particular
thickness occurs in JFET devices having Vggosm values of about —0.63
V. Units having higher Viseor values can be biased down to this critical
channel dimension, so that I has zero temperature drift. Mathematically
the zero-drift drain current Ipz is

0.63 )2

Ipz = Ipss <——
GS(off)

(3-36)

Operating at drain currents other than Ipz will result in a drift in
Ves as given by the equation

ID 1/2
Vescanityy =~ 2.2 mV/°C [1 - (—) ] (3-37)

Ipz

A plot of this characteristic is shown in Fig. 3-27. Differentiating Eq.
(3-37) with respect to Ip produces a value K for the amount of drift
change per unit change of Ip:

dVesaritty _ =bhao™) _
dlp (Ip/ Ipz)''?

K Vv/°C (3-38)

T

T T

' / Io
Drift=22(t- Ipat zerodrift )_
R HN\

N

-

FIGURE 3-27 Drift of gate-source
voltage in a single JFET drops with
increasing normalized drain current.

Drift referred to input, mvV/°C
o

The slope of this curve is useful in -1 \\
determining the size of differential -
source resistance needed to null a 2
given drift.
02 03 0507 1 2 3456

Ip/Ip at zero drift
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FIGURE 3-28 Differential amplifier
with offset and drift compensation.

Ideally the differential amplifier produces an output only as a function
of a differential input signal. If the temperature-induced drifts (dVgs/ -
dT) of the two FETs are equal, they appear to be a common-mode
signal and do not produce an output. Unfortunately, few dual FETs
have a perfect Vs drift match; thus a differential offset will occur.

Since Vgs drift depends upon the value of drain current, the differential
drift d may be reduced or eliminated by unbalancing the two drain cur-
rents by an amount Alp:

d
Alp= X (3-39)

where K is given by Eq. (3-38).

With the input voltage ¢ held to zero, drain-current unbalance can
be induced by adding unbalanced source resistors as shown in Fig.
3-28. A potentiometer Rg is used so that the unbalance can be adjusted.
The resistor unbalance is a function of gy, Is, and the required current
unbalance.

AID = 11)2 = IDI = %[ngIS(Ra - Rb)] (3-40)

Substituting Eq. (8-39) for Al and solving for R, the value of the
R necessary to null a given drift becomes ,

2d
grslsK

Rs=Rys— Rp= (3-41)

Minimum values of gg, I, and Is are used to ensure an adequate
value for Rg.

Even if the FETs had no output initially, the introduction of the source
resistance Rs would probably introduce an offset. This offset is due to
the unbalanced current Al, flowing through the balanced load resistors
Rp. In this case, output balance can be achieved by unbalancing the
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load resistors Rp to compensate for the unbalance in I. The potentiome-
ter Rp in the drain circuit of Fig. 3-28 serves this function. Since the
output offset will be Ay times the input offset, the drain-offset compensa-
tion resistor will need to be Ay times the source-drift-compensating re-
sistor Rg.

Rp1 = AvRs = gstDRs (3-42)

The actual value of Rj should be greater than this so that any initial
FET pair offset can be compensated for. The value that takes this into
account is

+ 2( VGSl — VGSZ)] (3_43)

Rp= gstD [Rs
Is

where Vgsi — Vese = maximum specified offset of the FET pair. With
the circuit shown in Fig. 3-28, first Rs would be adjusted for minimum
drift with temperature, then Rj would be adjusted for zero offset.

If the differential FET pair is used as the input stage of an operational
amplifier (op amp), as shown in Fig. 3-29, the drift-adjusting procedure
1s modified. This occurs because with the feedback loop closed, the
high-gain amplifier tends to force Vp; — Vpe to zero. Thus to introduce
an unbalance in drain current (Alp), the drain potentiometer is first
adjusted. This causes an output offset which is then eliminated by adjust-
ing the source potentiometer Rs. Assuming the amplifier offset is zero,
the calculation of the value of R) and R{ is the same as for the single-
stage amplifier. Compensation of the op amp offset and drift can be
achieved by modifying the calculations for Rp; and Rs. The amplifier
drift divided by the input stage gain (gsRp) should be added to the
value d in Eq. (3-39).

Voo
Rp'
Rp Rop
Dy D2 * Az _23*
In 5 Q Q2
Rs
. . . '
FIGURE 3-29 Differential FET in- Is Rem

put for operational amplifier.

Vss
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The amplifier offset divided by the input stage gain should be added
to the value Vgs; — Vgse in Eq. (3-43). Typically, this will change Rp
and Rj by less than 10 percent.

Additional 4 offset and drift will result from 4 input-current offset
and drift times the value of Rp + 2Rp. Again, this is referred to the
input by dividing by the voltage gain (A4y) of the input stage.

3-10-3 Common-Mode Errors

In the ideal differential amplifier a common-mode voltage ¢ would
cause no differential output voltage ¢. The amplifier output would be
a function only of the differential input ¢; and would reject any common-
mode input signal. In practice, this does not occur because nonideal
conditions exist. One important figure of merit is a measure of the degree
to which the differential amplifier rejects the common-mode signal in
favor of the differential signal. This figure of merit is called the common-
mode rejection ratio (CMRR).

Common-mode input signals cause two types of output errors in dif-
ferential amplifiers. One type of error is a differential output signal
caused by the common-mode input; the other is a common-mode output
signal where both outputs change equally and in the same direction.
Since the op amp which follows the FET input stage will typically amplify
the differential-mode error 80 dB more than the common-mode error
(assuming its CMRR is 80 dB), the differential-mode error is by far
the more important of the two.

Differential-mode error is the result of unequal gain between the
two sides of the differential amplifier. This can be caused by imprecise
transconductance matching of the dual FETs, unbalanced drain resis-
tances, unbalanced source resistances, imprecise output conductance
matching of the FETs, or any combination of these factors. Thus, if
the drain or source resistances are adjusted for drift or offset nulling,
the differential output error will be increased and CMRR degraded.

Consider the case where the differential amplifier has slightly unbal-
anced gain. An equivalent circuit is shown in Fig. 3-30.

A figure of merit CMRR can be derived for differential output errors:

CMRR ity = AA““‘ (3-44)

CM(diff)

The differential-mode gain, assuming both halves of the differential
amplifier are nearly equal, can be approximated as

grsRp ( 1 )
Aqige = 3-45
14 gssRs \1 + gosRp ( )
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Voo O—tpr
ARp

RD+-2—% €cm (diff) %RD_ >

FIGURE 3-30 Differential output equivalent circuit.

for 1/ges >> Rs. For Rs << 1/gs and Rp << 1/ges, this simplifies to
the familiar expression

Agite = gpsRp (3-46)

If the circuit 1s balanced except for the drain resistors, the differential-
mode error resulting from a common-mode input signal becomes

ARp

Aemaisn =~ 9 Rer (3-47)
SO
CMRR gp) = 20 log (% gstD) (3-48)
ARy

Similarly, the error introduced by unbalanced transconductances is taken
into account:

CMRRgp) = 20 log 2 AgpsRem (3-49)
When unequal output conductances are taken into account,

2gstcmRo

CMRR¢gp) = 20 log AR, (3-50)
and with unbalanced source resistors,
2
CMRR gp) = 20 log Rem (3-51)

ARs

assuming 1/gp >> Rs.
A more general equation, resulting from the combination of all the
above factors, is
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CMRR(dB) =20 lOg

[ 2gstcm

(ARs+ 1/Agp)/(Rs+ 1/gs) = ARp/Rp+ ARo/Ro

] (3-52)

The other type of error, common-mode output voltage, is important
when only one of the outputs of the differential stage is used, or when
the following stage has a poor CMRR. Figure 3-31 shows how common-
mode output error can be measured. If common-mode gain for common-

mode output errors is defined as

Acmem) = L
cm) — b
Ver. Ve

then an expression may be found by noting that

Vo= —gssVesRp

However,
Ves=Ve— Vs
and
Vo= —2 I;';DRCM
Thus,
Vp=—gsVeRp — g2 RemVp
and
Acwiemy = 12— ——&xRo__
Vo 142gsRem
Vop o-

9mVes1

equivalent circuit.

(3-53)

(3-54)

(3-55)

(3-56)

(3-57)

(3-58)

FIGURE 3-31 Common-mode output

It is common practice to assign a figure of merit to a differential
amplifier. This figure of merit is “‘common-mode rejection ratio,” usually

abbreviated as CMRR¢m). CMRR () 1s defined as
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Aai
CMRR (¢m) =———— (3-59)
CM(cm)
When Eqs. (3-31) and (3-58) are substituted into Eq. (3-59), it 1s
apparent that the common-mode rejection ratio for common-mode out-
put errors is

—grsRp
_gstD/(l + ngsRCM)

Most op amps have single-ended outputs. In such cases, there can
be only one result of a common-mode input signal: an error in the
output. In a FET input op amp the total CMRR will be a function of
the common-mode and differential output errors of the preamplifier
as well as the CMRR of the second stage. To calculate the combined
CMRR of both stages of the FET input op amp, refer to Eq. (3-59),
which i1s the definition of CMRR.

A two-stage amplifier is shown in Fig. 3-32. CMRR in this circuit is
calculated as follows:

CMRR(cm) =

=1+2g4Reu  (3-60)

Aaite

MRR =
c Ao (3-61)

_ (Aaisr1) (Aaigea)
(Aemcemy) (Aemz) + (Acmcaitnn) (Aaise)

Second
Preob =tage Eout
(_ ->Ecm (in)

FIGURE 3-32 Two-stage op amp CMRR
model.

Substituting Eq. (3-59) into Eq. (3-61), we have

1
CMRR ot = 3-62
©21 1 /(CMRR (¢my1) (CMRR3) 4 1/(CMRR senys (3-62)
where CMRRm); is the CMRR referred to in Eq. (3-60) for the FET
preamplifier, CMRR; i1s the CMRR specification of the second stage,
and CMRRis; 1s the CMRR referred to in Eq. (3-52) for the FET
preamplifier.
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In a common-drain stage, the common-mode gain with respect to
common-mode output error (Acmem) is unity (when Agsr = 1). Hence,
the entire output common-mode signal is passed along to the second
stage. All the equations in this section, except for Eqs. (3-53), (8-58),
and (3-60), apply equally to common-drain preamplifiers.

3-10-4 Frequency Response

The frequency response of a FET differential amplifier is determined
by two time constants, one for the input and one for the output.

The input time constant is formed by the generator impedance and
the effective input capacitance Gy, where

_ grsRp grsRs )
o= (145222 ) (1 — BB Nt 3.63
G ( + T+ ep Rs) DG < T+ g5k es T Gstray )

and

1

=——277CmRG (3-64)

Jin
The output time constant is formed by the drain resistance and the
output capacitance Cout, where
1

Sour= mConRo (83-65)

—20 dB/decade

B

|

n

o

T T

-40dB/decade

g -135
o
-180

10 fout

-270 | | | | | 1
Frequency

FIGURE 3-33 Phase and gain Bode plots for
typical FET preamplifier.
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and
Cout = ng + Cioaa + Gstray (3-66)

Equations (3-63) and (3-64) apply to common-drain preamplifiers
as well as to common-source preamplifiers if Rp = 0.

For the case of the output time constant for the common-drain pream-
plifier,

&rs
fout = ———— 3-67
Jout 9m Cons (3-67)
where
Cout = Cgs + Csa + Gioaa + Gstray (3-68)

Typically, the Bode plot of a FET preamplifier will resemble that
shown in Fig. 3-33.

3-10-5 Stability and Phase Compensation

The stability criterion for any closed-loop system, including an opera-
tional amplifier, is that the phase shift around the loop must never reach
360° for any frequency at which the gain is unity or greater. Since the
feedback around an op amp is in the inverting input, there is an intrinsic
180° phase shift. This dictates that the additional phase shift in the
amplifier plus the phase shift of the feedback network must be less than
180° for all frequencies where gain is unity or greater.

Most commercially available operational amplifiers are compensated
so that they have only 90° of phase shift where gain is unity or greater.
This is demonstrated in Fig. 3-34. When a FET preamplifier is added
ahead of an op amp, the total gain and phase response will be the
sum of the response of the preamplifier and of the second stage. Often,
this results in a phase shift of 180° or greater over much of the frequency
range. An intolerable situation is thus created in that the total FET-
input op amp will oscillate if the gain is set to a value where the phase
shift is greater than 180°.

As a rule of thumb, an op amp will not oscillate if the closed-loop
gain 1s such that the slope of the rolloff is no greater than 20 dB/decade.
This point corresponds to a worst-case phase shift of 135°.

3-10-6 Selecting the Proper FET Pair

FET differential pairs can be broken down into four general types, ac-
cording to their intended application. These types include low-leakage,
low-noise, high-frequency, and general-purpose FET duals.
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FIGURE 3-34 Compensated phase shift in op amps.

Low-leakage FETs generally have leakage currents in the range of
0.1 to 1.0 pA at 25°C. To achieve this low leakage, the active area of
the device is made small. This small active area produces low gs and
low capacitance. Although low-leakage FETs are preferred whenever
low circuit leakage is the primary design criterion, the designer should
consider using a general-purpose FET if slightly higher leakage can
be tolerated. General-purpose devices offer better gy, offset, drift, and
én than do low-leakage devices. One feature of the low-leakage FET
which is not often specified in data sheets, but which is important to
actual circuit performance, is the Iz breakpoint, that is, the drain-to-
gate voltage at which the gate current rises rapidly. In practical circuits,
the drain-to-gate voltage can reach 15 or 20 V, causing excessive leakage



LOW-FREQUENCY CIRCUITS 105

for FETs with low Iz breakpoints. If a common-mode voltage range in
excess of 10 to 15 V 1s required, a Cascode input stage should be consid-
ered.

Low-noise FETs are designed primarily for low &, They also have
moderate ggs, low gos, and moderate leakage and breakdown voltage.
Low-noise devices tend to have better drift and CMRR characteristics
than do other types of dual FETs. A low-noise FET can produce the
lowest noise operation of any FET when the generator impedance is
below 1 to 10 MQ. For higher generator impedances, low-leakage FETs
may well provide the lowest overall noise performance of any transistor,
bipolar or JFET, because of their lower noise current.

High-frequency dual FETs have very high gs and low capacitance.
To achieve these characteristic leakage currents, breakdown voltage and
the I breakpoint must be sacrificed. Because of these performance trade-
offs, high-frequency FETs should be used only when their high-gain
bandwidth is a design requirement. Dual high-frequency FETs are usu-
ally of hybrid (two-chip) construction rather than of a monolithic design
because of the significantly lower capacitances between the two chips.

General-purpose dual devices are often the best choice for FET mput
op-amp applications, since they exhibit good gy and breakdown voltage
and moderately low gy, leakage current, and capacitance. General-pur-
pose dual FETs also tend to have low &, and good CMRR and drift
characteristics.

Representative geometries of the four types of FETs just described
are shown in Fig. 3-35 and provide a good insight into the relationship
of device active area and performance characteristics.

When selecting any dual FET, two factors which affect the overall
performance of the devices should be considered. One is the maximum
value of Vesworm; a low maximum value of Vgseom simplifies bias design
and improves common-mode range, CMRR, offset, and drift. The other
factor is the offset of the device. Although any valué of offset can be
nulled out of a circuit, the nulling process itself degrades CMRR and
the drift performance of the circuit.

3-10-7 Selecting the Op-Amp Integrated Circuit

The monolithic IC op-amp portion of a FET input op-amp circuit either
contributes to or solely determines five parameters of the complete cir-
cuit. For three of the parameters—offset, drift, and noise—the contri-
butions are diminished in the complete op-amp circuit by the gain of
the FET differential amplifier. In many circuits, however, these parame-
ters are still significant and should not be ignored. Whenever possible,
an IC op-amp device should be chosen which specifies maximum values
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FIGURE 3-35 Four FET geometries. [All dimensions are given in inches (milli-
meters).]

for Vs, ILns, Varitt, laritt, &n, and . Many IC op-amp data sheets will provide
only typical values for these parameters. Typical values can be in error
by an order of magnitude, and almost inevitably vary from lot to lot.

One parameter which is usually ignored on IC op-amp data sheets
1s so-called popcorn noise. Even though this parameter is missing from
the data sheet, it is usually present in the op-amp IC and can be quite
troublesome in low-noise designs. If low noise is a prime design criterion,
an op amp specified for low popcorn noise should be selected.

Two other circuit parameters, output impedance and slew rate, are
determined almost entirely by the IC op-amp portion of the circuit.
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3-10-8 Design Example

This section presents a typical FET input op-amp design example (Fig.
3-36) using a Siliconix U401 n-channel junction FET. The U401 is de-
signed to be operated with an Ip of 200 pA per device, or with an Iy
of 400 pA. A general-purpose operational amplifier should have a large
common-mode range and good CMRR. These two requirements dictate
that an active current source be used, such as the Siliconix CR043 cur-
rent-regulator diode. The CR043 is ideal for this purpose, since it has
a nominal current value of 430 pA £ 10% and a low temperature coefhi-
cient of less than 0.05%/°C typically, or 0.2 pA/°C.

Selection of drain resistor value involves a tradeoff between preampli-
fier gain and common-mode range. Common-mode range decreases and
gain increases proportionally to increased value of the drain resistor. If
a voltage drop of 3 V across the drain resistors is permissible, then
the value of the drain resistors can be found by applying Ohm’s law,
as in

__3V
200 pA

Rp =15 kO

Gain of the preamplifier will be
Agiee = —gpsRp (3-69)

From the U401 data sheet, gs at 200 nA operating current varies
from a minimum of 1000 pmhos to a maximum of 1600 pmhos. For a
worst-case design, the minimum value should be used:

Aaittin) = (1 X 10_3) . (15 X 104) =15.0

FIGURE 3-36 General-purpose design
example circuit.
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To keep the FETs in the current-saturated region of their output
characteristics, Vpg should not fall below —Vggeotry. The maximum value
of Vg then will be

Vemax) = Voo — IpRp + Vascotr) (3-70)

Two factors must be considered in determining the minimum value
for V. One is the maximum value of Vpe determined by either the I
breakpoint or the maximum Vp¢ rating. The other factor is the minimum
voltage needed across the CR043 to maintain it in a high-impedance
mode.

If Vbemax is the limiting factor, then

Veainit = Vop — Ipin) Rp — Vbeamax) (3-71)

If the minimum voltage Vermin) across CR043 is the limiting factor,
then

Veinmz = Vss + Verminy + Vasmin (3-72)

Both Vgmin: and Veminy2 should be computed and the most positive
value used in the design. For our example the U401 data sheet Vpe =
15 V for the I; specification, so that will be the value used for Vpgmax).-
The CR043 data sheet indicates that the minimum ‘‘knee impedance”
is measured at a Vr of 6 V, so that will be the value used for Vepmin).

The value of Vgsmin) can be estimated by substituting the appropriate
minimum and maximum values in the general FET Vgs equation:

_ Ipmax) 172
Vasmin) = Vascotomin | 1 —{——— (3-73)
Ipssmin)

From the U401 data sheet, Vés(off)(min) and Ipssmin) are —0.5 V and 0.5
mA. Maximum Ir of the CR043 is 473 nA; therefore Ipmax is () (473)
= 236.5 pA. Using these values in Eq. (3-73), we get

0.2365)1/2]
0.5

Then with Eqgs. (3-70), (3-71), and (3-72) we get
Vemax = 15 — (0.2365)(15) + (—2.5) =8.95 V
Minimum Ir of the CR043 = 0.387 mA; therefore Ipmin) = 0.1935 mA.

Veminy = 15 — (0.1935)(15) —15=—29 V
Vemime = —15+ 6 + (—0.156) = —9.156 V

Vestminy = (—0.5) [l —( =—0.156 V

If the common-mode input drops below —2.9 V, Iz may become excessive
because Vgp will exceed 15 V. The common-mode voltage range for
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the amplifier then is from —2.9 to +8.95 V, if the Is specification is
not to be exceeded. If a higher I can be tolerated, then the common-
mode range can go to —9.156 V.

The offset will be

2103 + EOS2

grs  &sshop
From the U401 data sheet, Eos = 5 mV, and gssmin) at Ip = 200 pA

1s 1000 pmhos. From the wA741 op-amp data sheet, Lsmax is given
as 200 pA. Therefore

Erin = Eos1 + (3-74)

2(2X1077) 5 X 1078
1 X103 15.0

Erintmax = 5X 1073+ =573 mV

If both sides of Eq. (3-74) are divided by AT, then

Erin 2(6 X 10719 1 X 1075
~ X -6
T 10>107¢ + 9X 104 15.0
or
AE’[‘in . . .
AT =12 uv/°C worse case, assuming that the drain resistors

are perfectly balanced

For drain nulling, the value of the null potentiometer should be

Ry— 2 ETin(max) & fsmax) Rp (3-75)
ICM(min)
or
Ru— 2(5.8 X 1073)(1.6 X 1073)(1.5 X 104)
N 3.87 X 10~
or

However, to this approximation for Ry must be added the maximum
drain resistor unbalance, which is 2 percent Rp for 1 percent tolerance
resistors, or 300 Q. Thus Ry = 1 k. The output frequency of the
preamplifier will be

1
Jont = R Com (8-76)
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The combined Bode plot of the preamplifier and the second stage is
shown in Fig. 3-37. The Bode plot indicates that the op amp will be
stable for any closed-loop gain of greater than 35 dB. For closed-loop
gains of less than this value, one of the numerous forms of op-amp
compensation must be used.

3-10-9 Cascode Differential Amplifiers

The common-mode voltage range of a FET differential amplifier can
be increased by utilizing the Cascode configuration. Consider the differ-
ential stage shown in Fig. 3-38. The dual FET type U421 was chosen
because of its low gate operating current I, which is specified as 0.1
PA maximum at Vpg = 10 V and Ip = 30 pA. An examination of the
typical performance curves for the U421 reveals that the Iz breakpoint
for this device is about 10 V Vpg, as shown in Fig. 3-39. This means
that even with ideal bias conditions the common-mode voltage range
cannot exceed 10 V without an appreciable increase in I¢ occurring.
Actually the maximum specified value of —Vgsofr) must be subtracted
from the 10 V, leaving a common-mode range of 8 V. A further reduction
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FIGURE 3-38 FET differential amplifier. FIGURE 3-39 Leakage currents

vs. drain-gate voltage.

must be allowed for (1 — 4y)/2 times the maximum differential signal.
Thus, even though the U421 has a maximum gate-drain and gate-source
voltage rating of —40 V, operating gate current will start to increase
appreciably when Vpe exceeds about 10 V.

Common-mode voltage range, common-mode input resistance, and
common-mode rejection ratio can be improved by the addition of an-
other pair of FETs connected Cascode, as shown in Fig. 3-40. In the
example, we utilize the Siliconix type U401 for the common-gate pair
and still use the U421 for the common-source input pair. From a study
of the characteristic curves for the U421, we conclude that a minimum

Vpp +30V

%250 (397 <%250 kY

FIGURE 3-40 Cascode differential
amplifier.

Vss —-20V
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Vps of 1 V should be allowed to ensure that it operates in drain-current
saturation. This means that the minimum Vgs for the U401 at the operat-
ing Ip of 30 pA should be 1 V, and therefore a selection may be called
for. Since the maximum Vggosr) for the U401 is specified as 2.5 V, the
range of Vps for the U421 will be 1 V to slightly less than 2.5 V. Vs
at Ip = 30 pA is specified as —1.8 V maximum for the U421; therefore,
the maximum Vpg of the U421 for this circuit will be about 4.3 V. This
is well below the I breakpoint. The common-mode voltage range is
now limited by the breakdown rating of the U401, which is specified
as 50 V. Although 50 V exceeds the Iz breakpoint of the U401, its I
is still typically less than 10 nA; since this current is supplied by the
common-source current supply, it does not contribute to input leakage.
The input bias current is virtually independent of the common-mode
voltage because the Vp¢ of the input FETs does not change with common-
mode voltage.

3-11 DISTORTION IN FET AMPLIFIERS

Harmonic distortion in any amplifier stage is principally the result of
a nonlinear input-output transfer characteristic plus the effect of non-
linear loading on the signal source. As the transfer curves of most ampli-
fying devices are nonlinear, a certain amount of distortion will be gener-
ated by any amplifier, whether it employs a vacuum tube, transistor,
or FET. Linearity is affected by bias, operating voltage, load impedance,
signal level, and device characteristics. Input-impedance variations may
also have an effect under certain operating conditions. Distortion may
be minimized in any application by operating the device under the most
advantageous bias and load conditions.

3-11-1 Mathematical Analysis

As certain types of distortion are more detrimental than others in any
given application, an understanding of the types and causes of distortion
is desirable. The type and amount of distortion observed is a function
of the extent to which the transfer curve departs from a straight line.
Neglecting the effects of supply voltage (except for the vacuum-tube
triode) and assuming neither load-current cutoff nor saturation, transfer
curves of the several amplifier devices are closely approximated as fol-
lows:

1. Triode (vacuum tube)

V 3/2 3 V 1/2
IP=K1<VG+—£) gn == K1<VG+—”> (3-78)
2 2 I3
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2. Pentode (vacuum tube)

3/2 3
IP=K2<VG+"V£‘£) gmz"Kz<VG+Kq£) (3-79)

HG2 2 HG2
3. FET
VGS) 2Ks ( Vcs)
h=K{1——— =—|1—— 3-80
D 3 ( v, gm v, v, ( )
4. Bipolar transistor
e =K (e*VBE— 1) gm = Ki\e Ve (3-81)

At the time of this writing, VMOS power FET's are available
with a very linear region in their transfer characteristic. Al-
though not designed for low-power small-signal amplifiers,
they can be used for making low-distortion amplifiers if oper-
ated with a bias current in excess of 400 mA. This type
2N6659, for example, has a transfer curve of approximately

5. VMOS ID = K5 (VGS - VTH' ) &m = K5 (3—82)

K5 for the 2N6659 1s approximately 0.25 mho at values of
Ip in the 400-mA to 1-A range. Below 400 mA the 2N6659
tends to follow Eq. (3-80).

To determine the degree of distortion, the transfer curves may be
expressed as a power series where each term individually represents
the fundamental or a distortion term. For example, the small-signal
transfer function evaluated at a given set of dc operating conditions
may be written as

. 15gm e ng _1_6"-1gm n
LTI +3'8V2 Gttt im0

Note that each term includes a derivative of the transconductance
term gm. The first term represents the desired fundamental. The second
represents a constant plus second harmonic, and the third represents
the first and third harmonics. The first harmonic component of the
third term adds to the fundamental, causing a loss in proportionality
between input and output. The third-harmonic component causes cross-
modulation and intermodulation distortion when two or more signals
are present at the input.

With FETs, the second- and higher-order derivatives of gn are zero;
therefore, only a second harmonic is present and cross-modulation prod-
ucts are extremely low. In the case of vacuum tubes, fourth- and higher-
order terms are negligible. However, the series does not converge so
rapidly for the transistor; hence fourth- and higher-order harmonic dis-
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tortion may be significant, and cross-modulation is more serious than
with the vacuum tube.

As the second term of the series is proportional to curvature in the
transfer characteristic, second-harmonic distortion may be minimized
by operating on the most linear portion of the transfer curve.

The third term is proportional to rate of change of curvature, therefore
third-harmonic and cross-modulation may be minimized in the same
manner.

Although the FET promises to generate only second-harmonic distor-
tion, the operating point must be carefully controlled for minimum dis-
tortion. Calculations made from an idealized or measured transfer curve
may not necessarily tell the entire story. For example, the dc transfer
curve of Fig. 3-1, normally plotted at a constant Vps, does not take
into account the effect of Vps varying with signal or of ges varying with
Ip. Figure 3-5 shows both of these effects.

3-11-2 Sources of Distortion

Figure 3-41 shows a FET amplifier stage. Variations in ese, Ves, Ri,
Vesiott), gos, and gy will have an effect on distortion. For low distortion,
it is desirable to operate with small input signals near zero bias. Both
R, and Vpp should be high, and Vps should be sufficiently above the
knee of the output-characteristic curves but no greater than necessary.
Also avoid the region near drain-to-gate breakdown to prevent the flow
of gate current on signal peaks. Furthermore, certain FET geometries
are preferred over others.

3-11-3 Transfer Curve and Output Conductance

Follow the instantaneous operating point up and left along the load
line in Fig. 3-42. Note that gy increases as Vgs approaches zero. This
causes second-harmonic distortion due to curvature of the transfer curve.
What is not so apparent is that nonlinearities exist due to decreasing
gos, as Ip decreases. This effect is visible in the stylized sets of constant

FIGURE 341 RC
amplifier.
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FIGURE 3-42 FET output characteristics.

grs output characteristics of Fig. 3-43. Set a exhibits constant gz and
constant g, and set b exhibits a slight nonlinear change in gos with Ip.
Set b indicates an increase in gain as the operating point moves down
and right along the load line. Reference to the gain equation indicates
that the effect of decreasing gos is less for large G., as expected from
graphical analysis of Fig. 3-42. gy decreases with increasing Vgs. The
decrease in g, tends to offset the distortion produced by the nonlinear
transfer curve. Thus at a certain operating point the two distortion
sources nearly cancel to produce a point of minimum distortion.

b &fs

=br 3-84
& l/RL + gos ( )

—

(a) Constant gg,, constant ge

S e <

Drain current Iy

= (b) Constant g, nonconstant g,

I

Drain-source voltage Vpg ,V

FIGURE 3-43 Idealized FET output characteristics: (a)
constant gy, constant gos; (b) constant g, nonconstant go;.
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Expanding the power series transfer function of Eq. (3-83) for the
FET gives the expression

. 2Ipss
ld_

. I cos 2wt
7 (Vp — Ves)Eq sin wt——;;—s E3 (—2-—) .. (3-85)
where E, = peak signal amplitude.

Taking the ratio of the amplitude of the second harmonic to the
fundamental, the following expression for percent second-harmonic dis-
tortion is derived:

Hesi
% 2d harmonic distortion = i‘f‘;—‘;j:; (3-86)
p

This expression is valid for small-signal distortion due only to transfer
characteristic curvature. Required conditions are that the drain-voltage
saturation region is avoided and that drain current flows during all por-
tions of the cycle. Measurements of FET distortion confirm the expected
results and, indeed, indicate close agreement with the distortion as calcu-
lated from Eq. (3-23).

3-11-4 Gate Bias and Signal Level

According to Eq. (3-86), small-signal distortion is directly proportional
to signal level. The plot of total harmonic distortion vs. input signal
of Fig. 3-44 provides verification, indicating that distortion increases
linearly with input signal level. Although Fig. 3-44 was generated from
data taken at zero gate bias, the distortion level is unaffected by the
slight forward gate biasing on negative signal peaks because the gate
input impedance stays high for low values of forward bias.

Input circuit distortion does not become measurable until the rms
input signal level exceeds 100 mV. This is borne out by Fig. 3-45, which
plots input distortion vs. input signal for gate-circuit time constants of
10 to 1000 ms. The reason for increasing distortion with input signal

1.4 T T T T i
12 _Vosi‘15V Calculated A
Vs =0 /

o 1.0fVps2.3 v
% oghRi= 75K A
g Ul f=1kHz '/’Maosured
£ 06 -
o
% 04 4
S 0oL

0.2 FIGURE 3-44 Distortion vs. input

signal level.

(0]
10 20 30 40 50 60 70 80 90 100
€in, MV (rms)
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1s that the gate draws current from the signal source on input peaks;
distortion is reduced by employing the equivalent of grid-leak bias. In
this manner, the direct current drawn through the gate-return resistor
develops a gate bias approximately equal to the peak forward signal
voltage. So long as the input capacitor remains charged, the gate ceases
to draw current on signal peaks. Thus distortion becomes a function
of frequency, e.g., reducing the frequency to 100 Hz will have the same
effect as reducing T= RC by a factor of 10. Figure 3-45 indicates that
for low distortion when the gate conducts on signal peaks, RC must
be about 1000 times the period of the lowest frequency to be handled.
If the generator impedance is quite low, say a few hundred ohms, the
input distortion will be reduced considerably. However, as this is not
a normal operating condition, the gate should be operated at a bias
level sufhicient to ensure that signal peaks will not forward-bias the gate
by more than 100 to 200 mV.

Further reference to Eq. (3-86) indicates that distortion increases as
Ves approaches V3, or that for Vgs = 0, distortion is inversely proportional
to Vp. Distortion versus Vgs is plotted in Fig. 3-46 for two values of
input signal for a device with Vggotn = 2.3 V. Figure 3-47 plots distortion
against Vp for Vgs = 0. Rather close agreement with calculated values
in evident in both plots.

3-11-5 Drain Voltage

The effects of Vps and gos on distortion are illustrated in Fig. 3-48. The
Vps effect is in reality a gos effect, as may be seen from reference to
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the gos-versus-Vps curves of Fig. 3-49. Distortion due to gos becomes
large at low Vps due to the very high value of g5, while the distortion
at high Vps is principally due to the variation in gg. As Vpg is decreased,
the gos-induced distortion increases and, as previously pointed out, acts
to counteract the gr-induced distortion. At a specific and fairly low Vpg
the two out-of-phase distortions nearly cancel to produce a minimum
in the distortion curve. Operation at the point of minimum distortion
.is not particularly recommended, since its location is uncertain and very
near a region of excessive distortion.

Operation below the point of minimum distortion at low Vps results
in a significant increase in nonlinear distortion due to drain saturation,
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0 FIGURE 3-47 Distortion versus Vp.
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reflected in a rapidly increasing gos. This effect is also visible in Fig.
3-42 as the operating point moves up and to the left along the load
line approaching the knee of the output curves.

3-11-6 FET Geometry

Physical geometry of the FET has an effect on distortion, as shown in
Fig. 3-48, where two devices of approximately equal Vgseorm generate
significantly different distortion levels. These distortion levels are due
to different gate lengths, which affect the value of g,s and the rapidity
with which device output characteristics shift from triode to pentode
type as Vps increases. Figures 3-50 and 3-51 show the output characteris-
tics of the two devices. The differing values of g,s are apparent.

The 2N4867 is a very long-channel device and exhibits the lowest
value of gos. The Ip transition from unsaturated to saturated is quite
rapid, as shown in Fig. 3-50. Distortion is high because the low g, only
slightly reduces that induced by gg. On the other hand, distortion at

100

1 2N4867: Vp=1.06

Common-source output
conductance goss , LV

FIGURE 3-49 g, versus Vps. 0.1
(0] 5 10 15 20 25

Drain-source voltage Vpg,V
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low Vps is low. Where drain-supply voltages are limited, the long-gate
device is preferred over other FET types because the operating point
may be closer to the knee of the output curve.

The 2N4339 is a short-channel device exhibiting rather high ges and
a poorly defined transition region from high g, to low gos, as shown
in Fig. 3-52. The high g, results in a fairly low distortion so long as
adequate drain voltage is available. The short-gate device is probably
the best choice where minimum distortion is a requirement if supply
voltage is not severely limited.

3-11-7 Load Resistance

The load resistance also affects distortion level. The effect is again a
function of g,s. Figure 3-52 shows how distortion decreases with increas-
ing R.. The improvement is greater for short- than for long-channel
devices, as gos 1s greater for the former. The reason for an improvement
with increasing R, is that the gos-induced distortion has a greater oppor-
tunity to counteract gy distortion as the load line becomes more nearly
horizontal. Consider, for example, that g, effects are zero when R, =
0 and the load line is vertical. Conversely, gss effects are near zero when
R =  and the load line is horizontal. At some point with high R;, a
distortion minimum will occur beyond which gos distortion is greater
than gy distortion.

Ty [ zsy T
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FIGURE 3-52 Distortion vs. load.
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3-11-8 Rules for Low Distortion

From the preceding discussion, it follows that FET amplifiers may be
operated at very low levels of distortion. However, close attention must
be given to the dc operating point, bias level, load resistance, and FET
characteristics. The rules to follow, listed in descending order of impor-
tance, are:

1. Maintain Vpg high enough that peak output signal swing
will not reduce Vps below 2 to 4 times —FVgsotr)-

2. Maintain Vgs at such a point that peak input signal swing
will not forward-bias the gate junction by more than 200
mV.

3. Do not operate near drain-gate breakdown voltage unless
utilizing a low signal source impedance.

4. Maintain a minimum Vgg consistent with other circuit re-
quirements. More properly, maximize Vs — Vgs.

5. Minimize input signal level.
6. Use a high value of load impedance.

7. Maintain Vpg at the lowest value consistent with rules 1
and 3.

Note that rules 4 and 6 indicate operation at the highest practical
gain commensurate with power-supply and frequency-response limita-
tions. 4

A particularly practical viewpoint is to consider distortion as a percent-
age of output voltage rather than of signal voltage as represented by
Eq. (3-86). The combined effects of FET parameters Viseotn, Ipss, gm,
and stage gain may then be determined.

Consider the stage gain expressed in Eq. (3-84) simplified to

%= gmRL (3-87)

Combine this with Eq. (3-86) to obtain distortion in terms of output
voltage.
256,(pk)
ngL(Vp — Ves)

If R, is related to supply voltage and FET characteristics as follows:

VDD_2Vp
Ry=——7" 3-89
= (3-89)

(3-88)

% distortion =
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For maximum output signal swing, the FET characteristic equations

I
Iy =77 (Vo= Vos)? (3-90)
]
21
gm="75" (Vo= Vos) (3-91)
P
may be used with Egs. (3-88) and (3-89) to find output distortion.
% distortion = % (3-92)

Equation (3-92) shows that FET amplifier distortion for a given output
voltage is independent of Ipgs and gg. Rules 4 and 5 above become of
little importance for the case where &g is small and R, may be increased
without regard to bandwidth or other design considerations. High Vpp
and low Vgserm allow high R, high gain, and thus low ;¢ to produce
a given ¢. Thus distortion is minimized due not only to the low signal
required, but also to the advantages of high R, already discussed but
not expressed in Eq. (3-92).

For lowest distortion the FET selection will depend upon the available
input signal, supply voltage, and required bandwidth. For large input
signal and large bandwidth, a high Vggor 1s desired unless source degen-
eration is applied. For small input signal or low Vpp, a low Vgseetn unit
is desired. The choice will depend upon the specific conditions of applica-
tion. In any case, a FET exhibiting high goss is desired. This characteristic
may be evaluated by reference to the output characteristic curves for
any particular FET. Output characteristic curves with large slope mean
high goss.

Note that no attempt has been made to play off one characteristic
against another. For example, a low Vgsem unit from any one given
geometry will exhibit a slightly higher gy at a given drain current than
will the high Vgseosn unit of the same family. This means that the device
may be operated at low Ip for higher gain gy than is attainable with
the high 7} unit. Few of these tradeoffs can improve the distortion level.

3-12 AUDIO-FREQUENCY NOISE CHARACTERISTICS

The purpose of this section is to identify and characterize audio-fre-
quency noise in junction field-effect transistors. Emphasis is placed on
basic device characteristics rather than on end applications, since it is
important for the circuit designer to know the salient noise behavior
of the FET, and how those characteristics may be specified by production-
oriented test parameters.
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3-12-1 Defining FET Noise Figure

For analysis, it is convenient to represent noise in a FET by assuming
that an ideal noise-free device has two external noise sources, &, and
in. These noise sources are chosen to have the same output as would
an actual noisy FET. An equivalent circuit is shown in Fig. 3-53.

Noise-free  p

FET
=1
: o

FIGURE 3-53 Representing noise in an :
ideal FET.

A noise factor Fis a figure of merit of a device with respect to the
resistance of a generator. To calculate a noise factor, a source resistor
Rg, with a thermal noise voltage ¢r, is added to the circuit. A noise
factor F may be defined as

noise power of FET referred to input

F=1+ 3-93
noise power due to Rg ( )
The thermal noise voltage across Rg is
er= (4kTRgB)'/? (3-94)
where £=1.380 X 10—23 J/K (Boltzmann’s constant)
T= temperature in Kelvins
B = bandwidth in hertz
Therefore noise power due to Rg is
¢2 4kTR¢B
—~=————=4FTB 3-95
Ro Ro R ¢ )
The noise power of the FET referred to the input 1s
€% | -
— 412 - Rg¢ (3-96)

Rg

When expressions for the noise power of both the FET and R¢ are
substituted, the noise factor becomes

o+ i3 R2

F= Y TroB

(3-97)

A noise figure NF expressed in decibels indicates the presence of added
noise power from the FET or another active device. The noise figure
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is always given with reference to a standard, specifically the generator
resistance Rg:

NF=10 log F (3-98)
The noise figure of the FET is

52 "'2 2
M) dB (3-99)

NF=10 log(l + ARTRoB

When junction FET noise is expressed in terms of the noise figure NF,
an inherent disadvantage arises in that the noise figure is dependent
upon the value of the generator resistance Rg. Therefore, the ¢, n
method remains as the best way to quantitatively express the noise char-
acteristics of the FET itself.

3-12-2 Describing Junction FET Noise Characteristics

Junction FET &, and , characteristics are frequency-dependent within
the audio noise spectrum, and take a form as shown in Fig. 3-54. &,
the equivalent short-circuit input noise voltage (with the exception of
the 1/f™ region), i1s defined as

en=+4kTRyB (3-100)

where Ry = 0.67/gy,, the equivalent resistance for noise. The &, except

-13
1K — T 17y 10

R — 1/f"or flicker F Johnsonor H Generator :
& [ excess noise T Nyquist thermal 1] recombination, 1=
bt ——  region t noise region - or shot noise E
g )

g t ] region g
= } =1

o o

° ! | 19 &
8 100 | 107'* 3

2 ta=|Break points==] £
| 2
5 ; 2
a = { ElN
£32 > en | i
x> N *+
52 T S 23
L N LT ~ - =
5 b \ - n=1t02 in 10" 9
€ 10 T < <
—~ 1 -

o - - 11 g.
‘5» T — RS — o
+ M= =

5 ==salee 2
s — 5
2 >
& fy f2 &
w 1 ] In 1076 w

10 100 1K 10K 100 K
: Frequency f, Hz

"FIGURE 3-54 Characteristics of junction FET noise.
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in the 1/f" region, closely approximates the equivalent thermal noise
voltage of the channel resistance.
In the so-called 1/f" region, ¢, is expressed as

En=\/4KRNB(l +jr71n) (3-101)
where n varies between 1 and 2 and is device- and lot-oriented.

The characteristic bulge in &, in the 1/f" region has been observed
to some extent in all junction FETs submitted to test. The breakpoint
or corner frequency shown as f; in Fig. 3-54 is lot- and device-design—
oriented, and varies from about 100 Hz to 1 kHz.

As indicated in Eqgs. (3-100) and (3-101), ¢, is inversely proportional
to the square root of the transconductance of the FET (en @« 1/4/gy).
éx can be lowered by a factor of 1/4/N if N devices with matched electrical
characteristics are connected parallel. For example, when

N=2 (3-102)
let
én1 = én2 (3-103)
and let
81 = Bfs2 (3-104)
Thus,
Grsttota) = 28fs1 OF 280 (3-105)
From Eq. (3-100)
ln1 = 4kT((2)£s71)B (3-106)
and
En(total) = 4kT((2)2:1)B (3-107)
Thus,
I (3-108)

En(total) = _\/— en1
2

A second way to achieve low & is to use a device with a large gate
area. Empirically, ¢, is inversely proportional to the square of the gate
area (en < 1/4%), independent of gs. This large gate area philosophy
has been followed in the design of the Siliconix 2N4867A FET, and
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noise performance of the device is discussed later. A major advantage
of this type of design is that &, is significantly lowered. i, also remains
at a low value.

The equivalent open-circuit input noise current i,, except in the shot
noise region shown in Fig. 3-54, is due to thermally generated reverse
current in the gate-channel junction. It is defined as

in=/2qIcB (3-109)

where ¢=1.602 X 107!® C (the magnitude of the electron charge)

I = measured dc operating gate current in amperes

B = bandwidth in hertz -
The expression is accurate only when the measured gate current is the
result of bulk device conductance. It is possible for the measured gate
current to be due to conductance stemming from contamination across
the leads of the semiconductor package.

At higher frequencies, as in the shot-noise region shown in Fig.

3-54, 1, can be approximated as being equal to the Nyquist thermal
noise current generated by a resistor:

3 [4RT. \
n= k7B (3-110)
Ry

where R, is the real part of the gate-to-source input impedance. The
breakpoint of corner frequency f; in Fig. 3-54 is lot- and device-design—
oriented. It usually is between 5 and 50 kHz.

Another form of noise found in junction FETs is known as “popcorn”
or burst noise; the term popcorn noise was originated in the hearing
aid industry because of noise or level shifts which are present in input
stages and which resemble the sound of corn popping. Popcorn noise
is a form of random burst input noise current which remains at the
same amplitude and which is confined to frequencies of 10 Hz or lower.
The suitability of a FET device is dependent on the amplitude of the
burst, its duration, and its repetition rate. The origins of popcorn noise
are not completely identified, but it is believed to be caused by intermit-
tent contact in aluminum-silicon interfaces and by contamination in the
oxidation process.

A test circuit to measure popcorn noise in differential junction FET
amplifiers is shown in Fig. 3-55. In practice, popcorn noise is evaluated
on an engineering basis, not on a production-line basis. There is no
apparent correlation between 1/f” noise at 10 Hz and popcorn noise.
However, if the amplitude of the burst is large and occurs frequently,
then 1/f™ noise voltage (¢é,) is masked and difficult to evaluate at 10
Hz. The graph in Fig. 3-56 shows “moderate” burst noise observed in
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FIGURE 3-55 Test circuit to measure popcorn noise.

a group of junction FET differential amplifiers which were measured
in the test circuit.

3-12-3 Operating-Point Considerations

Unlike bipolar transistors, where &, and 1, characteristics vary directly
with change in collector current I¢, similar characteristics in junction
FETs will vary only slightly as drain current Ip is varied. This is true

Ta =25°C
— X-Y plotter time i
—+{30sec 'n— 0.4 pV referred toinput
Noise T
{ Yursf Noise
| Noi v burst
~—] Stable
NO. 2 |l [ dc ( AVes/AT)
drift only
| - Noise burst
T y—— il
o ooa o g NOiSE
1/f" en bursts

and {/f &y

FIGURE 3-56 Popcorn noise in differential amplifiers.
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so long as the FET is biased so that the drain-source gate is greater
than the pinchoff voltage (Vpe > Vasotn)-

The e, in junction FETs will be lowest when the devices are operated
at Vgs = O(Ip = Ipss), where transconductance gy is at its highest value.
This will be true only if device dissipation is maintained very low in
relation to the total dissipation capability of the FET.

The curves in Fig. 3-57 illustrate changes in &, as the operating drain
current Ip is varied. Note that the lowest &, did not occur at Vgs = 0,
because of high power dissipation and a resultant rise in junction tem-
perature at the operating point.

The optimum (lowest) 7, in depletion-mode junction FETs should
occur at Vgs = 0(Ip = Ipgs). In practice, very little change will be seen
in 1, when the operating point is changed, provided that the drain-gate
voltage is maintained below the Iz breakpoint and power dissipation
is kept at a low level. The curves in Fig. 3-58 illustrate 1, characteristics
as a function of drain-gate voltage at points below, on, and above the
I breakpoint voltage.

To minimize Iz under operating conditions, particular attention must
be paid to Vpe. The critical drain-gate voltage (Ig breakpoint voltage)
can be anywhere from 8 to 40 V, depending on device design.

Gate operating current Iz should not be considered equal to gate
Igss in linear amplifier applications. Igss is the reverse-biased gate-junc-
tion leakage current with Vps = 0. The curves in Fig. 3-59 show how
Ig breakpoint is related to basic device design. Device designs with a
high gss/Ciss ratio typically have low breakpoint voltages, at Vpe = 10
V, whereas high-pu devices (1 = r4s - g5) have much higher I; breakpoints,
typically Vpe = 20 to 30 V.

Three equations presented earlier show that &, and i, are proportional

, — ‘ ~13
. " 2\amz B Fives-35mA >N3625 10
3 (NC geometry) FHTA = 25°C | (NRL geometry) T
A=) 06~ N
t E e‘n@loﬂ-oss I — i @
2 3100 &0 @1p=Ipss O tatdlil 1014
© If power dissipation and H20 Vv i °
‘It 1 junction temperature 1f} i s =
s & lowered { | ZE,
@ % 10 en@Ip=01 DSSIH 15V L o-15 £
£ > N &0 @1p=0. Ips =z 773
° .g — L | POV ]
2 e I 'FITIHII | S
L% Ip=0.1Ipss =z
1 Ta=25°C | 10716
10 100 1K 10K 100K 10 100 1K 10K 100K
Frequency f, Hz Frequency f,Hz

FIGURE 3-57 ¢é, changes versus Ip  FIGURE 3-58 i, characteristics as a
variations. function of drain-gate voltage.
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FIGURE 3-59 Gate operating current vs. drain-gate voltage.

to v/7T. Both will be reduced if the temperature is lowered. In Eq.
(3-109), i, is proportional to v/Tg. If I; is below its breakpoint, Iz will
halve for each temperature drop of 10 to 11°C. &, is also proportional
to v/ Ry, where Ry = 0.67/gs. Thus when gy is increased, which is
typical of junction FETs operating at low temperature, ¢, will also be
reduced.

Fig. 3-60 shows gy versus temperature for a silicon junction FET.
Performance improves with decreasing temperature until about 100 K
is reached. Below 100 K gg drops rapidly.

In connection with the plot of gg versus temperature, note that the
relationship can vary from approximately 0.2 to 1 percent per degree
Celsius. The gy slope depends upon the basic design of the FET and
upon the proximity of the drain-current operating point to Ipz, the zero
temperature coeflicient point.
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The major application for junction FETs at low temperature is in
charge-sensitive amplifiers. For best performance in this type of applica-
tion, a high g/ Cis ratio is required. Recommended Siliconix FET types
for such applications are the 2N4416 (NH geometry) and the U311

DESIGNING WITH FIELD EFFECT TRANSISTORS

(NZA geometry).

3-124

By definition, &, and 1, are referred to the input of the device under

Test Measurements

test. To measure ¢,, the test circuit shown in Fig. 3-61 is useful.
The following procedure should be used to make the &, test:

1.

Set tunable filter to required fiow and fuign. Adjust oscillator
to mean center frequency

[fmean = (Jlow ° ﬁligh)llz]

. Set Vosc to 100 mV with switch 1 in position 1. Compute

—10—1)(1_02—1 -5V =
Vim1 = o= 105V =10pV

. Measure Vout:. Compute overall gain as

_ Ve outl Voutl

A ——
V" Vi 10 pV

. Set switch 1 to position 2 and measure Vous. Compute

Vinz, the equivalent short-circuit input noise voltage é,,
using Ay from Step 3.

in volts over bandwidth fiow tO fhigh-

+Vpp

Low noise
Re
P

amplifier
&
1 MO D.U.T

A
': Tunable
/| filter

Vouf
True rms
voltmeter

= Mount D.U.T. and input circuitry
in shielded enclosure

FIGURE 3-61 Test circuit to measure é,.
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An alternative method of performing the above test is to use a Quan-
Tech Transistor Noise Analyzer consisting of a Model 2173 Control
Unit and a Model 2181 Filter. The analyzer has provision for measuring
én and determining NF with various values of R¢ in FET and bipolar
devices with selectable test conditions. The measuring system has a con-
stant gain of 10,000. The analyzer records output noise at selected fre-
quencies between 10 and 100 Hz in the device under test, with the
scale shown as the actual output divided by 10,000. This is then the
output noise referred to the input. The equivalent bandwidth for testing
is 1 Hz.

There are certain instances where the test circuit or the Transistor
Noise Analyzer is not adequate to measure é, at certain frequencies
over certain bandwidths in the 1/f" region. The rms noise over a band-
width from fiow to fhien, where there is a 1/f™ characteristic over the
entire range, can be computed as

én = (en known) [ known * In (%)]mn (3-111)
low

Figure 3-62 represents this equation graphically. For example, &, known
= 70 X 107® V/+/Hz at 10 Hz. How much noise is in the band from
4.5 to 5.5 Hz? The noise has a 1/f* characteristic over the entire range.
Thus

5.5 1/2
= (70 X 1079 [10 - ln(z-g)] \% (3-112)
or
& =199.16 X 107 V/x/Hz @ 4.975 Hz (3-113)

4.975 Hz is the mean center frequency where fnean = (fiow ° fhign)!/2
1n measurements are difficult to implement at best. At frequencies
below f; in Fig. 3-55, 1, is assumed to have a constant level or “white”

known

FIGURE 3-62 Computing rms
noise over a bandwidth.

|
|
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noise characteristic which may be correlated with gate current Ig. From
Eq. (3-109) I; is established as the measured bulk gate current. Because
measured gate current g is the result of all conductances at the gate,
the resultant gate current and the computed i, due to bulk material
can be assumed to be this value or less. The total equivalent input
noise of the FET can be approximated by

e2i=¢2+e2+ 3 R} (3-114)

er = thermal noise of the generator resistance Rg

&ni = total FET noise referred to the input
This approximation assumes that the equivalent noise voltage and the
current generators vary independently. Equation (3-114) implies that 7,
can be calculated if &, ér, and total noise &; are known. The difhiculty
here is that in MOS or junction FETs, the Rz must be very large to
detect the anticipated small value of in. However, when Rg is very large,
ér is much greater than 13 - R2. For example, over a 1-Hz bandwidth
at 25°C, if Rg is equal to 100 MQ, then

é2=4kTR;=4 X 1.38 X 10723 X 2.95 X 102 X 108
=1.63 X 1072V /y/Hz

Anticipated 1y, is

1n=10"15 A/r/Hz
and

i3 =103 A/+/Hz
Thus

13- RZ=107% - 1016=10"1*V//Hz

Therefore, 13 - R% is much less than ¢2, which renders this method of

finding 1, impractical for most common MOSFETs or junction FETs.
An improved method of measuring 12 is to substitute a low-loss mica

capacitor for resistor Rg. The mica capacitor by definition does not

have an equivalent thermal noise voltage, and thus Eq. (3-114) becomes

eqi=¢e3+13 - X2 (3-115)
where X¢ = capacitive reactance
or Zn=(€_%i“5%)”2 (3-116)
Xc

When a 10-pF mica capacitor was used in the evaluation circuit (up to
a frequency of 100 Hz), a correlation of from 80 to 90 percent was
obtained when compared with 1 computed from measured gate current
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readings. At frequencies above 100 Hz direct computation of i, via the
capacitor method becomes unwieldy because of the rapid decrease in
capacitor reactance at these frequencies.

In calculating i, at higher frequencies, an alternative method is to
measure Ry, the real part of the gate-source impedance of the FET.
When R, is measured at various frequencies, the equivalent short-circuit
input noise current i, can be computed as a function of frequency. [See
Eq. (3-110).] A convenient instrument for measuring R, is the Hewlett-
Packard Type 250A Rx meter or equivalent. The Type 250A Rx meter
can measure Rp accurately up to 200 k. As is shown in Fig. 3-63,
this establishes the low-frequency limit of 20 MHz for n computed via
direct measurement of R, for the Siliconix FET Type 2N4117A. For
frequencies between 100 Hz and 20 MHz, 1, must be extrapolated, as
is shown in Figs. 3-63 and 3-64. For FET types with lower R, (such as
the Siliconix 2N4393), #;, can be computed down to 2 MHz, and hence
extrapolated n between 100 Hz and 100 kHz is more accurate.

Figure 3-65 shows representative é,, in curves for Siliconix JFET prod-
ucts. Of particular importance is the geometry which by its design gov-
erns the basic noise characteristics of product types derived from it.

3-12-5 Conclusion

Contemporary junction FET's have noise voltages &, equal to those found
in low-noise bipolar transistors. These two device types have different
operating mechanisms: the FET is voltage-actuated, while the bipolar
transistor is current-actuated. Hence, FETs have an inherently lower
noise current i, and are preferred over bipolar devices in most audio-
frequency applications where low-noise performance is a design require-
ment.

When bias points are properly selected, as described in this chapter,

-12
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the excellent low-noise characteristics of high-gg junction FETs can be
realized.

The curves shown in Fig. 3-65 are representatives of & and In
performance of Siliconix junction FETs. Of particular importance in
these curves is the process geometry by which the basic design of the
FET governs the noise characteristics of product types derived from
it. Readers are invited to refer to the Siliconix FET catalog for full
geometry performance data and for specific part numbers stemming
from the generic process geometries.

In the measurement section, it was shown that direct ¢, measurements
can readily be made. i, can be guaranteed at frequencies below 100
Hz by measuring the dc operating gate current Iz. When I¢ is known,
in can be extrapolated from frequencies below 100 Hz to predict noise
performance at frequencies to 100 kHz.
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4-1 HIGH-FREQUENCY TECHNIQUES

Field-effect transistors suitable for high-frequency applications have be-
come aggressive competitors to bipolar transistors for both small-signal
and power applications.

The first popular small-signal JFET suitable for VHF performance
was the n-channel 2N3823 introduced by Texas Instruments in 1965.
This device was characterized through 100 MHz. When Union Carbide
(now Solitron) introduced their 2N4416 a year later, characterized
through 400 MHz, it became the favorite for the remainder of the decade.
It too had its faults, and although it maintained a lead position among
high-frequency JFETs, it was not the panacea for trouble-free perfor-
mance. It was close, but it missed the mark, and so there was room
for the introduction of the MOSFET.

RCA introduced the first dual-gate MOSFET, the 3N140, in 1968,
but not until their 3N187 came along two years later did the MOSFET
become widely used in the TV and FM industry.

137
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Both the n-channel JFET and the dual-gate MOSFET have become
standard components in TV, FM, auto radios, guided missiles, radars,
and wherever high-performance, high-frequency communications is
found. Features and applications of some of the more prominent devices
will be discussed further in this chapter.

In small-signal high-frequency applications the FET has several inher-
ent advantages over the bipolar transistor, such as:

O Square-law transfer characteristics which give at least a ten-
fold increase in input voltage handling capability with less
spurious signal generation.

O Good low-noise performance over the whole frequency
range. This performance is especially noticeable in oscilla-
tors where low phase noise is of paramount importance.

O Reduced sensitivity of input admittance to shifts in the oper-
ating point caused by AGC action, thus effecting less detun-
ing of tuned circuits. The prime device for such applications
is the dual-gate MOSFET, where 50 dB AGC can be
achieved with insignificant detuning of high-Q tank circuits.

O A high input resistance, in the common-source configura-
tion, reduces the loading effects on input circuits, helping,
among other things, to maintain high-selectivity tuned cir-
cuits.

O Linear group delay over appreciable bandwidths and under
varying AGC. Parasitic FET reactances are voltage-depen-
dent and not generally affected by input signals.

For power FETSs there are other advantages which are usually over-
looked in small-signal FETs. The absence of minority-carrier storage
time and of secondary breakdown is inherent in both JFETs and
MOSFETs. For most bias conditions the drain current has a negative
temperature coeflicient; thus thermal runaway is not a likely problem.
This latter characteristic simplifies the paralleling of power FETs to
increase drain-current capabilities; ““‘current hogging” does not occur.
Their high-speed switching capabilities permit increased operating effi-
ciencies in high-frequency switch-mode operation (classes D, E, and F).
Their high-frequency characteristics also offer freedom from load mis-
matches (infinite VSWR* capabilities).

FETs made with gallium arsenide have made sizable encroachments

* VSWR = voltage standing wave ratio.
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into the microwave bipolar transistor market. Recently developed power
FETs such as the vertical-channel MOS (VMOS) will replace power bipo-
lar transistors in many applications.

4-2 THE PROBLEM OF HIGH-FREQUENCY AMPLIFICATION

It was not until the manufacturers had refined their processes to achieve
FETs with high transconductances and low interelectrode and parasitic
capacitances that there emerged a suitable high-frequency device.

As the operating frequency is increased, the effects of parasitic capaci-
tances become the fundamental restriction upon the FET—in particular,
the effect on its input impedance. In the common-source stage, the
Miller effect becomes the dominant capacitance. Input impedance is
largely a reactance of Gn:

1
Xin=
QW'fCin

(4-1)

where Cin = Ciss — AvGrss
For the common-source amplifier the quantity Ay is negative (due to
the phase reversal); therefore

Cin= Ciss + 'AVCrssl
= Cygs + Cga+|4vCqq| 4-2)

The reverse capacitance C. of a FET, in addition to raising the input
capacitance through the Miller effect, feeds back signals from the output
to the input, contributing to possible instability—especially if the load
itself is reactive.

Much of the design effort in high-frequency amplifiers is directed
toward reduction of the effects of the feedback capacitance. Although
the common-gate amplifier has lower power gain than the common-
source type, it is widely used at high frequencies because of its much
lower feedback capacitance. The magnitude of the voltage gain for these
two types of amplifiers may be comparable; however, in the common-
source stage, Cyq is the feedback capacitor, while in the common-gate
stage it is Cgs. Also Ay for the common gate is positive; thus, for the
common gate,

Cin = Cgs + Cas — | Av|Cas 4-3)

For many device types Cys i1s an order of magnitude lower than Cyq.
The resulting reduction in the feedback capacitance makes the common-
gate amplifier attractive despite its lower power gain. Other advantages
will be examined in this chapter.
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A common figure of merit used to compare high-frequency perfor-
mance of FETs is

m

Figure of merit (FM) = omC
in

(4-4)
and for the popular n-channel JFET, the U310, this figure equates to
600 MHz. To illustrate the improvement in n-channel JFETs over the
period of 1965 to 1976, the following should be of interest:

FM relative

Type to 2N4416
2N3823 0.6
2N4416 1.0
2N5397 1.3
U310 2.1

There are expressions of high-frequency performance other than the
classic figure of merit [Eq. (4-4)] that should be considered. Although
perhaps not immediately apparent, a ‘“‘quality factor” expression

&8ss
F =2£ 4-5
Ql g (4-5)

becomes especially important in the selection of JFETs suitable for ultra-
broadband transmission-line (distribution) amplifiers.

DESIGN PRIORITIES FOR HIGH-FREQUENCY AMPLIFIERS

Amplification Analo Digital
of signal signals
Small signal High intercept Flat group delay
Low crossmods High intercept
Low noise figure Low crossmods
Sufficient gain Low noise figure
AGC Sufficient gain
AGC
Large signal Linear
Low spurious
Low sideband noise Same

Overload protected
Mismatched loading
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In small-signal amplifiers an equally important ratio is that of forward
transconductance to output conductance, more properly identified as
mu.

mu = &% (4-6)
8os
Each of these quality factors may serve as a guide in the selection of
the proper transistor for a given application. Seldom does one achieve
the perfect FET. What a “perfect” FET might be will be reviewed later
in this chapter. Design priorities for high-frequency amplifiers can be
outlined according to applications (see table on page 140).

FETs more closely meet these design objectives than do any other
known active semiconductor. This chapter will continue to examine these
priorities as they are applied to amplifiers, mixers, and oscillators.

4-3 THE “PERFECT” HIGH-FREQUENCY FET

There 1s no “perfect” high-frequency FET, nor is there likely to be
one. Factors that inhibit optimum high-frequency gain and noise figure
are: (1) feedback capacitance Cyq; (2) shunting input conductance gis;
and (3) output conductance gos. High forward transconductance gy is
of paramount importance, and its magnitude is directly affected by the
magnitude of both the input and output conductances.

In the common-source amplifier the input conductance gis poses a
mixed problem. Although a very low input conductance raises the quality
factor (gss/gis), which is desirable, a more debilitating effect occurs. A
very low conductance (a high input resistance) infers high input Q, and
effective coupling from the input circuitry may well result in excessive
losses and increased overall noise figure in wideband circuits.

Output conductance gys, on the other hand, directly affects the forward
gain of the FET. Maximum available voltage gain is fundamentally related
to the ratio

&rs
8os

An appreciation of how g must be improved to overcome the debilitat-
ing effects of both the shunting effects of increasing gis and the reduced
mu caused by the increasing gy, 1s provided in Fig. 4-1.

The chart in Fig. 4-1 is interpreted as follows: Pgy is unilateralized
power gain expressed in decibels. But note carefully that each value is
underlined. For example, 10 dB (solid underline) and 15 dB (dashed
underline).
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FIGURE 4-1 Projected UHF FET transconductance as a function of gi, g,
and gain. Unilateralized power gain common source (Y;; = 0).

The value of gis (right vertical axis) ranges from 0.1 to 0.6 mmho
and 1s repeated five times. Again, note that each time a value of g is
repeated, it is to identify a different coded graph that corresponds to
the underlined value of Pgy.

For example, assume we desire a unilateralized power gain Pgy of
20 dB. We have a value of gis of 0.4 mmho and a value of gos of 0.12
mmbho. From this chart we determine that we need a value of | Yai| of
4.3 mmbhos.

Feedback affects circuit stability, complicates circuit design, and re-
duces performance. Manufacturers reduce Cgq by careful attention to
the metalizations and diffusions in the design of the FET chip as well
as in chip packaging.

4-4 STABILITY

A very important consideration in the design of a small-signal, high-
frequency amplifier is its stability, its freedom from a tendency to oscil-
late. Amplifier “stability factors” have been derived by Linvill' and by
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Stern.! Linvill assumes that the amplifier stage has infinite source and
load impedance, which are the worst-case stability conditions. Stern takes
into account not only the transistor, but also the source and load im-
pedances.

The Linvill stability factor C is expressed as

o |11
2Re YiRe Yo — Re(Y; Y;)

(4-7)

If C is less than 1, the transistor is considered to be unconditionally
stable. If C is greater than 1, oscillation is possible if the transistor is
presented with some specific source and load impedance; it is considered
to be only conditionally stable. Unconditional stability assures that any
positive real impedance presented to the transistor will not cause it to
oscillate. This assumes no external feedback.

The Stern stability factor K is

_ 2(g11 + gs)(g22 + gl)
| Y12 Yaq| + Re(Yi2Ya1)

(4-8)

In this expression it is assumed that the input and output matching
networks are simultaneously tuned to the same frequency. The Stern
solution defines K> 1 as being unconditionally stable. If g; and g; (source
and load conductance) are set equal to zero, the result is the reciprocal
of the Linvill stability factor!

There are many ways to ensure stability in an amplifier. From the
equations for the Linvill stability factor the following equations can be
derived:

_ | Yo1 Y12|/C+ Re (Y Yi2)
Zinput loading — — 8u 4-9)
2 822
Y21 Yiz2|/C+ Re(Yer 13
SZoutput loading — ' = 12| EORELY — 822 (4-10)
2 g1
Out
In
9in Jout

FIGURE 4-2 Two-port with con-
ductance loading.

Zinputloading ANA/Or Goutputlcading are those values of conductance which
must be added to the transistor externally, as in Fig. 4-2, to obtain
the desired stability factor C.

In many cases it is not desirable to use these techniques to stabilize
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a transistor. Some of the power which would ordinarily be delivered
to the load is now dissipated in the stabilizing resistors.

Stern developed a technique in which the input and output could
be mismatched by equal amounts to assure stability of the amplifier.
This technique causes a mismatched input and output as the price for
circuit stability. In this case one establishes the Stern stability factor
and then calculates by an iterative process the values for bi, and bout.

K[| Y21 Yi2| + Re(Y21 Vs
Gs=\[—[[ 21 Yia| . e(Ys Yi2)] &"gu @-11)
822
K[| Y21 V12| + Re (Va1 V5
G1=\/ [l 21 12| - e(Yy Yia)] fﬁ_gzz (4-12)
11

where one can solve for both by and bou (the susceptance values of Yin
and Yout) by

Y21 YlZ
Yi, = Yy — ———— 4-1
in 11 Y22+ Y1 ( 3)
and
Y21 Y12
Yout= Yoo ——— 4-14
out 22 Y11+ Ys ( 1 )

A third method of ensuring stability is by neutralization or unilateraliza-
tion. Neutralization is a technique used to set ;2 or the reactive compo-
nent of the feedback y;» equal to zero. In most instances this would
be equivalent to adding, between the input and output of the transistor,
an inductor whose reactance is equal in magnitude to the reactance of
the transistor feedback capacitance (Css). This is equivalent to placing
a parallel tuned trap between the input and output matching networks.

O—d . —0
I Out

FIGURE 4-3 A two-port with unilateri-
zation feedback.

Unilateralization is that technique in which gy, and by, are set to zero.
This might be implemented as shown in Fig. 4.3, by using a 1:1 phase-
inverting transformer at the input or output with a resistor and capacitor
equal to g1z and b, tied back across the transistor.

The advantages of neutralization and unilateralization are that the
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input and output are effectively isolated from each other and maximum
stable gain results. The disadvantage is that in most instances (among
small-signal amplifiers) the operating Q is increased, forcing a decrease
in bandwidth. ,

Most JFETs and single-gate MOSFETSs, when operating in their com-
mon-source configuration, are only conditionally stable (C> 1). Because
they are conditionally stable, the precautions for stability must be ob-
served. Alternatives to the common-source configuration are the com-
mon-gate and the Cascode configurations. When a JFET is operated in
the common-source configuration, there is a relatively large intrinsic
capacitance Cygq between input and output. However, when the JFET
is used common-gate, Cgq is shunted to ground, and capacitance between
input and output is the relatively small drain-to-source capacitance, gen-
erally in femtofarads.

An effective Cascode arrangement is the popular dual-gate MOSFET,
where the isolation between input and output can reach 50 dB, thus
affording considerable stability.

4-5 POWER GAIN

Power gain may be defined as the ratio of power delivered to the load
to power absorbed at the input of the amplifier. Therefore, the power
gain of a JFET common-source amplifier should be very high, as the
input resistance is high, thus absorbing little power. Conversely, one
can expect the common-gate amplifier to have reduced gain compared
with its common-source counterpart. However, in the common-source
configuration, because of stability requirements, the gain of the common-
source JFET amplifier must be reduced.

There are many things to consider when designing an amplifier for
a specific power gain. More often than not, system gain requirements
may be less than the gain capability of the transistor. For example, a
required stage gain of 10 dB is needed from a JFET that could easily
offer 15 dB.

Given the expression for transducer gain®

4gug22 l Ym!2
[(Yi1 + Ys) (Yoo + Y1) — Yo Youl?

= (4-15)
the power gain of an amplifier can be determined. G; (transducer power
gain) is the gain of an amplifier when the input and output matching
networks, as well as the transistor, are considered. In general, gain can
be reduced by lowering the transconductance of the FET, or the load
impedance or the source impedance.
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FET gain is generally attributed to its forward transconductance. As
mentioned in earlier chapters, a FET has two fundamental operating
areas: the triode area, where 7pgon) predominates, and the pentode area
of current saturation. Controlling transconductance by the manipulation
of current is tedious and not recommended. When the need to lower
the gain arises, it is often beneficial to manipulate the input impedance
to bring it closer to the source impedance and thus provide a better
match.

If the transistor is’ unconditionally stable, maximum available gain

MAG) 1s
| Youl?
A+ (£ —| Yo Yu) 2

MAG = (4-16)
where A= 2g11g22 - Re( Y21 Y12)

To obtain MAG both the input and output must be a conjugate match.
For these conditions,

1

& =§—g— (A% — | Ya1 Yrg?) 112 (4-17)
22
by=—by, + Im( Yz, Y12) (4-18)
2g22
1
8= g (= [T tu)te (4-19)
1
Yo Y
and by = — by 4+ Y Tiz) (4-20)
2g11

where A4 = 2gi1g2 — Re(Ya1112)

There are many situations where Gmax is greater than it is required
to be. In such cases, Stern offers a technique by which the input and
output are equally mismatched to obtain a desired stability factor and
a gain less than MAG. Linvill has described a technique where only
the output is mismatched and the input is conjugately matched. Both
Stern and Linvill lend themselves to graphical solutions.

4-6 TWO-PORT TRANSISTOR PARAMETERS

4-6-1 Z, Y, H, and S Parameters

Transistors are characterized at high frequency using one of four possible
parameter sets. Z (impedance) parameters correspond to open-circuit
constraints on the unexcited terminal pair. Y (admittance) parameters
correspond to a short circuit at the unexcited terminal pair.
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H (hybrid) parameters are a mixture of Z and Y parameters. The H
parameter set is popular for bipolar transistor characterization because
of the widely divergent impedances of bipolar transistors. In particular,
for the common-base and common-emitter configurations, it is impracti-
cal to characterize the transistor with either Z or Y parameters. Conse-
quently, H parameters have different dimensions.

S (scattering) parameters suggest that an incident signal impinging
upon a mismatched load scatters into different components. If so, then
S parameters provide a measure of this separation of scattered elements.
Recently high-frequency design has focused heavily on S parameters
rather than the formerly popular Y parameters. Both § and Y will be
briefly discussed in this chapter. Z parameters and H parameters, which
are more popular among bipolar transistor designers, will be omitted.

4-6-2 Y Parameters

Short-circuit admittances are still widely used in high-frequency calcula-
tions. The equations describing the common-source equivalent circuit
of Fig. 4-4 are

Lin = YisEin + YisEout (4-21)
Iout = YysEin + YosEout (4-22)

where Ej, and I, are the input signal voltage and current and Eoy and
Iout are the output signal voltage and current.

Lin Tout
Pl

FIGURE 4-4 High-frequency admittance parameter
JFET model.

Short-circuiting the output (Eou = 0) yields

Iin
Yis= 5 (4-23)
and
y, — Jout (4-24)

fs
Ein
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Short-circuiting the input (Ei, = 0) yields

Iin
Yps = 4-25
rs Eout ( )
Yos = I,
and Tt (4-26)
Eout
Yis Y,
thus le: Y:Z = Y5 Yos (4-27)
. Iin Iout Iout Iin
since — X—=—X— 4-28
En Eout En Eout (4-28)
then )’is YOS - Yrs st = O

Figure 4-5 shows a neutralizing path added to the FET. Adding this
to the FET Y parameters, we arrive at

Yis Yrs Yn _Yn Yis+ Yn Yrs_Yn

Vo Yool Tl=¥a  Yul " |¥a—Va Yoot ¥al ~©
so (Yis+ Yo )(Yos + Y )= (Yrs— Yn)(Yps — Yu) (4-29)
and In=(Yis+ Ya)En+ (Yrs— Yu) Eout (4-30)
Lowt = (Ys — Yn) Ein + (Yos + Vi) Eout (4-31)
Since in neutralizing we equate Yy = Yy, then
Iin=(Yis+ Yrs) En + 0 (4-32)
Lout = (Ygs — Yrs) Ein + (Yos + Yrs) Eout (4-33)

Since Iin is unaffected by Eout, neutralizing is effective in céncelling all
feedback effects. In practice, Y;sis largely capacitive, making the neutral-

Neutralizing
path
Yn

Active
In transistor
Yis,Yfs, Yrs Yos

FIGURE 4-5 Basic two-port with feedback neutral-
ization.
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izing path largely inductive. Both paths—through the FET and through
the neutralizing path—must have the same reactance at the frequency
for which the amplifier is to be designed. That is,

1

= 4-34
27TfL 27Tngd ( )
or
L——1 (4-35)
4772f26gd i

Each Y parameter is a complex quantity and may be derived from a
“physical” equivalent circuit somewhat more comprehensive than that
shown for low frequencies.

Y parameters are functions of frequency and are so described in most
high-frequency data sheets. Typical of such graphs are those of Fig.
4-6, which relate to the Siliconix U310 JFET. Notice that each Y parame-
ter is specified in terms of its real and imaginary components. Such
data are most useful for computer-aided design (CAD).

Many FET data sheets show Y parameters extending to 1 GHz. How-
ever, in the conventional TO46, 52, or 72 package, performance above
600 MHz is limited because of the package capacitances and internal
lead-bond inductances.

4-6-3 S Parameters

Scattering or S parameters are receiving increased attention in the char-
acterization of devices and the design of high-frequency circuits. Mod-
ern computer-aided design (CAD) optimization programs, such as
COMPACT,* rely upon the designer “inputting” S-parameter data.
Some simplified S-parameter designs have omitted the important reverse
transfer parameter S;; by equating it to zero (812 = 0); although this
greatly simplifies the “number crunching” of two-port network design,
the results often have little utility.

When either the input scattering parameter S; or the output scattering
parameter Sy is displayed graphically, frequently superimposed on a
Smith chart, one must be careful to remember that these scattering
parameters are reflection coefficients, not impedance. Although both reflec-
tion coefficients and impedances can be plotted on a Smith chart, they
are by no means the same.

Since the basic § parameter is derived from either voltage or current,

* COMPACT = Computerized Optimization of Microwave Passive and Active CircuiTs,
Compact Engineering, Inc., Los Altos, CA 94022.
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FIGURE 4-6 Typical admittance parameters for the U310 JFET.
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it is correct to identify power parameters as the square of the S parameter.
Consequently, for symmetrical networks the following identifications are
noteworthy.

% power reflected =S, X 100 (4-36)
% power transmitted = |S2 X 100 (4-37)
% power dissipated = (1 —[S112 — [S24?) X 100 (4-38)

A logical step shows that the forward power gain of a transistor is
Guar) = 10 log |Sz? (4-39)

The forward operating power gain, taking into account reflections from
the input port, is :
|S21?
GP(dB) =10 log ("——— (4-40)
1—|Sif?

Because of the increasing popularity and growing importance of § param-
eters, it is advisable for the reader to consult the massive literature on
this subject.

4-7 AMPLIFIERS

The requirement for low cross modulation and intermodulation prod-
ucts makes the FET a practical necessity in solid-state RF circuitry. Recent
improvements in the design of gallium arsenide FETs have extended
their useful operating frequency into the gigahertz region, and the more
conventional silicon JFETs to above 500 MHz. The Y parameters given
in Fig. 4-6 are indicative of modern JFET performance at VHF/UHF.

The JFET can offer noise performance superior to many other forms
of active amplifying elements, particularly at low frequencies. Of special
interest is the effect of 1/fnoise as related to RF amplifiers, which results
in low phase jitter and low AM noise sidebands.

JFET amplifier design may use any of several possible configurations.
The common source, the common gate, and the common drain (source
follower) are the most universal. Each has its advantages and disadvan-
tages. The Cascode design, being a combination of both the common
source and common gate, offers distinct advantages. Each will be covered
in this section.

4-7-1 The Common-Source Amplifier

In the common-source configuration (Fig. 4-7), the JFET exhibits several
advantages, such as high input impedance, which, in turn, contributes



152 DESIGNING WITH FIELD EFFECT TRANSISTORS

- 5 -~ Out
il 0520
o T = La3¢la
4

In
52 O >r
Ly L2 L,
Cy a&CZ C3a'\ Cs

Coy

7,

Cr Ce
RFCa =

Ve V
Vss 66 oD

FIGURE 4-7 450-MHz neutralized CS amplifier
(C;-4+—0.8- to 12-pF Johanson type 2950; C;—40-pF
DMS5 silver mica; C;_e—1000-pF Allen-Bradley type
FA5C; L,—1.4 in long, 22 gauge enamel, spaced 0.1
in from Ly; L,—1.1 in long, 16 gauge solid copper;
Ls—1.3 in long, 16 gauge solid copper; L,—1.4 in
long, 22 gauge enamel, spaced 0.3 in from Lg
RFC,,>—0.15-pH Delevan type 1537-00; Ly—3 turns
22 gauge enamel, 0.25 in ceramic former, aluminum
slug).

to high gain. A low noise figure is achieved with a noise-impedance
match nearly equal to the power-gain impedance match. The major dis-
advantage of this common-source amplifier is that it is often potentially
unstable, thus requiring special design precautions (see the section on
stability).

An additional disadvantage of using the common-source configuration
is its susceptibility to cross-modulation products which are voltage-de-
pendent. Since the input impedance of the common-source amplifier
is high, a signal of known input power will produce a high voltage on
the gate, giving rise to potentially serious cross-modulation products.

The high input impedance of the common-source configuration allows
a voltage step-up transformer to be used between the low-impedance
line and the input to the JFET gate. Gain due to this voltage transforma-
tion may be expressed

Rin
Rgen

Av= (4-41)
If care is not taken, the low noise figure that may be expected in this
circuit configuration will be lost due to the insertion loss inherent in
the input network. A ratio of unloaded Q to loaded Q should be greater
than 10:1 to minimize this loss.
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Insertion loss (dB) =—20 log ( -—%) (4-42)
u

In Fig. 4-7 both the input and output circuits are capacitively tuned.
At the input the interelectrode capacitance Cis contributes significantly
to the tuned network.

There are practical difficulties involved with neutralizing. Each circuit
must be carefully adjusted for maximum gain at the desired frequency,
and during the neutralizing procedure the signal fed back into the output
port must be of a comparable magnitude, as will be anticipated in the
output circuit during normal operation. Each amplifier must be individu-
ally neutralized for the specific JFET, as generally no two are alike.
Shielding between input and output must be used for optimum perfor-
mance. Quite often the success of the common-source neutralized ampli-
fier hangs on the placement of this shielding!

4-7-2 The Common-Gate Amplifier

The common-gate amplifier is the most popular high-frequency JFET
amplifier because:

O The low input resistance (1/gm) together with the low input
capacitance offers convenient matching to transmission
lines and other low-impedance sources.

O The low input resistance offers excellent immunity to cross
modulation.

O It is unconditionally stable, generally through UHF, due
to low feedback.
Yet there are disadvantages; for example,
O Optimum noise impedance match does not offer optimum
power gain.

O It cannot accept AGC without severe output-circuit detun-
ing (not much different than any other JFET configuration).

O It has lower power gain than common source.

In many situations the JFET used in the common-gate (CG) configuration
is unconditionally stable even at rather high frequencies (Fig. 4-8). How-
ever, care must be exercised in the design and layout of the CG amplifier;
in particular, shielding between source and drain loads is critical. A
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PARTS LIST FOR U310/NZA, 450-MHZ TEST FIXTURE

1. Socket* Augat 8060-1G9

2. Ly Ls** NIBCO Copper coupling
600, 1 in

3. GGG Johanson 0.8-10 pF, 5200

Manufacturing
4. G Gs Allen 1000-pF
Bradley feedthrough

5. G Erie 0.25-1.5 pF, 530-
000

6. RF connector (two) King UG-1094

7. L — 14 awg bare copper,
2.8 in long with 3%-
in diameter bend,
uniform lead
length.

8. Chassis BUD CU234

* Socket was divided to accept a copper foil shield soldered directly to both the gate lead and ground.
** Center conductor is %-in diameter copper tubing.

FIGURE 4-8 Test fixture U310/NZA—450 MHz.

JFET showing complete stability can become an oscillator if, for example,
a low-loss socket is used without interelectrode shielding being main-
tained within the socket itself! A few femtofarads of coupling between socket
pins can bring instability to an otherwise unconditionally stable amplifier.

The common-gate and common-source configurations have a com-
mon fault: their high drain impedance, which severely limits their per-
formance over wide bandwidths. There are several solutions to achieve
wide bandwidths, but none that does not limit the overall stage gain
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of the JFET amplifier. One easy solution is to load the drain circuit
either by mismatch or by resistive loading; another means used in multi-
stage amplifiers is stagger tuning; still another, but of little practical
application in modern design, is the distributed amplifier design.

The common-gate amplifier, shown in Fig. 4-8, not having a fre-
quency-dependent neutralization path, not only is free from the relevant
adjustment problems, but is effective as a wideband amplifier. However,
because of the lower input impedance, it does not offer the power gain
of the common-source amplifier.

4-7-3 Common-Drain Amplifier (Source Follower)

The common-drain amplifier (sometimes called the source follower or
voltage follower) characteristically has high input and low output im-
pedances. It is frequently used to couple high-impedance video lines
to low-impedance loads and is typically used at frequencies below 100
MHz.

The real part of the output impedance is (gg)t, which is generally
independent of frequency. If the load resistance is greater than (gys)™?,
then Gy, is also independent of frequency.

The high-frequency corner f; (where the response is down 3 dB) is
an inverse function of the input time constant RyG:

__1
RyCin

fs (4-43)

where
Gn= ng + Cgs(l — Av) + CGstray (4‘44)

and Ry is the input signal source resistance. Examples of how the signal
source resistance affects bandwidth is shown in Fig. 4-9.

The voltage gain of the source follower is slightly less than unity
and is given by

gssRs
Ay=—28"_ 4-45
"1+ gpRs (4-45)

From this we observe that the voltage gain is nearly independent of
Rs; when the ggR; product is large.

The output resistance of the FET, gg™, is in parallel with the source
resistor Rs. Therefore, Ry of the amplifier is

Rs

Ro=—"—
°7 1+ gnRs

(4-46)
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FIGURE 4-9 Effect of source impedance on bandwidth of a video
amplifier.

4-7-4 The Cascode Amplifier

The FET Cascode circuit shown in Fig. 4-10 brings to solid-state amplifi-
ers the high-frequency characteristics of the pentode vacuum tube, that
is, reduced Miller effect resulting in improved stability and bandwidth.
Although JFETs may be used in Cascode circuits, they have pretty much
given way to the more popular dual-gate MOSFET, which is a monolithic
Cascode element.

The Cascode amplifier, whether it is constructed using a pair of JFET's
or a single dual-gate MOSFET, provides a tenfold reduction in feedback
capacitance compared with a simple single-stage common-source JFET
amplifier.

Practical advantages of this reduced Miller effect can be demonstrated
in the gain-bandwidth calculations for an RC-coupled video amplifier.
The gain-bandwidth product (GBW) is defined by

I 7 )
CBW 27 (Gin + Cout) (4-47)

For the single common-source JFET, G, may be calculated:

Cin = Cgs + Cag(1 — A4v) (4-48)

and :
Cout = Cdg 4-49)

Here the Miller-effect capacitance, (1 — 4v)Cqq, places a shunting input
capacitance proportional to the stage gain. This limits high-frequency
performance. In the Cascode amplifier stage the effective loading of
the second stage upon the drain connection of the first stage limits
the first stage gain to near unity (—1) and thereby forces the input capaci-
tance G to be
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Gin = Cgs +2Caqg (4-50)

Ciss 1s Cgs + Cug; consequently, Gn = Ciss + Cgg. The improvement of
the gain-bandwidth product between a JFET and a dual-gate MOSFET
can be most effectively shown by comparing the Siliconix U311 with
the 3N201, both exhibiting near-equal forward transconductance gys.

h-o Out
ry

In

O ~-O

FIGURE 4-10 Basic Cas-
code configuration.

Operating the U311 in the common-source configuration, the typical
parameters are:

grs = 14 mmhos
Cys=3.2 pF
Cga=1.2 pF

The 3N201 parameters are:
grs = 14 mmbhos
Cgs= 4 pF
Cga = 0.2 pF (including strays)
Beginning with the U311 with a load resistance of 2000 (2,
Av=gsR1 =14 X 1078 X 2 X 103=28
Cin = Cgs + Cga(l + Ay) = 3.2 X 10712+ (1.2 X 107*2)(1 + 28) = 38 pF
Cout=Cga=12X 10712 F
From Eq. (4-47),

GBW 14 X 1072 56.8 MH
= = 56. z
6.28(38 X 10-2 + 1.2 X 10-12)

For the dual-gate MOSFET 3N201,
Ay= gst1 =28
Cin=Cygs +2Ca=4 X 10712+ 2(0.2 X 1072) = 4.4 pF
COllt = ng = 0.2 x 10—12

14 X 103
oBW= 6.28(4.4 X 10124+ 0.2 X 10712) 485 MHz
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Output
(a)
(b)
FIGURE 4-11 Amplifier re-
sponse: (a) without feedback
and (b) with inverse feedback.
Frequency off

resonance

The contrast is unmistakably in favor of the dual-gate MOSFET when
GBW is of paramount importance. An additional benefit when using
the dual-gate MOSFET is the simplicity of applying AGC by varying
the bias on the second gate. Where this would severely modify the para-
sitic capacitances of a simple JFET, the dual-gate MOSFET, because
ofits greatly reduced feedback capacitance (and thus lower Miller effect),
maintains a near-constant capacitance, thus reducing any detuning effects
that would naturally occur with AGC control on the simple JFET.

Gain-bandwidth product can also be improved by the use of inverse
feedback that is a maximum at band center and drops off toward the
edges of the band. As shown in Fig. 4-11, a flattening of the response
curve of the amplifier with a consequent increase in the bandwidth re-
sults. If the increase in bandwidth is greater than the decrease in gain,
the GBW is increased.

4-7-5 The Broadband Amplifier

Undoubtedly the fundamental shortcoming of FETs as amplifiers has
been their high output resistance (low output conductance), which has
limited their application in broadband applications. The video source-
follower amplifier is the notable exception since, being a source follower,
its output impedance is effectively 1/gys in parallel with the source resistor
R,. However, the other amplifier configurations, common source, com-
mon gate, and Cascode, are generally plagued with a high drain im-
pedance.

Yet there are solutions. Perhaps the simplest that offers increased
high-frequency response, particularly in video amplifier applications, is
the shunt peaking technique, where a small inductor is placed in series
with the load resistor. The value of inductance for maximum flat-gain
response may be calculated

— R%(Cm + Cout)

2 (4-51)

L
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Generally broadband techniques, other than the shunt-peaking method,
involve Q manipulation of the output tuned circuit. This becomes espe-
cially critical when multistage amplifiers are built simply because of the
bandwidth shrinking effect common to synchronously tuned stages:

BWoveran = BWonestage[ V(27— 1)] (4-52)

Perhaps the easiest and most popular method of improving bandwidth
of the common-gate amplifier is to load the output to reduce Q. Once
the overall gain and bandwidth have been established, the number of
stages can be closely approximated and calculations made to determine
the proper loading.

4-7-6 Amplifier Design Example

The following example should be of benefit to the reader in understand-
ing the procedure.

Let an amplifier be designed for a 225-MHz center frequency with
a 1-dB bandwidth of 50 MHz and 24 dB power gain using the Siliconix
U310 JFET. Some familiarity with the U310 suggests that three stages
are necessary. Solving for a single-stage bandwidth using the bandwidth
shrinking formula, Eq. (4-52), the single-stage bandwidth for 50 MHz,
1 dB passband is 98 MHz. To achieve this bandwidth requires a loaded
tuned circuit in the drain of each FET. The required Q is determined

by
%:—V = %2 N (_%)2 -1 (4-53)

Q=1.15

Solving for Q gives

Referring to the admittance parameters of the U310 for a center fre-
quency of 225 MHz, a close estimate of the drain load admittance equates
to a drain output impedance of 3700 © shunted by approximately 2.5
pF (includes some stray capacitance). To achieve the required single-
stage bandwidth,

Q=wCR, (4-54)
where R; is that value of load impedance required to achieve the single-
stage bandwidth.

B 1.15
1415 X 10°X 2.5 X 10712

Since the JFET itself exhibits a drain load resistance of 3700 Q, the
net resistance that must be placed across the tank circuit is about 365

R, =330 0 (4-55)
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Vp=+20V

FIGURE 4-12 Schematic of a three-stage synchronously tuned bandpass am-
plifier (G,,C,,G;,C = 68 pF; G;,G = 500 pF; G3,Cs,G = 1000 pF; Q1,00,05 =
Siliconix U310; L;,Ls,Ls; = 120 nH; L,,L,,Ls = 222 nH; RFC;,RFC; = 2.2 puH;
Ry,R,=519Q).

Q. This, of course, can be made a part of the tank circuit design. The
circuit shown in Fig. 4-12 exhibits the response shown in Fig. 4-13.

Although this procedure (and those to follow) suggests that band-
widths can be achieved with FETs, one must not forget the limiting
gain-bandwidth product (GBW), which remains inviolable. Conse-
quently, there is a maximum bandwidth possible at a given overall gain.
For synchronously tuned stages, shown in the example, maximum band-
width occurs when the stage gain reduces to 4.34 dB (10 log e).

Other broadbanding schemes are available, and most are affected
in some manner by bandwidth shrinking when multiple stages are used.
It is, however, possible to reduce or even to eliminate bandwidth shrink-
age by using over- and undercoupled multituned circuits, which have
been well covered in the literature.

Another less popular method of improving bandwidth is the distrib-
uted amplifier. Early in the CATV era this had some popularity, but
now it appears to be relegated to a few wideband oscilloscopes. In the
distributed amplifier, rather than terminating the drain in a tank circuit,
the parasitic capacitances of the FET contribute to the necessary shunting

200 MHz 225 MHz 250 MHz
|
AJ-L« 24dB
P 23 08

ISUREEERaNN]

H

FIGURE 4-13 Passband response of a syncronously
tuned bandpass amplifier.
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transmission-line capacitance of the common-drain output network.
Wide bandwidths are possible; however, the complexity of the design
negates its popularity. One of the most debilitating effects for GBW is
the gate conductance at high frequencies [or quality factor—see Eq.
4-5)1.

4-8 MIXERS

There has been a great deal of interest in JFET mixers because they
offer the opportunity of both high dynamic range and conversion gain.
At one time it was thought that lower noise figures could also be attained,
but experience has shown that with commercially available JFET's a noise
figure comparable to that of the Schottky-barrier diode is, at best, difh-
cult.

Perhaps the most favorable aspect of mixer design using JFETs is
the square-law transfer characteristic. The JFET mixer has lower inter-
modulation and harmonic products than does a comparable bipolar or
diode mixer. Active JFET mixers operating at high levels outperform
passive mixers in terms of dynamic range and large signal-handling capa-
bilities. *

Additionally, the active mixers offer improved conversion efficiencies
over their passive counterparts. This permits relaxation of the IF ampli-
fier gain requirements and in some cases the elimination of the RF
preamplifier. The basic large-signal model, shown in Fig. 4-14, is consid-
ered to have an ideal square-law transfer characteristic, with a parasitic
resistor Rs, in series with the source. The shunting capacitances are
shown to be equal, as most FETs are closely symmetrical with respect
to their gate.

To incorporate the effect of noise into the FET model, it is necessary
to identify the sources of noise. Van der Ziel has shown that the primary
sources of noise in a FET are bulk resistance in series with the drain
and source, and channel-width modulation by thermal noise in the con-
ducting channel; thus

1% = 4KTBygys (4-56)

where ¥y = 0.6

A mixer circuit accepts a high-frequency modulated input signal, mixes
it with a high-frequency unmodulated signal from a local oscillator, and
produces a series of frequencies which are functions of the original

* It is also true that Cascoding diode sets has produced outstanding dynamic range and
signal handling, but at the expense of vastly increased local oscillator power.
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Cqd Rp Drain
Gate o I} AMA——O
T
2
Cgs e Ipss (1~ ———
Drain Vs (off)
Gate Rs
Source Source

FIGURE 4-14 FET large-signal model (G = Cu = G/[1 +
d/P)]1%5 Coe = Co/(d + Vg)% Cuu = Co/(d + Vo) o = law of
capacitance variation for junctions; d = work voltage for junction,
usually 0.75 V; G, = junction capacitance at 0 V; Ipps = drain
current for e = 0; V; = gate-to-source voltage for drain-gsom
current equal to 1 pA). (Reprinted with permission from D. M.
Hodson, “UHF Fet Mixer of High Dynamic Range,” U.S. Army
ECOM Research and Development Technical Report #ECOM-
0503-P005-G821, December 1969.)

two. One of these, usually the difference frequency, is selected by tuned
circuits and is referred to as the “intermediate frequency” (IF). The
IF, which is modulated with the same waveform as the incoming signal,
is then amplified and the modulation extracted for whatever use the
system requires. Mixers are generally used for frequency conversion,
generally to a lower frequency for more effective handling, but quite
often to higher frequencies where filtering can be more effective in re-
moving unwanted sidebands (or images).

Initial evaluation of the active JFET mixer compared to bipolar mixers
will imply a disadvantage because of local oscillator drive requirements;
bipolar devices in low-level mixers require very little drive power. How-
ever, in high-level mixing this disadvantage is overcome because drive
requirements are generally about equal.

Since JFETs have transfer characteristics approximating a square-law
response, their third-order intermodulation distortion products are gen-
erally much smaller than those of bipolar transistors. Harmonic distor-
tion and cross-modulation effects are third-order-dependent, and thus
are greatly reduced when FET's are used in active balanced mixers.

A secondary advantage derives from available conversion gain, so
that the FET mixer becomes simultaneously equivalent to both a con-
verter and a preamplifier.

Design criteria, in order of priority, include the following:

1. Intermodulation and cross modulation

2. Conversion gain
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Noise figure
Selecuing the proper FET
Local oscillator injection

Designing the mnput transformer

No R

Designing the IF network

4-8-1 Intermodulation and Cross Modulation

A basic aim in mixer design is to avoid the effects of intermodulation
product distortion and cross modulation. Part of the problem may be
resolved by using a balanced mixer circuit.

The active transfer function of the FET is represented by a voltage-
controlled current source. For both cross modulation and intermodula-
tion, the amount of distortion is proportional to the amplitude of the
gate-source voltage. Since input power is proportional to input voltage
and inversely proportional to input impedance, the best FET IM and
cross-modulation performance 1s obtained in the common-gate configu-
ration, where the impedance is lowest.

When JFETSs are used as active mixer elements, it is important that
the devices be operated in their square-law region. Operation in the
FET square-law region will occur with the device in the depletion mode.
Considerable distortion will result if the JFET is operated in the enhance-
ment mode (positive Vgs for an n-channel JFET). The problems encoun-
tered are similar to those which arise when positive drive is placed on
the grid of a vacuum tube.

Square-law-region operation emphasizes the importance of establish-
ing proper drive levels for both quiescent bias and the local oscillator.
The maximum conversion transconductance g is achieved at about 80
percent of the FET gate cutoff voltage Veseom, and amounts to about
25 percent of the forward transconductance gy of the FET when used
as an amplifier. Since conversion gain (or loss) must be considered, it
is common to equate voltage gain Ay as

Av= gcRL (4'57)

where g is the conversion transconductance and R is the FET drain
load.

An attempt to achieve maximum conversion gain by indiscriminately
increasing the drain-load resistance will adversely affect any design prior-
ity concerning distortion—particularly intermodulation-product distor-
tion.

Distortion takes different forms in mixers. Most obvious is that distor-
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tion which will occur if the FET is driven into the enhancement mode,
as noted earlier. Finally, there is the so-called varactor effect.

The most frequent cause of poor mixer performance stems from signal
overloading in the drain circuit. Excessive drain-load impedance de-
grades the intermodulation characteristics and produces unwanted cross-
modulation signals.

A characteristic of the FET balanced mixer is that the correct drain-
load impedance is inversely proportional to the value of the conversion
transconductance. Figure 4-15 shows the improvement in IM characteris-
tics obtained in the prototype mixer with the drain-load impedance re-
duced to 1700 Q from 5000 Q. Specifically, the dynamic load line must
be plotted so that the signal peaks of the instantaneous peak-to-peak
output voltage are not permitted to enter into the nonsaturated region
of the FET. Suitable and unsuitable drain-load lines are shown in Fig.
4-16. Load impedance selection is quantified in Eqs. (4-72) through
(4-74).

Distortion from the varactor effect is of secondary importance; it arises
from an excessive peak voltage signal swing, where the changing drain-
to-source voltage can cause a change in parasitic capacitance Cys and
give rise to harmonics.

A FET tends to be voltage-dependent when the drain voltage falls
appreciably below 6 V. If the source voltage (from the power supply)
is also low and the drain-load impedance is high, then distortion will
develop. However, if proper steps are taken to prevent drain-load distor-
tion, the varactor effect will also be inhibited.

Source injected mixer L O & signal
\ Frequency LO=120 MHz; power LO:+17 ggvz

15r \ Frequency signal =150 MHz
14 _\ Drain impedance: 1700 () «-----+ +40 ¢
5000 () ——— &
131 \\ +36 ©
a Intercept +
:’,12 -\ point ‘A +32 §
o .
.!:2!‘1 1 28 §
;10 +24 §
S 9 +20 €
@ g s16 §
LU 7 12 T
O
6 + 8 E
5 + 4 FIGURE 4-15 Comparison of mixer
0 ° IM characteristics.
(o] 1 2 3 4 5
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FIGURE 4-16 Plotting drain load lines. /
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4-8-2 Conversion Gain
In a FET, forward transconductance is defined as
dl,
= 4-58
&rs dVes ( )
and conversion transconductance is defined as
dlpwi
ge= D(wi) ( 4-59)

=
AVas(wn

where wi=intermediate frequency
or=signal frequency
The effects of time-varying local oscillator voltage v; and the much
smaller signal voltage v; must be considered:

Ugs = U1 COS W1+ Uy COS wal (4-60)

For square-law operation,

Va+ Vas < Vescotn (4-61)
Drain current is approximately defined by
V 2
ID = Ipss (1 - g8 ) (4-62)
Vesotn
or
1% 2
Ip~ 8 fso ¥ GS(off) <l __Ugs ) (4-63)
2 Vescotn
or
. __8fso _ 2
Ip= (Vascotny — Ugs) (4-64)

2Vas(otn



166 DESIGNING WITH FIELD EFFECT TRANSISTORS

28

—~d Locus of
24 ( ‘\ Vio Vgo
I, \ |~ VL0=0.8 Vgs off)
L 20 \ VLO_VGSZ(OH') _
o
Vi
Q 16 I \ ( VL0=%(oﬁl__
= \ 7N\
$ Ll \
< \ \ FIGURE 4-17 Normalized g./gs versus
< o b \ Vos/Vesom. (Reprinted with permission
/ Vm:VGS(ofr)\\‘ from S.-P. Kwok, “Field Effect Transistor
4 / 4 \ RF  Mixer Design  Techniques,”
/ \ \ N WESCON/67 Convention Record, Session
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then
. __&rs0 .
Ip= 27— (complex Taylor expansion) (4-65)
GS(off)
which can be reduced to
Ipawm = Lo V1Va cos (w1 — w2)t (4-66)

2 Vestots)

and the conversion transconductance is

&rs0
=——|V 4-67)
& 2VGs<ot’f>l d
Equation (4-67) suggests that g. increases without limit as V, increases
without limit. However, to avoid operation of the FET in the unsaturated
region, the peak-to-peak swing of V2 should not exceed Vggosm. Thus

2V, peak < Vgscotn) (4-68)
or

Vesoto

V, peak < (4-69)

Figure 4-17 shows plots of normalized conversion transconductance,
ge/grs, versus normalized quiescent bias, Vgs/Vescotn, for different oscilla-
tor injections.

4-8-3 Noise Figure

Like the common-gate FET amplifier, the common-gate FET balanced
mixer is sensitive to generator resistance Ry. A change of a decade in
Ry can produce a noise-figure variation of as much as 3 dB.
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4-8-4 How to Select the Proper FET

Conversion efficiency is determined by conversion transconductance g,
which in turn is directly related to zero-bias saturation current Ipsgs and
the gate cutoff voltage Vgscotn:

Ipss
=—V 4-70
& Vestotn? |Vl ( )
&fso
=27 4-71
2 Ves(ott) |72l ( )

Equation (4-71) appears to indicate that FETs with high Ipss are to be
preferred. However, Ipss and Vgseotr) are related, and Figs. 4-18a and b
show that devices from a family selected for high Ipss do not provide
high conversion transconductance, but actually produce a lower value
of g.

Basic considerations in selecting FETs for this application are gate
cutoff voltage Vgseosn for good conversion transconductance, and zero-
bias saturation current Ipgs for dynamic range. Among currently available
devices, the U310 offers excellent performance in both categories.

There 1s, of course, the possibility that FET cost is a major consider-
ation in evaluating the active balanced mixer approach—the familiar
price/performance tradeoff. If this is the case, there are a number of
other FET's which will provide suitable alternatives to the U310. Remem-
ber, however, that conversion transconductance g, can never be more
than 25 percent of forward transconductance. Thus, as tradeoff consider-
ations begin, the first sacrifice to be made will be the degree of achievable
conversion gain. Intermodulation performance will follow, with the third
tradeoff being available noise figure. Table 4-1 lists a number of possible
alternatives to the U310.

5 5

4 4
> 3 ~_3
£ / 2l & I~
2 V1 ol S N
Z 2 Slae -~
= L = N

1 1

3 5 10 20 30 40 3 5 10 20 30 40

Ipss.mA Ipss,mA
(a) (b)

FIGURE 4-18 Relationship of Ipss and Ves (off )e
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TABLE 4-1 COMPARISON OF JFET PARAMETERS
CRITICAL TO MIXER PERFORMANCE

Device type
Typical
characteristic usio 2N4416 2N3823
gm 14 kQ 5kQ 3.5k
Ipss 40 mA 10 mA 10 mA

4-8-5 Designing the IF Network

The IF network performs two important functions in the FET mixer
circuit. It provides for optimum match between the FET and the IF
amplifier at the IF frequency, and it effectively bypasses signal and local
oscillator frequencies.

In network design, it is essential that the RF and local oscillator signals
be sufficiently isolated from the intermediate-frequency signal to main-
tain rejection levels of at least 20 dB. If this isolation is not maintained,
conversion gain and noise figure are degraded.

A first-order approximation to establish the proper load impedance
may be obtained when

Vop — 2 Vascotr)

R, = (4-72)
]
where
. Ugs 2
1a= Ipss (1 - ) 4-73)
VGS(off)
and
Ugs = Vs + Vi sin ot 4-74)

For the U310 FET, the optimum drain-load impedance is established
at slightly less than 2000 Q, with sufficient local oscillator drive and
gate bias determined from the conversion transconductance curve in
Fig. 4-17.

4-9 BALANCED MIXERS

When high-performance, high-frequency junction FETs are used in ac-
tive balanced mixers, the performance is superior to that obtained with
hot-carrier diodes. Several types of mixers are compared in Table 4-2.
The advantages and disadvantages of semiconductor devices currently
used in various mixer circuits are shown in Table 4-3.
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TABLE 4-2 COMPARISON OF MIXER TYPES

Mixer type
Single- Single- Double-
Characteristic ended balanced balanced
Bandwidth Several Decade Decade
decades
possible
Relative IM density 1.0 0.5 0.25
Interport isolation Little 10-20 dB >30dB
Relative LO power 0 dB +3 dB +6 dB

TABLE 4-3 COMPARISON OF SEMICONDUCTOR DEVICES FOR MIXERS

Device

Advantages

Disadvantages

Bipolar transistor

Diode

JFET

Dual-Gate MOSFET

Low noise figure
High gain

Low dc power

Low noise figure
High power handling
High burnout level

Low noise figure
Conversion gain
Excellent IM products
Square-law characteristic
Excellent overload

High burnout level

Low IM distortion
AGC
Square-law characteristic

High IM
Easy overload
Subject to burnout

High LO drive
Interface to IF
Conversion loss

Optimum conversion gain
not possible at optimum
square-law response level
High LO power

High noise figure
Poor burnout level
Unstable

4-9-1 Why FETs for Balanced Mixers?

Modern communication systems have the stringent requirements of wide
dynamic range, suppressed of intermodulation products, and low cross
modulation. These parameters must be considered before noise figure
and gain are taken into account.

4-9-2 First-Order Single Balanced Mixer Theory

Essential details of balanced mixer operation, including signal conver-
sion and local oscillator noise rejection, are best illustrated by signal-
flow vector diagrams (Fig. 4-19).
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Energy conversion into the intermediate-frequency (IF) passband is
the major concern in mixer operation. In the following analysis, both
the signal and noise vectors are shown progressing (rotating) at the
IF rate (wip); the resulting wave occurs through vector addition.

The analysis of local oscillator noise rejection (Fig. 4-19) assumes,
for simplicity of explanation, that noise is coherent. Thus at some point
in time # the noise component ¢, is “in phase” with the local oscillator
vector ¢o, and FET A (the rectifying element) is oN; the JFET mixer
acts as a switch, with the local oscillator acting as the switch drive signal.
One-half cycle later, at time #, the signal flow is reversed for both the
local oscillator vector and the noise component; FET 4 is oFr and FET
B is oN. Moving ahead an additional one-half of the IF cycle, FET 4 is
again oN, but the noise component has advanced 180° (win) through
the coupling structure, and is now “out of phase.” The process continu-
ally repeats itself.

The end result of this averaging (detection) is the cancellation of
the noise which originated in the local oscillator, provided that the mixer
balance is precise.

The analysis of the conversion of the signal to the IF passband is
similar, but the signal is injected into the coupling structure at the equi-
potential tap. Thus at time &, the signal vector ¢ is “out of phase”
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° Q ]

FIGURE 4-20 Prototype active balanced mixer [C,,GG—0.01 pF; G,C,—1 to
10 pF; Gc—1000 pF; G;,Gc—30 pF; G,,G—68 pF; Ci—0.1 pF; Li,[,—1.3 pH;
0,,Q-—U310 (2) or U430; T;—RELCOM BT-9].

with the local oscillator vector e,. The resulting envelope develops a
cyclic progression at the IF rate, since the signal is ‘“demodulated” by
the mixing action of the FETs.

A schematic of a prototype balanced mixer is shown in Fig. 4-20. In
the design of the prototype FET active balanced mixer, the generator
resistance of the FET:s is established by the hybrid coupling transformer.
Two important criteria for the FETs in the circuit are high forward
transconductance and a value of power-match source admittance gigs
which closely matches the output admittance of the coupling transformer.
In the common-gate configuration, match points for optimum power
gain and noise do not occur at the same value of generator resistance,
as shown in Fig. 4-21. Optimum noise match can only be achieved at
the sacrifice of bandwidth.

Best mixer performance is achieved with “matched pairs” of JFETs.
Basic considerations in selecting FET's for this application are gate cutoff
voltage Vgscomn for good conversion transconductance, and zero-bias satu-
ration current Ipgs for dynamic range. A match to 10 percent is generally
adequate. Among currently available devices, the Siliconix U310 and
the dual U431 offer excellent performance in both categories; common-
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FIGURE 4-21 Power gain and 5
noise matching.
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gate forward transconductance is 20,000 pmhos max at Vps = 10 V,
Ip =10 mA, and f= 1 kHz.

4-9-3 Local Oscillator Injection

Low IM distortion products and noise figure, plus best conversion gain,
will be achieved if the voltage swing of the local oscillator across the
gate-to-source junction is held to the values presented in Fig. 4-17.
Vio is expressed in terms of peak-to-peak voltage, while Vgseotr) is a dc
voltage.

Local oscillator injection can be made either through a brute-force
drive into the JFET source through the hybrid input transformer, or
through a direct-coupled circuit to the JFET gates, where less drive
will be required for the desired voltage swing. Two circuits to obtain
direct gate coupling are shown in Fig. 4-22.

The source-injection method is used in the design of the present
mixer to maintain the inherent stability of a common-gate circuit. A
minor disadvantage with the direct-drive method is that the required
gate-to-source voltage swing requires considerable local-oscillator input
power. For source injection through the transformer, best mixer per-
formance is obtained with a local-oscillator drive level of +12 to +17
dBm across a 50-$) load.

Direct coupling to the FET gates would occur at a higher impedance
level, which would result in less local oscillator drive power. However,
when the gates are tied together, shunt susceptance requires some form
of conjugate matching. This brings about an undesirable reduction of
instantaneous mixer bandwidth.

The performance of the active mixer is clearly superior to that of
diode mixers, as shown in Fig. 4-23 and Table 4-4; it contributes to

1
1 HZLO ZRFO-) A
===, Z o
L2
JLT
(a) Gates tiedin parallel; Ly (b) Gates driven push-pull;
resonates with Cg sources tied together

FIGURE 4-22 Alternate forms of LO injection.
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FIGURE 4-23 Comparison of third-order IM products.

overall system gain in areas critical to telecommunications practice and
reduces associated amplifier requirements.

4-10 DOUBLE-BALANCED MIXERS

The comparison in Table 4-2 clearly shows those performance character-
istics of the double-balanced mixer which have made it the most popular
of all mixer types. Among these attributes are greatly improved interport
isolation and a significant degree of rejection of local oscillator carrier
amplitude modulation.

Passive devices, however, such as Schottky-barrier (hot-carrier)
diodes, have certain fundamental shortcomings, such as high conversion

TABLE 44 50 TO 250-MHz MIXER PERFORMANCE COMPARISON

Characteristic JFET Schottky Bipolar

Intermodulation intercept point ~ +32 dBm +28 dBm +12 dBm*
Dynamic range 100 dB 100 dB 80 dB*
Desensitization level +8.5 dBm +3 dBm +1 dBm*
(the level for an unwanted

signal when the desired signal
first experiences compression)

Conversion gain +2.5 dBY —6 dB +18 dB
Single-sideband noise figure @ 7.2dB 6.5dB 6.0 dB
50 MHz

* Estimated.

1 Conservative minimum.
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loss and high local oscillator drive requirements. The active balanced
mixer which employes FETs is a welcome innovation. Conversion gain
and improved intermodulation distortion characteristics alone place the
FET double-balanced mixer far ahead of its passive counterparts. The
high saturation levels possible with modest local oscillator power make
such a mixer useful for mixing both small and large signals.
Double-balanced mixers using MOSFET's have been considered; how-
ever, the MOSFETs were used solely as switching devices, requiring
no external dc power. As a result, MOSFET mixers have exhibited high
conversion loss and require considerable local oscillator drive power.

4-10-1 First-Order Double-Balanced Mixer Theory

In either single- or double-balanced mixer design, the prime requirement
is that when the mixer is excited by the local oscillator carrier, the circuit
must be capable of rejecting the amplitude-modulated wave which exists
about the LO. Also, the mixer must reject any AM signal entering from
the local oscillator port. (This signal rejection is usually known as AM
local oscillator noise cancellation.)

A second requirement for balanced mixers is the establishment of
interport isolation between the signal, local oscillator, and IF ports. A
third desirable characteristic is the reduction of intermodulation distor-
tion products. Careful attention to the design of double-balanced mixers
will satisfy the foregoing criteria.

Figure 4-24 shows the schematic of a JFET double-balanced mixer.
The four high-performance junction FETs are chosen for closely
matched characteristics. The significance of the quad-FET configuration
will be dealt with later.

g T4-relcom
BT-9 \F

e dce \
y I
Ly,La-13pHy l_ ” 1
N )
g;vg"o_‘éljo };F Ez, + Voo
g: '.((:3: —28 F;F -:E_'Efz@) Local osc

FIGURE 4-24 Double-balanced mixer.
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FIGURE 4-25 Double-balanced mixer analysis.

The schematic of Fig. 4-25a1s simplified to show only the local oscilla-
tor circuit so that the rejection mechanism of AM signals, either on
the LO carrier or entering through the local oscillator port, is easier
to understand. Likewise, the equivalent circuit in Fig. 4-255 demonstrates
how the signal is enhanced at the IF output. Local oscillator AM cancella-
tion and signal enhancement are dependent upon the precise balance
of the IF transformer, as well as on the match of the four FETs which
make up the quad network. In Figure 4-25¢, the schematic has been
rearranged to show both the local oscillator and the signal input trans-
formers; the mechanics of interport isolation may be easily visualized.
Signal excitation provides an equipotential at the junctions of the local
oscillator transformer and FET pairs 4B and CD; in the same manner,
excitation of the local oscillator produces an equipotential balance at
the junctions of the signal transformer and FET pairs AC and BD.

Harmonic distortion products are reduced by the balance between
the signal and local oscillator (inputs) and the IF (output), where even-
integer harmonics of the signal and local oscillator frequencies are effec-
tively cancelled. A sixth-order summary of such products in both single-
and double-balanced mixers is shown in Table 4-5. Note how the relative
densities agree with Table 4-2. The effects of harmonic distortion can
be reduced by a judicious selection of the IF passband response. Third-
order IMD (intermodulation distortion) products are reduced by virtue
of the characteristics of junction FETs, which approximate a square-
law response. Care must be taken in FET operation, however, to avoid
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TABLE 4-5 COMPARISON OF MODULATION
PRODUCTS IN SINGLE- AND DOUBLE- BAL-
ANCED MIXERS TO SIXTH ORDER

Single-balanced ) Double-balanced
Jo
3
5%
foxfs ot
Jox3fs Jox3f
Jo£5f JoE 5%
2fx fo
o
3% 31 3% 3%
4o £ fs
56 % /s 56+ f

driving the device into forward conductance by the application of too
much local oscillator power.

4-10-2 Harmonic Distortion, Intermodulation
Products, and Cross Modulation

Spurious output signals in mixers fall into three categories:

1. Spurious mixer products derived from harmonic mixing
of the signal and local oscillator frequencies

2. m-Tone, n-order intermodulation products

3. “Chirping,” which arises from undesired mixing frequen-
cies falling in the IF passband

The harmonics of a single-signal frequency, when mixed with the har-
monics of the local oscillator, produce spurious outputs which are level-
dependent on the signal amplitude. These products are greatly reduced
by the double-balanced mixer, where the even harmonics are effectively
cancelled; when FETs are used, the Taylor-series power expansion falls
quickly to zero above the second order.

However, modulation products of a similar nature will arise if the
broadband down-converting mixer is not preceded by signal preselec-
tion, because of the mixer’s equal response to the “image” frequency.
Here, perfectly valid signals will mix with the local oscillator, producing
interfering IF signals whose only difference, when compared to the de-
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sired IF signal, is that they move counter to the desired IF signal when
the local oscillator is shifted.

Two-tone, odd-order IM products differ markedly from other spurious
signals. This form of harmonic distortion consists of interactions between
two or more input signals and their respective harmonics. In turn, these
products are mixed with the fundamental and harmonics of the local
oscillator, generating spurious products which may fall within the IF
passband, on or very near to the desired signal.

Cross modulation in the active JFET balanced mixer does not pose
a serious problem provided the signal input is maintained at a high
conductance, which will occur with source injection. Cross modulation
is very dependent on and directly related to the impedance across which
the signal i1s impressed. In the active JFET double-balanced mixer this
impedance is very low, typically 35 Q. Consequently, the effects of cross
modulation may be disregarded.

In the mixing process of any active device, the value of the FET
drain current may be derived from a knowledge of the transconductance
of the device and the impressed signal voltage ¢, This is obtained from
the Taylor-series power expansion:

1 agm 3L 1 azgm 41 10" lgm 4-75)

Tl TAATIF T A Toel

which can be broken down into the components shown in Table 4-6.

In FET theory, the second- and higher-order derivatives of g are
absent, and the device thus offers a considerable reduction of both in-
termodulation products and higher-order harmonics. In the double-
balanced mixer, where F1 = F2 is the desired result, it is well to manipu-
late mixer design and bias conditions to render 0gn/0V; as large as
possible, simultaneously reducing all other terms.

TABLE4-6 ELEMENTS OF THE TAYLOR POWER SERIES

Transfer
Term Output characteristic
Imég F1, F2 Linear
1 9gm , 2F1, 2F2 Second-order
21 BVGeg F1 = F2 square-law
1 0gm o 3F1, 3F2
3129 2F1 = F2 Third-order

2F2 =F1
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4-10-3 Local Oscillator Injection

Local oscillator drive for active FET mixers, either balanced or unbal-
anced, differs from the drive characteristics of passive diode mixers.
In the switching mode, the diode mixer requires sufficient local oscillator
drive to swing the diodes from a hard on state to a hard OFF state.
For best IMD performance, the gate of the FET must never be driven
positive with respect to the source—a case equivalent to the hard on
condition of the diode. Consequently, local oscillator drive for the bal-
anced mixer is less than that required for a passive balanced mixer
with comparable performance characteristics.

The double-balanced mixer relies on balanced drive from both the
local oscillator and the signal source. Since conversion efficiency, opti-
mum noise figure, and good cross-modulation effects can best be served
with the signal entering through the common quad JFET source, the
local oscillator excitation may be applied directly at the gates of the
FET array.

4-10-4 AM Local Oscillator Noise Rejection

Originally, balanced mixers were used for the specific purpose of cancel-
ling spurious AM signals existing on or about the local oscillator carrier
(the function of the mixer in establishing good interport isolation was
a side effect). These signals could be either spurious AM signals gener-
ated on or about the carrier (Fig. 4-26) or actual signals existing at
the signal frequency. In the latter case, the signals enter the mixer
through the local oscillator, having found their way in through some
leakage coupling phenomenon.

Regardless of the type or source of AM signals entering through
the local oscillator port, the balanced mixer should effectively reject
these signals so that their products do not occur at the intermediate

L.O. power
Gaussian distribution
noise envelope
I-F = I-F
bandwidth bandwidth
B & P e rF F— | |
[ ‘o
} I P :
[ [ |
b b
I | [ | |
| -
oln— 1 ] 1 | [

Pseudo image filo Pseudo signal

- FIGURE 4-26 Generation of spurious AM signals.
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frequency. In the early days of balanced mixers, a 20-dB rejection of
AM noise was considered good; today’s sophisticated techniques for
selection of dynamically matched semiconductors can provide AM rejec-
tion in excess of 30 dB. Figure 4-27 provides an insight into the degree
of AM noise rejection available in the double-balanced mixer. (Insofar
as FM noise is concerned, it should be noted that no mixer is capable
of rejecting frequency-modulated signals entering through the local os-
cillator.)

An interesting point not generally considered in discussions of bal-
anced mixers is that the dynamic range of the mixer is limited by the
conversion of local oscillator notse into the intermediate frequency. This
blanks out a weak signal and places a bottom on sensitivity.

4-10-5 Interport Isolation

Like AM noise rejection and dynamic unbalance, interport isolation is
very dependent on mixer balance (symmetry). Matching aspects of the
JFET quad array and the phase/amplitude balance of the signal input
and local oscillator input transformers play important roles in achieving
interport isolation. Capacitive and magnetic coupling between the trans-
formers add to problems of interport isolation in balanced mixers.

Interport isolation was enhanced in the prototype mixer through care-
ful parts layout. As a measure of the overall effects of unbalance, a
quantitative measurement of interport isolation vs. dynamic unbalance
is made in Fig. 4-28. Dynamic unbalance may be regarded as another
expression for AM noise rejection, except that the latter does not provide
a ready insight into the effects of symmetry, balance, and quad match.

In Fig. 4-29, the interport isolation between the local oscillator and
signal input ports is shown to be 35 dB typically.
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FIGURE 4-28 Interport isolation vs. FIGURE 4-29 Interport isolation.

dynamic unbalance.

Selection of the dynamic drain impedance in the IF network is a
critical point in the design. Both IM product distortion and cross modula-
tion will be affected by the instantaneous peak-to-peak voltage of the
FETs if the dynamic drain impedance allows the signal peaks to enter
either the pinchoff or breakdown-voltage regions of the transistors. Here
another design tradeoff must be considered. If the impedance is too
high, the dynamic range of the mixer will be limited; if the impedance

is too low, useful conversion gain will be sacrificed, as shown in Fig.
4-30.
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FIGURE 4-30 Gain and IMD vs. local oscillator
drive.
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4-10-6 Mixer Performance

Quad FET arrays with both high and low pinchoff-voltage levels were
used in evaluation of the active double-balanced mixer; the mixer exhib-
ited clearly superior characteristics, compared to equivalent small-signal
passive double-balanced mixers. The low- to medium-pinchoff-voltage
FET array performed slightly better than the high-pinchoff devices solely
because of a limitation in available local oscillator power.

4-11 OSCILLATORS

FETs have some fundamental advantages over bipolar transistors in
oscillators. An outstanding advantage is their very low sideband noise.
In addition, they may be designed so that the frequency of oscillation
is relatively independent of bias current. This reduces the effects of
drift during temperature fluctuations. The parasitic capacitances of FET's
are known to be voltage-dependent, and this can be turned to great
advantage since it makes possible easily designed VTOs (voltage-tuned
oscillators).

Although noise is often difficult to characterize because of its random
or nondeterministic nature, it is possible to differentiate various forms
of noise through an understanding of the gaussian distribution of noise
about an RF carrier. The three major forms of noise are (1) low-frequency
noise (1/f), (2) thermal noise (4kTBR), and (3) shot noise (1,). These
types of noise can be identified from their relationship to the main RF
carrier. For example, low-frequency noise predominates very close to
the carrier and falls to insignificant levels when it is displaced more
than 250 Hz from the carrier. Thermal noise plays the dominant role
in the midfrequency region from the 1/f noise decay point to approxi-
mately 20 kHz from the carrier. It is commonly associated with equivalent
resistance where the rms value of noise voltage of the Thevenin genera-
tor becomes the classic 4/4kTBR. Noise appearing beyond 20 kHz is
known as shot noise, and is directly attributed to noise current. Because
of the typically uniform distribution of shot noise, it is often referred
to as “‘white noise.”

Generally oscillators are represented as narrowband circuits; conse-
quently most interest in noise centers about a reasonably narrow band.
The voltage that results when white noise is passed through any relatively
narrow bandpass may be described by

U(t)= x1(t) COS wor + X2(t) SIN Wor (4-76)

where w, is the midband angular frequency and x,(¢) and x,(¢) are uncor-
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related functions of time which vary slowly and randomly about zero
in a manner described by the gaussian probability density.

4-11-1 Origins of Oscillator AM Noise

Although an oscillator tends to produce a wave that is nearly sinusoidal,
there are other fluctuations present. When the energy in the frequency
domain close to the carrier is observed on a spectrum analyzer, noise
appears as a modulation phenomenon. This observation would be greatly
enhanced if the noise contribution were coherent and consisted of dis-
crete sideband frequencies. The major component of AM noise is low-
frequency noise (1/f). Both thermal and shot noise are relatively insignif-
icant segments of AM noise compared with 1/f A graph of AM noise
vs. frequency removed from the carrier is shown in Fig. 4-31.

4-11-2 Design of a VHF Oscillator

Important design considerations for best oscillator performance include
using a FET with high forward transconductance (gys), maintaining the
gate at ground potential, and keeping a high unloaded tank Q. The
grs reduces the effective noise resistance. The grounded gate reduces
the noise voltage resulting from the product of the gate leakage current
and the series gate resistance. The high tank-circuit Q serves as an effec-
tive filter for the sideband noise energy.

The example used to illustrate an ultra-low-noise design is somewhat
extraordinary for a circuit employing a FET. The FET chosen was the
Siliconix U310, which has a forward transconductance value higher than
18 mmhos at zero bias (Vgs = 0). The oscillator basically consists of
two coaxial resonators, one for the FET source and the other for the
drain. Oscillation is established by capacity coupling between the two
resonators; output coupling is derived from the magnetic coupling which
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FIGURE 4-31 AM noise vs. frequency removed from the carrier.
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exists at the open ends of the resonators. Optimum resonator Q is
achieved by designing the coaxial resonators for a characteristic impe-
dance of 75 Q. The oscillator circuit is shown in Fig. 4-32.

The technique to establish the proper resonator length for the desired
frequency requires a first-order approximation of the anticipated capaci-
tive fringing which derives from both the FET and the feedback network.
A short-circuited coaxial transmission line is theoretically resonant at
a quarter-wavelength of the resonating frequency, except for the effects
of fringe field capacitance. At resonance,

X.= Xc¢ 4-77)
If the fringe capacitance is known, X¢ can be calculated as
1 (4-78)
Xc=—
¢ wC

From this, the resonator length can be determined as
Xc=tan B! (4-79)

In making these calculations, a Smith chart is invaluable, as is shown
in the following illustration:

Frequency of oscillation =760 MHz
FET bigs (from data sheet) = 16 mmbhos
Capacitance from bigs: Cys=3.4 pF

Allow for stray capacitance
and the feedback network: Cs=1.5 pF
4.9 pF
Thus X¢ = j0.57 (normalized to 75 )
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Locate 0.57 on the Smith chart. The wavelength toward the load =
0.081\. Since a wavelength at 760 MHz is 39.5 cm, the resonator cavity
length is simply

39.5 X 0.081 =3.20 cm (1.26 in) (4-80)

In the completed FET coaxial oscillator circuit, the output-coupling loop
consists of a single turn made fast to the cavity by the BNC flange
and the FET itself.

4-11-3 Conclusions

Measured performance of the oscillator is shown in Table 4-7A; AM
noise measurements in a 10-Hz bandwidth are shown in Table 4-7B.

TABLE 4-7A OSCILLATOR MEASURED PERFORMANCE AT 25°C

Vop (V) +10 +15 +20 +25
Ip (mA) 15 16.2 18.2 21
Pout (dBm) +6.6 +15.2 +18.3 +20
Frequency (MHz) 725 742.7 754.7 762.9

TABLE 4-7B  AM NOISE MEASURMENT

Frequency displaced from carrier dBc
50 Hz —130
500 Hz —139
1 kHz —143.5
5 kHz —146

The Reike diagram shown in Figure 4-33 makes possible the accurate
prediction of expected power output and operating frequency and the
oscillator feeding directly into a mismatched load. Expansion of the
Reike diagram to show frequency vs. transmission-line length (in de-
grees) will allow prediction of the long-line effect on oscillator stability.

4-12 THE HIGH-FREQUENCY POWER FET

In the early 1960s a fever spread among many laboratories throughout
the world to develop a high-frequency power FET, but although many
attempts were made, none really ever became successful to the point
of offering a commercial product. The first attempt is believed to have
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been in the U.K. Soon after, however, Teszner of France made some
outstanding contributions in FET design and predicted high-frequency
performance. In the mid-1960s, he coauthored a paper on the “Grid-
istor,” which promised high-frequency performance. The U.S. Signal
Corp financed R.C.A. in the development of the first successful RF
MOSFET. An output of 14 W at 10 MHz was reported. About the same
time (1968) Japanese researchers published a brief report describing a
radically new structure called “VMOS.” Although it was not specifically
mentioned as having high-frequency capabilities, this VMOS structure
has become one of the dominant technologies for high-frequency power.
Soon after reporting on this VMOS, the Japanese followed with their
“static induction transistor” using the modified JFET approach of Tesz-
ner, Zuleeg, and Nishizawa. They have made some very impressive gains
in offering power through the UHF spectrum; however, this work has
been limited to the laboratory at the time of this writing. In mid-1973
the Russians announced a high-frequency power MOSFET, the KIT901A
series, purported to be commercially available and offering upwards
of 10 W through 100 MHz.

Since about 1970 DMOS (double-diffused MOS) has been the pre-
dominant technology in high-frequency MOS, and is slowly finding appli-
cation in medium-power RF designs; VMOS has taken a very definite
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lead in high-frequency power. VMOS possesses all the attributes of any
majority-carrier FET; when it is used as a power device at high frequency,
these advantages manifest themselves by giving it the ability to withstand
any mismatch without fear of burn-out.

An additional advantage of VMOS at high frequency is its higher
input, or gate, impedance. Typically it is an order of magnitude greater
than an equivalent-powered high-frequency bipolar. A higher input im-
pedance allows easier broadband matching. The V-MOSFET also offers
outstanding forward gain and high reverse isolation, almost to the point
of offering truly unilateral amplifiers when properly neutralized.

Being a majority-carrier transistor, VMOS offers exceptionally high-
speed switching characteristics and becomes especially suited for high-
class amplifier service, such as class D, E, or F, where very high efficiencies
are possible.

Unlike many high-frequency bipolar transistors, VMOS also offers
outstandingly low noise both as a small-signal RF amplifier and, more
importantly, as a power amplifier. A broadband VMOS amplifier contains
far less AM sideband noise than does any power-comparable bipolar
transistor.

Figure 4-34 illustrates the simplicity of designing a broadband ampli-
fier. A Siliconix type VMP4 is the VMOS device. Although not well
matched to the 50-Q input (a VSWR running to 2.5:1), the balun trans-
former represents an easy solution for a near decade bandwidth ampli-
fier.

O45uHy 1800 Output
—JW"\—'\N\F—I————-'? 500
470 pF
VMP 4 =

FIGURE 4-34 Broadband amplifier using VMOS power
transistor.
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The output circuitry is more conventional, based on the formula estab-
lished for most power designs:

— (VDD _ VSAT)2

R
L 2p

(4-81)

4-12-1 Power FETs in Switch-Mode Amplifiers

VMOS has many advantages over its bipolar counterpart for both class
B and clsss D RF power amplification. In particular,

1. The high input impedance and the negative temperature
coefhcient of the FET make complicated bias supply un-
necessary.

2. Drive power is reduced by the high input impedance.

3. Input matching is simplified by the high input impedance
of the gate.

4. Second breakdown is inhibited because of the negative
temperature characteristic; hence the FETs can withstand
reactive loads in class B operation.

5. The absence of storage time facilitates rapid switching
in class D service.

6. The absence of storage time eliminates the possibility
of subharmonic oscillation in either class D or saturated
class B operation.

7. The ability of MOSFETS to pass current in both directions
allows them to operate in class D with reactive loads with-
out diode protection. This is especially significant since
such diodes are not generally available.

8. The saturation resistance of a FET (in contrast to the
saturation voltage of a bipolar transistor) allows the effi-
ciency in class D operation to remain high even at low
power levels. This is significant since SSB voice signals
consist mainly of low amplitudes.

9. The low gate-drain capacitance reduces feedback, making
the amplifier easy to stabilize.

10. The low gate-drain capacitance also reduces feedthrough.
This improves linearity when supply-voltage modulation
is used in class D service.
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11. The essentially constant gain of the VMOS over the entire
HF band eliminates the need for gain-leveling circuitry.

Class D switching amplifiers are controlled by the driving signal to cause
the FETs to act as switches. The voltage-switching configuration shown
in Fig. 4-35 has a square-wave drain voltage produced by the alternate
switching of the two FETs. The series-tuned output circuit passes current
only at the fundamental (switching) frequency, and the sinusoidal output
voltage is equal to the fundamental frequency component of the square
wave on the transformer secondary winding. Alternate half-cycles of
the transformed output current flow through each FET. The amplitude
of the output 1s a function of the supply voltage and is not affected by
the amplitude of the driving signal if it is sufficient to cause switching.
Bias is useful simply to reduce the amplitude of the driving signal. A
class D amplifier can ideally achieve 100 percent efficiency at all output
levels; in practice, its efficiency is greater than that of a class B amplifier,
especially at lower output levels.

Linear amplitude modulation is readily accomplished by variation of
the drain-supply voltage. Single-sideband signals may be amplified
through the envelope elimination and restoration technique, which uses
amplitude modulation to restore the envelope of the SSB signal and a
limiter to ensure adequate drive for the power amplifier.

4-13 NOISE TEMPERATURE AND NOISE FIGURE

Johnson noise, defined as a nonperiodic ac voltage fluctuation, places
a limit on the sensitivity of amplifiers and mixers. All high-frequency
transistors, from audio frequencies up, whether FETs or bipolars, as
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well as all passive elements, reach a well-defined limit of performance
based on Johnson noise.

Historically, active transistors have been categorized by their noise
figure; the lower the value, the better the device. Perhaps two decades
ago, hidden within the confining technology of ultra-low-noise para-
metric amplifiers and hydrogen masers, was a unique term of perfor-
mance called noise temperature. Now this “new” term noise temperature
is emerging and finding increasingly wider acceptance in the trade.

Since Johnson noise is an effect of electron agitation, it is reasonable
to assume that at absolute zero (—273.18°C) Brownian movement, and
hence electron agitation, ceases. Consequently, since our standard oper-
ating temperature is generally regarded as 20°C, the standard noise
temperature 7, of a passive device, such as a resistor, would be 293
K. By universal scientific consent, and for convenience in mathematical
analysis, 7, has been established at 290 K.

Again, since Johnson noise is electron agitation, it is temperature-
dependent. However, it must be understood and appreciated that active
components, such as transistors, can exhibit noise temperatures differing
from their operating temperatures as well as their ambient temperatures!
This exhibited noise temperature is the “effective input noise tempera-
ture’’ T, of the active device.

Many readers may be aware of the term “input available noise power”
as P = kTB, where k is Boltzman’s constant, B is bandwidth in hertz,
and T is temperature. The noise output of an active transistor is the
sum of the input noise and the noise contributed by the device:

Npower = GkB( Tin + Te) (4-82)

where G is the gain and T, is that term defined above as effective input
noise temperature.

The definition of “noise figure” is the ratio of the total noise power
delivered when the noise temperature at its input is 290 K to that of
the input. In other words, by formula:

__ Npower
¥ GkB(290) (4-83)
Combining Egs. (4-82) and (4-83), we obtain
T
F=1 -
N + 590 (4-84)

Since NF is generally identified in decibels, the above formula (4-84)
may be expanded to

p— Te
NFgs = 10 log (1 + 290) (4-85)
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or

10

For example, the U310/NZA has a noise figure of 2.7 dB at 450 MHz.
What is its noise temperature?

T.=250K

F
Te.=290 [(antilog -N—) - l] K (4-86)

4-13-1 Optimum Noise Matching of Amplifiers

In any amplifier or linear two-port, whether performing at audio or at
some high frequency, any noise generated by the input stage tends to
obscure or mask the amplified signal appearing at the output. This is
so because noise is as readily amplified as signal. Consequently, it should
be a designer’s goal to minimize this input-contributed noise. To do
so will greatly enhance the small-signal performance of the amplifier.
Such an amplifier is said to be “noise matched.”

Noise is generated by thermal agitation within resistive elements. Pure
reactive elements (such as L and C) do not contribute noise. Conse-
quently, when the total input admittance is a pure conductance, the
noise figure of the amplifier is minimized—that is, when

Jym=0
From this, quite apart from bandwidth requirements, it is desirable to
have the input circuit resonant at band center. Any losses within the
input stage will increase the noise figure even if these losses have an
effective noise temperature of zero!

It is known that the equivalent input noise resistance for JFETs is

Re= 0.67 (4-87)
8ss
It has been established that to obtain the lowest first-stage noise figure,
the input admittance is a root function of the ratio of a complex transistor
conductance Gy to its equivalent noise resistance Req; thus

G
Gsopty = \/Ef’ (4-88)
q

where Gy is the additive combination of both the shunt input conductance
as a function of FET gate current I; and the equivalent conductance
of the gate-to-source as a function of frequency.

The best way to determine optimum noise source resistance for most
amplifiers is to measure it! This is not always an easy task. Generally
the optimum source resistance turns out not to be a resistance per se,
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but an optimum source admittance, that is, a complex quantity consisting
of both conductance and susceptance, viz., Ygopty = G + JB.

Optimum source admittance for FETs varies both with frequency and
with configuration; common-source input stages generally have lower
values of admittance than would the same FET in a common-gate
configuration. Likewise, since gate current is critical to the optimum
input noise admittance, the FET geometry plays an important role.

For the Siliconix U310 (NZA geometry), the optimum input source
admittance for the common-gate configuration has been determined:

450 MHz R.q =166 Q in parallel with X;=120 Q

4-13-2 Optimum Noise Bandwidth of Amplifiers

The bandwidth of an amplifier contributes to its faithfulness in reproduc-
tion as well as to its dynamic range. This does not mean that the wider
the bandwidth, the better the fidelity, for such is not always the case.
The bandwidth must be sufficiently broad to accept the total signal,
yet not so wide that spurious and Johnson noise mask the weaker signals.

Dynamic range simply means that the amplifier not only detects the
weakest possible signal but also will not readily overload under strong
input signals. A steady-state amplifier has far different design require-
ments than a transient (fast-signal) amplifier. For the latter, dynamic
range also suggests purity of response.

The detectability of weak signals involves many aspects; what will
be addressed here is simply the noise bandwidth.

A narrowband amplifier will amplify only a narrow spectrum of signals.
If the passband is less than the signal spectrum, the fidelity will be
impaired because the output signal will reach only a fraction of its peak
value. Since noise power is a linear function of bandwidth, a narrowband
amplifier will not have the noise susceptibility of its wide-bandwidth
counterpart. Even though the noise is restricted because of bandwidth,
signal fidelity is also restricted ifthe signal spectrum exceeds the amplifier
bandwidth.

As the passband is widened, the signals are reproduced more faithfully
until the output reaches its peak value. Simultaneously, the noise power
increases. It should be evident that eventually an optimum bandwidth
occurs at which there is no further improvement in signal fidelity. Any
additional increases in bandwidth only generate increasingly greater
amounts of noise power that do nothing beneficial to the signal. In
fact, on the contrary, small signals are masked, thus reducing the dynamic
range of the amplifier.

An amplifier with too narrow a passband restricts the fidelity (as any
audiophile is well aware), and too wide a passband contributes excessive
noise, reducing the signal-to-noise ratio of the amplifier.
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FIGURE 4-36 Effect of optimum
bandwidth on signal to noise per-
formance of an amplifier.

\ s/n ratio
AN

B/W

Even the “ideal” noiseless amplifier must always be coupled to a
resistive source, which, at an effective noise temperature of 290 K,
will thus offer a minimum detectable threshold of approximately —204
dBW/Hz. In the practical sense the amplifier will contribute noise which
is, among other things, proportional to its bandwidth, resulting in the
appearance at the output of an apparent threshold noise level whose
magnitude is far greater than the ideal noiseless amplifier and perhaps
even greater than the signal!

Previously we pointed out the importance of noise-matching the am-
plifier to offer optimum performance. However, an optimally matched
input, by definition, forced narrow-bandwidth performance. Conse-
quently, it appears that optimum bandwidth/optimum noise is a tradeoff
design problem. Figure 4-36 represents how bandwidth affects signal/
noise performance of the amplifier.
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5-1 The FET as an Analog Switch
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5-1 THE FET AS AN ANALOG SWITCH

The field-effect transistor, in the oN condition, contains a conducting
channel of either n-type or p-type carriers. The carriers, in traversing
from source to drain or drain to source, do not cross p-n junctions of
the type encountered in bipolar transistor or diode switches; thus there
is no inherent offset voltage in the oN switch. Signal currents can typically
pass equally well in either direction in the oN switch and are blocked
equally well in either direction by the orFr switch. This chapter presents
some of the important characteristics of the FET as an analog switch
and shows methods of driving the switch (controlling the oN-OFF status).

5-2 DC EQUIVALENT CIRCUITS

Some of the basic switching modes to be considered are shown in Fig.
5-1. The “voltage-mode” switch (a) and the “current-mode” switch (b),
for example, may be used for multiplexing many signals into a common

193



194 DESIGNING WITH FIELD EFFECT TRANSISTORS
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FIGURE 5-1 Analog switch circuits: (@) switch with high-impedance load;
(b) switch with low-impedance load; and (c) switch used in sample-and-hold
system. ’

point such as the amplifier inputs shown. The Fig. 5-1b circuit is often
used for the selective summing of two or more signals into a low-
impedance summing node and in digital-to-analog converters. The Fig.
5-1¢-type sample-and-hold circuit finds applications in analog-to-digital
converters. For these circuits we will show how various FET types of
the “family tree” may be used. We make the initial assumption that in
the oN state the value of Vpg is small and may be of either polarity.
For the FET types considered, the value of channel conductance is ap-
proximately a linear function of gate-to-source voltage, using as a refer-
ence the gate-source cutoff Vggseom or threshold voltage Vgsin). Figure
5-2 shows this characteristic. Also shown in Fig. 5-2 is the effect that
the body-source voltage has upon channel conductance of the MOS
devices. The body, in effect, functions as a “back” gate, and its effect
upon channel conductance must be considered.
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The perfect switch would have infinite resistance (zero conductance)
when open and zero resistance (infinite conductance) when closed. While
the FET 1s not a perfect switch, there are many applications in which
this deviation from perfection is unimportant. This statement can be
justified by an analysis of the implications of the circuits shown in Fig.
5-3. The general two-port network in Fig. 5-3a couples the signal source
Vsic to a resistive load R.. The network can be characterized by its
terminal voltages and currents, Vi, V, I, and I. Figure 5-3b shows
the equivalent circuit of a FET switch in the oFF state. In this condition,
the “source” and “‘drain’’ are not connected to one another; however,
two leakage current sources, Is and Ip, are present. The same device
is shown in the oN state in Fig. 5-3¢. The FET gate is connected to its
source. The leakage I, is that of the driver. The following typical values
are assumed for the circuit. The switch characteristics are those of the
widely used analog switch type DG181AP.

Vs[(; =+10V DS =30 QO
Rsm=109 Is =ID=lnA
R, =200 kQ I, =2 nA

In the following calculations the effect of leakage current is expressed
in terms of error percentage.

n-channel p- channel
1
dos ° s aos
JFET D
/ (depletion type) N\
G G
S 'S
Vesorr) O+ Vgs - 0 + Vesioff) VGs
(a d)
dos D ODS
/ MOSFET
Vas =0V B (deplehonfype) Vgs= OV
G
Vgs=—-5V Ves=+5V
Vostoff) —O¥ Vos GO'J % = O+ Ves(oft Vs
(b) (e)
dos D D dos
le—0 MOSFET
(C;_i B (enhancement
2 veszov  tyeel oy
Ves=-5V Vgs=+5V
O Vgs(th) Ves Ves(thO  Vgs

(c) (f)

FIGURE 5-2 Channel conductance vs. gate-source voltage.
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FIGURE 5-3 DC equivalent circuits.

5-2-1 orF Condition Calculation (Fig. 5-3b)
L=I=1nA
Vsic— Vi=1* Rsic= (1 nA)(10 ) =10 nV
% error in V; =%®= 1 X1077%
L=I=1nA
Vaoto = bR = (1 nA)(200 kQ) =—200 pV
(2 X 1074)(10%)

10 =0.002%

% error in Vs =

referred to Vs (full scale).

5-2-2 on Condition Calculation (Fig. 5-3¢)

Vsig — Ve= (42 pA)(40 Q) =1.7 mV

N/

(5-1)

(5-2)

(5-3)
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(1.7 X 1073)(102)
10

% error in V= =1.7X102=0.017%

referred to Vs (full scale)

The error resulting from I, is approximately 20 nV or 2 X 1077%.

The foregoing calculations indicate that for many applications the
performance of the FET equivalent circuits in Fig. 5-3 is a good approxi-
mation of the perfect switch. In particular, the ofFfF condition leakage
currents contribute only a negligible portion of total error.

5-3 THE JFET AS A SWITCH

A suitable driving circuit must be considered when assessing the per-
formance of the JFET as a switch. Such a circuit is shown in Fig. 5-4.

Note that Q; is an n-channel JFET, Q. is an enhancement-mode
p-channel MOSFET, and Q3 is an enhancement-mode #n-channel MOS-
FET. A Vin of —15 V will turn Q3 offF and Q» ON, so that §; and G,
are connected. With Vgis1 = 0, Q, is oN. If Vgs of Q, were allowed to
vary, switch resistance modulation would occur, introducing a source
of error. Figure 5-5 shows the equivalent circuit of the oN switch.

The suggested driving circuit of Fig. 5-4 avoids rps modulation at
low frequencies. Typically the positive supply voltage is +15 V and the
negative supply voltage is —15 V. In order for Vgs to change, current
must flow through Q 2, which is oN. There are only two possible current
paths through Q »: through Q 35, which is oFF and subject only to variations
in leakage current, or into the gate of Q ;, which is also subject to leakage
current. Since both paths through Q» provide only negligible changes
in Vgs, their effect in the circuit may be ignored. As the analog frequency

Q4

S1
Vgig= 210V o—y Dy

Gz —e S .G'
I B
+15V —
Vin: Ion Q2
On
"ps
-15v I—J 8 o—mw——w————o
[
_‘—|’l >
Q3 s Ry Vi
G3

Vsig p:
o
P -15Vv o o}
o
{IGURE 5-4 JFET switch control circuit. FIGURE 5-5 Error due to
e switch oON resistance rpg.
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FIGURE 5-6 JFET channel conductance gus versus signal
voltage.

is increased, capacitance will provide lower-impedance paths, so that
some degree of Arps is possible at high frequency.

With Vip at +15 V, Q» is oFF and Q3 is ON; thus G, is at —15 V. Q,
will remain OFF if Vsic > (Va1 — Veseom)- Veseotn 1s a “‘negative” voltage
for an n-channel FET; thus the negative analog signal is limited by the
Vaseotn of Q1 and the negative supply voltage. The oN and OFF conditions
are shown in Fig. 5-6. gps is constant because with Vg = Vgi¢ imposed
by the switch control circuit, Vgs = 0.

The positive swing of the oN switch is limited only by the maximum
voltage ratings of Q2, and Q3. In the OFF state the positive swing of
the source and drain of Q, is limited by the voltage breakdown ratings
of both Q; and Q.

Q

S r_h001
Ry 4 G
1s IOff |
s Bp-C

on =, Q2
E

=15V

FIGURE 5-7 JFET switch con-
trol circuit.

Another driver circuit for the JFET is shown in Fig. 5-7. In the switch
ON state, Q. is turned OFF; thus the gate of Q; is free to follow the
analog signal at its source, provided the reactance of the gate-to-ground
capacitance of Q, plus the output capacitance of Q; is large compared
to the resistance of R;. At high analog signal frequencies this circuit
may develop problems because of the gate’s inability to follow the source,
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FIGURE 5-8 Equivalent circuits using switch shown in Fig. 5-4.

which results in a modulation of the channel resistance by the signal
voltage. This becomes more serious as the analog amplitude is increased.

In the switch OFF state, the gate of Q; is clamped to —15 V, and R,
appears as a load on the analog signal source.

The oN and oFF equivalent circuits for the circuits of Figs. 5-4 and
5-7 are shown in Figs. 5-8 and 5-9. To minimize analog signal feed-
through of the oFF switch, 7pss, 7ce2, Cas, Cgs, and Cgq should be low. In
the oN state, the value of g should be low to minimize insertion loss.
Minimizing 7ps; must be compromised with keeping Cys and Cya low,
because designing the FET for lower rps will usually increase its gate
capacitance or increase Vggcotn.

5-4 SWITCHING HIGH-FREQUENCY SIGNALS

As a signal frequency is increased, a decrease in OFF isolation rather
than degradation of oN performance may become a limiting factor. Three
factors affect the quality of OFF isolation: selection of the appropriate
analog switch, the magnitude of load resistance, and the amount of
stray capacitance present in the circuit. The selection of the appropriate

Rsic S rost Rs»c S
T “ c«L
rRd T T Ru
Vsi6 1 Is(om
G G Ip(ote)
- L -
Io‘ _.L. Co >I'“2
-5V -5V
(a) Switch ON (b) Switch OFF

FIGURE 5-9 Equivalent circuits using switch shown in Fig. 5-7.
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Q1

. T
-5V ? +15Vv

Logic in —

FIGURE 5-10 Schematic diagram of one channel of DG181BA analog switch.

analog switch is probably the most important factor. As a rule, product
specifications do not provide OFfF isolation data in sufficient depth to
make switch selection easy. Three steps may be taken to overcome this
lack of data: measurement of actual isolation performance, analysis of
equivalent circuits to predict isolation, and simplification of the analysis
to produce a usable set of design aids.

To illustrate performance analysis, a JFET switch with an integrated
drive will be used for switching wideband RF signals. The JFET used
as the switch is similar to the 2N3971 (except that Vgsem is lower).

It is packaged with an integrated circuit driver which permits control
with low-level logic signals such as the output from TTL digital circuits.
A combined switch pair with driver has the commercial part number
DG181BA. Figure 5-10 shows a schematic diagram of one channel of
this dual-channel switch. The driver output is similar to the control
circuit shown in Fig. 5-4. Replacing the MOSFET Q3 of Fig. 5-4 with
the p-n-p transistor shown in Fig. 5-10 improves oOFF isolation because
of the lower oN impedance of the p-n-p transistor.

5-4-1 oFr Isolation

The isolation performance test setup and a plot of data are shown in
Fig. 5-11. In the equivalent oFF circuit shown in Fig. 5-12, G, and R,
are output parameters of the driver p-n-p transistor Qs (Fig. 5-10). The
4.5-pF source-to-gate capacitance includes the source-to-drain capaci-
tance of Q.. The improvement in performance that could be obtained
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FIGURE 5-11 DGI181 oFr isolation test circuit and data.

if R, were reduced to zero is shown in the table included in Fig. 5-12.
A large part of the feedthrough is via Cgs and Cgq unless the driver
output impedance is low.

In Fig. 5-12, two separate paths exist between source (S) and drain
(D): through Cys and through the gate circuit Cgs and Cgq on the way
to the drain. To simplify analysis, it is assumed that Ir (current through
Cas) and Ir (the current flowing out of the tee network) are independent

O.1pF
° S Cas 1 _LF_.
45pF | 38pF 1&
S 1
f 10 |
Vi, Cos CooIr| 5750

0 —
3
59
'—'”—I
° =

In the test fixtures, inputs were shielded from outputs, and RF
decoupling was provided on all dc connections. Great care was taken
in the mechanical layout of fixtures, to minimize stray capacitance.
The characteristic impedance of video transmission lines, 75 Q, was
issued as the value of load resistance. Voltage measurements were
made with an RF vector voltmeter, H/P Model 8405A.

COMPARISON OF IDEAL DRIVER CASE (Ir = 0) WITH ACTUAL
PERFORMANCE OF DG181 ANALOG SWITCH

|Vin/ Vi
Ro Ir Ir L (dB)
0 1.41 /90°pA 0 1.41 /90°pA 66.5

200 141 /90°nA 291 /163°wA  3.58 /141°nA 584
® P

FIGURE 5-12 Equivalent circuit of DG181BA with 75-Q load.
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of one another. While this assumption is not entirely valid, if OFF isolation
is greater than 20 dB, it yields excellent agreement with measured results.
The transfer functions for Ir and Ir are

JoCpsRy
Iy=————— -4
F l+j(x)CDsRL (5 )
and
10 Cgs Vin
A e (5-5)

"1+ Ri/Ro+ (Ces+ Co)/Can
“ jRy/Ro [@Ro(Ces + Co— 1/@RyCop]

Ro and Cy are the output resistance and capacitance of the FET driver
circuit. Equation (5-5) shows that as Ro — 0, Ir — 0. It is thus possible
to reduce Ro and make Ir an arbitrarily small value; however, Ir remains
to be dealt with. Iy is the sum of the currents through Cps (device capaci-
tance) and Gray (additional wiring capacitance, etc.). It may be the domi-
‘nant current at certain frequencies. Table 5-1 shows that for the DG181
switch Ir is dominant at 1 MHz and Ir is dominant at 100 MHz. The
separate expressions derived for Ir and Ir make it relatively simple to
evaluate the effect of varying certain parameters to minimize [ (maximize
isolation).

Several multiple-switch configurations may be used to achieve an im-
pressive increase in OFF isolation under otherwise difficult conditions.
Probably the most effective multiple-switch configuration is the TEE,
which is shown in Fig. 5-13. In the TEE, S, operates out of phase with
S: and §3, and provides two stages of isolation. The input to S; is the
isolation leakage of §; working into an Ry = 7pss. This multiple-switch
arrangement brings about a considerable improvement in OFF isolation,
but at the expense of doubling switch oN resistance. This increases the
ON insertion loss.

TABLE 5-1 VARIATIONS IN CURRENT WITH FREQUENCY FOR DG181

f [Vin/ Vi [Ceq|
(MHz) Ir Ir I (dB) (pF)

1.0 141/90°nA  30.3/178°nA  145/102°nA  +86  0.103
40  563/90°nA  481/173°nA  784/128°nA  +72  0.139
100  1.41/90°pA  291/163°pA  358/141°pA 458  0.254
400 5.63/90°pA  31.9/128°pA  365/123°pmA  +38  0.648
100.0  14.1/90°pA  99.6/101°pA  1137/100°pA  +28  0.803

VL = 224 mW; RL =175 Q; CDS =0.1 pF; C;n-.y =0.

NoTE: The equivalent circuit shown in Fig. 5-12 was used to calculate the results shown in Table
5-1.
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FIGURE 5-13 TEE for isolation
improvement.

5-4-2 oN Attenuation

The on equivalent circuit of a DG181 switch is shown in Fig. 5-14. oN
performance is essentially independent of frequency for any load capaci-
tance likely to be used. The ON resistance 7psen) causes an insertion
loss which is basically constant; phase shift is negligible.

DG 181 switch

Rsiq

~ CL

P
A
Ay

FIGURE 5-14 DGI181 on equivalent cir-
cuit.

With the test fixture described in Fig. 5-11, measured oN performance
was observed as shown in Fig. 5-15.
The transfer function for the on switch is
Ve R/ (R + 1psion)

Lt 5-6
Vin 1+ jf{27[(Rurpson)/ (R + 1psom)] [Coom + CL} ©-0)

= 4B

Insertion loss,
VL
vll\
l
©

1
QW(M.)( Coiomy + CL) 0 |

Ry, + 7psion)
-45.0 m
-90.0

10° 108 107 108
Frequency, Hz

fo=

Phase shift
o
%
w0

FIGURE 5-15 DG181 on performance.
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Insertion loss is computed from the numerator as (neglecting Cp and
G

R,

oN insertion loss, dB = 20 log R (5-7)
L

+ 7pscon)

The insertion loss, OFF isolation, and ON/OFF ratio over a range of load
resistance are

OFF isolation

(dB)
I'Ds (on) R Insertion f= 10 MHz ON/OFF
Switch Q) Q) loss (dB) Cstray = 0.1 pF (dB)
100 2.0 55.9 539
DG181 25 75 2.5 58.4 55.9
50 3.6 61.9 58.3

The frequency response of the oN transfer function has the normalized
form shown in Fig. 5-16.

5-5 THE MOSFET SWITCH

The control circuit for the MOSFET switch can be simpler than for
the JFET because its gate may be positive or negative with respect to
source and drain. Typically the gate is switched between two fixed volt-
ages, the sum of which must exceed the peak-to-peak analog voltage
'by at least the magnitude of Vgsem or Vesieny plus enough additional

o
g -10 2048 ]
.5 D _50 decade
t
2 -30
S

-40

£g °
G ®-45
b g—so FIGURE 5-16 oN frequency response.
T

0.01 [oR] 1 10 100

f/fo . Hz
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FIGURE 5-17 PMOS channel conductance gqs versus signal voltage.

Ves bias to produce an adequate ggs. As an example, consider the
p-channel enhancement-mode MOSFET switch and driver shown in Fig.
5-17. The gate is connected to +10 V (through R,) for the switch oFF
state and to —20 V (via Q») for the switch oN state. In the oN state,
the channel conduction gg is a function of the signal voltage as indicated
because both gate and body are connected to fixed voltages (—20 V
and +10 V). If the source or drain is allowed to swing more positive
than +10 V, they become forward-biased with respect to the body, a
condition which should typically be avoided. If source and drain ap-
proach —20 V, channel conductance ggs will approach zero.

5-6 THE CMOS SWITCH

As noted in Fig. 5-17, the typical PMOS or NMOS switch circuit will
exhibit a variation in ON conductance as the analog voltage is varied.
This undesirable characteristic can be overcome by paralleling p- and
n-channel MOSFETs, as shown in Fig. 5-18a. For the on state, the
n-channel gate 1s forced positive and the p-channel gate is forced nega-
tive. Figure 5-18b shows the combined conductance of the two FET
switches. The integrated combination of n-channel and p-channel devices
on a common substrate is referred to as complementary MOS (CMOS).

The oFF condition for the CMOS device will be maintained so long
as the channel-to-body diodes do not become forward-biased, as shown
in Fig. 5-18c.

The major advantages the CMOS construction technique makes to
analog switching are:

O Lower 7pgs variation than with either P or NMOS over wide
analog signal voltage excursions (similar to the perfor-
mance of a junction FET).
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FIGURE 5-18 Characteristics of CMOS devices.

O Analog signal range extends to + and — supply voltages.
For instance, using the same £15-V supplies typical of oper-
ational amplifiers, the signal-handling capability of the sys-
tem is limited by the op amp, not by the switch.

Figure 5-19 gives a comparison of the characteristic of 7ps versus Vsig
for typical JFET, PMOS, and CMOS switches. The three characteristic
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o 80
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DG 181 (JFET) FIGURE 5-19 Performance of three
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curves shown in Fig. 5-19 were obtained using integrated-circuit analog
switches types DG181, DG171, and DG300, respectively, for the JFET,
PMOS, and CMOS types.

5-7 THE VMOS SWITCH

The low oN resistance of the VMOS when used as an analog switch
results in low insertion loss in low-impedance systems, fast charging
in sample-and-hold systems, rapid discharge of integrator capacitors,
low noise in measuring systems, and high accuracy in test systems. Its
high current-carrying capability allows transmission of considerable
power through the switch, and ease of paralleling without ballast resistors
increases this capability. The ability to carry high peak currents is advan-
tageous for driving capacitive lines and quickly charging and discharging
capacitors in high-speed A/D converters, S/H circuits, and integrators.
Their high ofr isolation (greater than 60 dB isolation at 10 MHz) and
less than 500 nA dc leakage provide excellent ofF characteristics. VMOS
are fast—a characteristic useful in radar, sonar, and laser applications,
where signal bursts must be gated oN and ofF very rapidly. A typical
VMOS can switch 1 A in 4 ns. Their linear oN resistance results in
low total harmonic and intermodulation distortion. This is especially
important in color video switching, where color purity must be main-
tained.

Figure 5-20 shows the ps characteristics of a low-resistance
VMOS device, the 2N6659. Varying the gate voltage from zero to +10 V
switches the 2N6659 from an ofF condition to less than 2 Q oN resis-
tance..

A schematic representation of the 2N6659 and its equivalent ofFr and
ON circuits 1s given in Fig. 5-21. It is important to note that the body
of the device is internally connected to the source. Diode D is the
body-drain p-n junction.

The drain current versus drain-to-source voltage characteristic in the

S 400 —_—
2 Vps=0.1V]
(43
2
3 \
w
L 10
[=4
g \

FIGURE5-20 Drain-to-source & N

ON resistance vs. gate-to-source ?

voltage. £ 4

& 2 1 10 100

a

Gate-source voltage Vgs, V
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Body Dy
o 1 S D4 (body-drain diode)
P2 ) s ° 20, S
Zener gate D2 Channel
protection 6 resistance
diode
(a) (b) (c)

FIGURE 5-21 (a) Schematic symbol of 2N6659; (b) equivalent oFF condition (Vs =
0); and (c) equivalent oN condition (Vos = +10 V).

ofF condition (Fig. 5-22) has the appearance of a diode characteristic.
The drain current is very low until the drain-source is reverse-biased
to about 0.6 V. In the oN condition the channel conductance of about
0.5 mho parallels the diode.

A practical implementation of this device as an analog switch is shown
in Fig. 5-23. In the oN condition the gate of the 2N6659 is positive
with respect to the source, whereas in the ofF condition the gate voltage
is zero. This circuit can take advantage of the 1-A capability and 2-Q
ON resistance of the VMOS. However, in the OFF state the input signal
is restricted to positive voltages and should always be greater than the
output voltage; OFF isolation is impaired otherwise because of the drain
to body diode. Switching times are less than 200 ns, and charge feed-
through during the oN to OFF transition is 80 pC with a 50-Q load.
Charge transfer is important in sample-and-hold systems, where an offset
voltage of 8 mV into a 0.01-uF load would occur in this case.

To increase the dynamic range to =10 V, two 2N6659s are connected
in series source-to-source as shown in Fig. 5-24. In the oN condition,
both output switches of the DG300 are open, and the gates of both

05 On
/
L/ Imox=1.5A
< D _ S Vo
£ 5 Off
g ) i 2N6659
3 / / -0.6 V<v;<
° { v;i<iOV Load
S I /) $6
o 4 +15VoQ
o Vi l
-05 —h/
‘\High output

08 04 o] 04 0.8
Drain - source voltage,V

= switch ON

FIGURE 5-22 Small-signal characteris- FIGURE 5-23 A simple unidirectional
tics of 2N6659. VMOS analog switch (V; = V).
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\
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FIGURE 5-24 A general-purpose bidirectional analog switch.

2N6659s are pulled to +15 V. The oN resistance of the switch is now
twice the drain-source resistance of a single 2N6659, but the maximum
current is still that of a single device. The switch is turned oFF by shorting
the VMOS gates to the negative supply, reducing Vgs to a voltage less
than the minimum threshold of 0.8 V. Switch B of the DG300 increases
oFF isolation 30 dB by shunting the signal leakage path (through the
sources of the 2N6659s) to the negative supply.

OFF isolation is shown in Fig. 5-25. The previous problem with the
body drain diodes forward-biasing in the OFF condition is now removed,

T LR
Il e CL=10pF |
100 ™o > Vi =30 vpp -t
« ~
i \ |
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N N omos R =500}
N sources
80 r g AN switched "B" U
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= - N N
% VMOS sources\K
) left Floating T [ N
;: 40 {3 ogTing RL= 50 OM
w ™
[
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0]
100 1K 10K 100K ™
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FIGURE 5-25 oFr isolation vs. frequency.



210 DESIGNING WITH FIELD EFFECT TRANSISTORS

10 -
Vg= 15V
-

8 1
S /
g /
§ /
g6 ;
-2 Constant ON resistance switch I
e (Fig. 5-27) Jl
O 4 £ 11
S Y Z. L
S ]
o -
[ 7
3 4
o .

2 X_General purpose switch L
5 [(Fig. 5-24) L~

i 1-4) switch (Fig. 5-30)
I N N A O O ! ] 1

(o]
-6 -12 -8 -4 [o] 4 8 12 16
Analog input voltage, V

FIGURE 5-26 Small-signal oN resistance vs. analog
input voltage.

since the two FETs are back-to-back, so one diode is always reverse-
biased.

The bidirectional switch has a gate drive which is referenced to a
fixed supply. Its ON resistance varies with the input analog voltage be-
cause Vgs changes (Fig. 5-26). This variation may introduce distortion
when driving low-impedance loads such as speakers or transmission lines.
To achieve a constant oN resistance, use the circuit shown in Fig.
5-27. In the oN condition, the gates of the 2N6659s are driven by a

2N6660 2N6660
—10 V<V, <10V D S S D Vout
1yl pE SE
Vin r_
vy G b G Load

L

ON:-15V
O Veontrol OFF: OV
D

l—-
T ﬁsteeo
_ o -15V

S
Vo

D
2N6660

o lel

FIGURE 5-27 Low-distortion constant-oN-resistance switch.
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FIGURE 5-28 Distortion improvement using the buffered analog
switch.

voltage which tracks the input signal, so gate-to-source voltage is con-
stant and independent of the input signal. No modulation of the onN
resistance therefore takes place as the signal level changes. The buffer
circuit reduces the total harmonic distortion (THD) from 1.5 percent
(no buffer) to less than 0.005 percent (calculated) at 1 kHz, 8 V rms
into 50 Q. The next best analog switch, a 10-Q DG186, has a 2 percent
THD (Fig. 5-28).

The two buffer circuits shown in Fig. 5-29 isolate the input signal

Vo=(Vin+10 V)

+15V to +30V

VN66AK R 310K
L———ﬂ-————o \
Vin o__l Cy out
01
WF 1N961

IN914

-15V 0 ~30V (b)

FIGURE 5-29 (a) General-purpose buffer and
(b) high-speed buffer.
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and use a zener diode to provide a fixed Vgseon) voltage. The general-
purpose buffer is flat to 300 kHz and operates on £15 V or less. The
second buffer, a VNG66AK voltage follower, shown in Fig. 5-295, extends
the frequency response to 50 MHz and increases the signal range to
*30 V when operated from *30-V supplies. The use of a bootstrap in
the buffer circuit allows large-signal, low-distortion operation near the
positive supply, provided the switch-oN time is small compared to the
time constant of R,G,.

Lower oN resistance is easily achieved by paralleling devices. For ex-
ample, three paralleled 2N6659s result in a 1-Q switch (Fig. 5-30). No
ballasting or balancing resistors are needed, since the 2N6659s do not
suffer from current hogging. VMOS has a temperature coefficient which
causes it to draw less current as it heats up, so excess current is automati-
cally shifted to the other devices. Paralleling the 2N6659 not only de-
creases the ON resistance but increases the current-carrying capability
to 4.5 A and the linear transfer characteristic to 1.2 A (Fig. 5-31). The
voltage range can also be increased. Simply use higher breakdown VMOS
as shown in Fig. 5-32. The VN98AK has a breakdown of 90 V, allowing
up to =40 V analog capability. However, its ON resistance is also greater
(2.8 Q vs. 1.2 Q for the 2N6659). Zener D limits the gate-source voltage
to 30 V, preventing possible gate oxide rupture.

The high-power RF switch shown in Fig. 5-33 has excellent perform-

2N6659 2N6659
Oy
o 141 % * I+l o
—— —1—
Imax=45A
—10 VRV, <+10V 2N6659 2N6659 -~
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s SUITTLr s L

! I

2N6659 2N6659
y
o 14T g; % Iyl
10kQ,
+15 V ot

[w]

ON: -15V

—
2N6659 :_——-3:0 Veontrol {OFF: ov
s

3

—_— —15V

FIGURE 5-30 Ultra-low-resistance switch (1 Q).
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FIGURE 5-31 Large-signal transfer characteristics.

ance up to 50 MHz, with turn-oN and turn-ofF times of less than 50
ns. The isolation at 10 MHz is better than 60 dB with a 20 V p-p input
signal; insertion loss is only 1 dB with a 50-§) load (Figure 5-34q). The
gain versus input power and the two-tone third-order intermodulation
product performance curves (Fig. 5-345) show up to 1 W of power being
transferred to the 50-Q load with a 42-dB intercept point and 1 dB
gain compression at 25 dBm input power. The turn-oN time of the
switch (Fig. 5-34¢) is determined by the passive pullup resistor in combi-

VN9BAK VNI8AK

14t —1ir
CIBVM T SlZ‘1N972 T

INGE61 ) Ve ONi a0V
(4
'™ ‘ .% °" YoFF: 30V

—— g0V

N— g»—

FIGURE 5-32 80-V peak-to-peak analog switch.
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FIGURE 5-34 (a) Insertion loss and isolation vs. frequency of RF analog switch;
(b) gain and two-tone, third-order intermodulation; and (c) switching response of RF

switch into 50-0) load.
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nation with the capacitance at the gates of the VN66AK; the negative
turn-oOFF transient is caused by charge coupling to the output through
the output capacitance Coss of the 2N6659.

5-8 DC LEAKAGE CHARACTERISTICS

The oN and ofr dc leakage of the analog switch circuit is a function
of the FET switch plus its driver circuit. The calculation of system error
due to leakage was presented earlier in dc equivalent circuits. For the
JFET switch, the sources of the error-producing leakage currents are
shown in Figs. 5-8 and 5-9. In the oN condition, the switch gate is clamped
to its source and follows the analog signal. Signal leakage is principally
to the —15-V supply due to the oFF leakage of the driver (Q; of Fig.
5-4 or Q; of Fig. 5-7). It is shown as I, in Figs. 5-8a and 5-9a. If the
signal source resistance Rgic 1s low, then usually the effect of I, and
Isotn may be neglected, typical values being less than 107® A at 25°C.
With a value of Rgsig of 100 €, this magnitude of leakage would result
in an error of 100 X 107° V.

Iptn may be a problem in multiplexers where many switches are
connected to a common output, such as point A in Figs. 5-1a or 6. Then
the sum of the switch leakages must be considered. For example, examine
the multiplexer circuit of Fig. 5-35a. Assume that one switch is turned
ON, Iper) is the same for all switches, I, is the leakage of the oN switch
driver, and the input conductance of the op amp is zero.

For this case, the error voltage due to leakage current is

Va erron = —[(n— 1) Ip otn](7ps omy + Rsic) — loRsic (5-8)
Rs S SW1 b
16 1 1
—AAA y -
W o’}/
Vi s | swe 5
= —A 2 ¢ o”/L o D
| ! )
V2 | I sws3 v,
Va °
- L 53] a3 '
b et
Vs ! | s : SW 4 o
4 4
= AN : ]I ' O/I/L p Re
| [l f |
Va \IO 0 © 9
v —
= To switch control circuit Lin $ve
(a) (b)

FIGURE 5-35 Multiplexer using FET switches.
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If, for example, n = 16, rpson) = 30 Q, Rsic = 100 Q, Ipesr) = 0.25
nA, and I, = 1 nA, the error voltage will be

Va (erron = —[(15)(0.25)(107%)(30 + 100)] — (1079)(100) = —0.59 pV

For high-temperature operation, say at 125°C, Ipef may increase to
25 nA, rps(en) may increase to 55 Q, and I, to 100 nA. The error voltage
then would increase to approximately —68 uV.

Equation (5-8) shows that as the number of switch channels in a
multiplexer is increased, the error due to Ipf becomes more significant.
By assuming that I, = Ipem, n >> 1, and Rge = pscon), (Eq. 5-8) can
be simplified:

Va (erron) = np oty ( Rsic + 7ps (o) (5-9)

If the output of the multiplexer is connected to a current-summing node,
such as the inverting amplifier shown in Figs. 5-35b and 5-36, then
the error voltage is due to leakage currents into this low-impedance
node. Assuming that Rsic >>> 7pson), Which is typically true for this type
of application, then

Voterron = [ lo+ (n— 1) Ipotn] Rr (5-10)

when ¥, (error) 1s the output voltage resulting from switch leakage currents.

5-8-1 Two-Level Multiplexer

If the number of channels n is increased to the extent that the error
due to leakage current is excessive, then a two-level multiplexing system
may be used. Figure 5-37 shows a two-level system with its equivalent

$(n-1)Ip(orn)
fsi6 ros(on) D
WA o—9p WA O +
S f _ —0
V,io ‘ VA
Lo
Re
(a) b
Iy Lo tve
n

(b)

FIGURE 5-36 Equivalent circuit of multiplexer with one switch oN and
n — 1 switches OFF. :
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FIGURE 5-37 (a) Two-level multiplexer system and () equivalent leakage circuit
of two-level multiplexer.
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circuit used to determine error due to leakage. For the ‘‘voltage-mode”
switch, using a high-Z;, op amp load, the approximate error voltage
due to leakage is

Va errory = —[(m— 1) Ip(otn,(7ps1 + 7ps2 + Rsic)]
—[Joz+ (n— 1) Ipotn](7ps1 + Rsie) — InRsic  (5-11)

This assumes that Zi, >> (rpg; + 7ps2 + Rsig).
For the current-mode switch, using a low-Zi, inverting amplifier, the
error due to leakage is

Vo error) = [lo1 + (n— 1) Ip oty + Loz + (m—1) Ipcotn,] Rr (5-12)

By way of example, compare a 1024-channel single-level system with
a 1024-channel two-level system in which n = m = 32. Assume that at
the maximum operating temperature Ip s = Io = 50 nA, 7pgn) = 50 Q,
and Rgic = 100 Q. For the single-level system, using Eq. (5-9),

V4 (error) = 7.68 mV
For the two-level system, using Eq. (5-11),
Va (error) = 0.55 mV

The two-level system has the added advantages of reducing the number
of control lines from n X mlines to n+ m lines and reducing capacitance
at the output node by approximately the same factor by which leakage
current effects were reduced.

5-8-2 MOSFET Leakage

The gate leakage of the MOSFET in a typical analog switching circuit
may be neglected when compared to the drain-to-body and source-to-
body leakage; thus the driver circuit does not contribute directly to
leakage errors. If MOS switches are used in the multiplexer of Fig.
5-35, the equivalent circuit of Fig. 5-38 will be helpful in analyzing
the leakage errors.

In the normal operating mode ( Vsig < Vy) the leakage currents are
due to the reverse-biased source-body and drain-body diodes. The leak-
age of the onN switch is only slightly greater than I + Isosm. Also,
for the typical switch, Ip o = Isom. By inspection of Fig. 5-37 (assuming
one switch is oN), the error voltage due to leakage is

—Va error) = np (o) ( 75 (on) T Rs16) + Is ot Rsia (5-13)

A factor of the MOS switch that may not be obvious is its characteristics
in the event of an overvoltage condition where Vs > Vy or Vp > 1.
Due to the close proximity of the source to the drain, one can function
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—0 Vout

FIGURE 5-38 Equivalent circuit of multiplexer using MOSFET
switches.

as an emitter and the other as a collector, with the “body” serving as
a base to form a p-n-p junction transistor. This means that most of the
current injected into the body by a forward-biased source-body junction
may be ‘“collected” by a reverse-biased drain. If the source-body or
drain-body “diode” becomes forward-biased, the MOSFET no longer
provides good OFF source-drain isolation. The analog voltage should
not exceed the positive body supply voltage.

5-8-3 CMOS Switch Leakage

The CMOS switch shown in Fig. 5-18 has a p-channel MOS and an
n-channel MOS in parallel. In its oFF state, the PMOS body is connected
to the positive supply and the NMOS body to the negative supply. The
results in the PMOS leakage being opposed by the NMOS leakage.
The net leakage may be zero at a particular value of drain voltage.
The voltage at which this occurs is usually very near the value of the
positive supply because in a complementary switch the PMOS is larger
than the NMOS and thus has a higher leakage.

5-9 CAPACITANCE AND SWITCHING TRANSIENTS

The capacitance associated with the steady-state oN and OFF states of
the FET switch was discussed in the switching high frequency section
as it related to signal attenuation and isolation. In this section, we will
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evaluate the transients which occur during the turn-oN and turn-ofrr
periods.

By the very nature of its operation the FET requires a certain transfer
of charge to change its state from a conducting to a nonconducting
mode. The required charge transfer is related to the channel thickness,
length, and width and carrier concentration within the channel. Thus,
it is related to 7psm and Vgsom. For switching applications, low values
of 7psomy and Vgsorry are desirable for charge transfer; however, there
must be a design compromise between these conflicting parameters.
Increasing channel width will reduce 7psn) without affecting Vs (ot;
however, the charge required to turn the device oFF will be increased.
Increasing channel thickness will also decrease 7ps on), but increase Vs ofn
and thus charge transfer. A reduced channel length results in a decrease
in both 7pseen and charge transfer without an appreciable effect on
Ves otn; thus good switching FETs usually have short channels.

5-9-1 Sample-and-Hold Circuit

The charge transfer characteristic is of particular importance in sample-
and-hold-type circuits because any charge transferred into or out of
the holding capacitor in the transition between the sample-and-hold
mode results in an error signal. This characteristic will vary to quite
an extent, depending upon various switch and circuit configurations.
Few, if any, device data sheets include as a characteristic the charge in
picocoulombs required to turn the device oN or OFF. A rough estimate
can be had by multiplying Vesctn and Cygs + Cya. Caution must be used
In comparing units on this basis because the values of C depend upon

Rsource Ros (on) -, D oVout
® o
e oL
Cos=— Coa
= Cstorage
o T

= Control
gate

FIGURE 5-39 Equivalent switch circuit for
a sample and hold.

bias conditions. Consider Fig. 5-39 as the equivalent circuit for a sample-
and-hold circuit. In the switch ON state Cstorage Will charge to the value
Of Vanalog. Ideally when the switch is turned oFF, the storage capacitor
will hold at whatever value Vanaiog had at the instant the switch was
opened. In practice, however, a charge will be transferred from the
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FIGURE 5-40 Typical charge transfer characteristic of the
DG181 JFET switch.

control gate through the switch capacitance into the storage capacitance.
This will result in an offset (error) voltage.

charge transfer (picocoulombs)

Voltage offset = = % (5-14)

hold capacitance (picofarads)

Using the JFET switch with an integrated driver circuit that was used
in the high-frequency example (see Fig. 5-11), we will examine the charge
transfer as a function of the analog voltage level. Figure 5-40 shows
this characteristic for the analog switch type DG181. In the OFF state
the FET gate is clamped to approximately —20 V. In the oN state the
gate is essentially at the analog voltage. In going from oN to OFF, then,
the control gate has a voltage swing of Vgg — Vanalog Volts. The curves
of Fig. 5-40 show an increase in charge transfer as Vapaog 1s increased.
The charge transfer is lower for the case where Rs is zero because a
part of the charge is shunted to ground through the signal source. This
shows that a lower signal-source resistance results in a lower error. Equa-
tion (5-14) indicates that increasing the value of the holding capacitance
will reduce the voltage offset resulting from charge transfer.

The JFET construction provides a good compromise between low
ON resistance and low coupling capacitance. A comparison of a PMOS
switch with the JFET characteristic will show a major difference. The
charge transfer characteristic of a PMOS switch type DG172 is given
in Fig. 5-41. The switch control circuit is similar to that shown in Fig.
5-18.
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FIGURE 5-41 Typical charge transfer characteristics
of the DG172 PMOS switch.

As may be seen from the two curves of Figs. 5-40 and 5-41, the
charge transfer characteristics for the DG181 and DG172 are similar
at G, = 100 pF and Rs = 0. It should be noted, however, that the
DG172 has a typical oN resistance of 200 —an increase in ON resistance
of six times that of the DG181. Values of capacitance greater than 100
pF in the charge transfer characteristics of the DG172 are seen to be
inferior to those of the DG181. The major factor which causes the storage
capacitance to be value-dependent is the large distributed gate-to-chan-
nel capacitance, plus the related circuit time constants.

CMOS devices provide an improvement over the JFET and PMOS
devices since two gates with complementary control signals are involved.
The two resulting charge transfers tend to cancel each other. The tran-

«» 60
o

FIGURE 542 CMOS charge
transfer characteristics.

1
-5 -10 -5 0 5 10 15
Vonaqu»v



ANALOG SWITCHES 223

R2

AN
W

5K 11C1

€in R S DG 181 .
ogA,A,l, Q’( A €out
o s oA L! (-e;)
n

Rs ! TI

2.5K LO—> !
o— L O—>—

Logic
in

FIGURE 5-43 Improved inverting sample-and-hold circuit.

sient is therefore greatly reduced but not eliminated. This is shown in
Fig. 5-42.

An example of a means of compensating for the charge transfer is
shown in Fig. 5-43. In this circuit the charge transfer into the positive
and negative inputs of the inverting amplifier is nearly equal; thus the
net output voltage resulting from charge transfer is nearly zero. Capaci-
tor C; provides a means of adjusting for the nonequality of the two
switches in the DG181. (The particular layout of the DG181 results in
a slightly higher charge transfer. into D, than into D,.)

An added feature of this circuit is that the balancing effect of the
switch leakage currents results in a reduction in the voltage drop. For
designs requiring faster settling times, the noninverting circuit shown in
Fig. 5-44 may be used.

G
R, <
100.) R

NS 1500 pF
I ~N

s, oetet ., Joi
|
s
€in o 2 :f/‘ :
4D—{>—' | 1500
I PF =
o ~DO—>—

Logic
in

FIGURE 5-44 High-performance noninverting sample-and-hold circuit.
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5-9-2 Switching Spikes

In switching circuits not involving capacitive loads, the charge transfer
during turn-oN and turn-ofF results in a transient voltage or current
“spike” or “glitch.” The FET switch itself is a high-speed device; the
turn-oN and turn-ofFF time is essentially that required to accomplish
the necessary gate-charge transfer. These times are typically determined
by the driver circuit. The faster the switch is toggled, however, the greater
will be the peak amplitude of the spike caused by the charge transfer.

The amplitude is also a function of the analog-signal source and load
impedances. Typically for the “voltage-mode” switch (Fig. 5-13), Rgic
is small so that the transient at the input does not contribute significant
error to the system. The apparent load impedance during the switching
period will depend upon the status of the other switches in the system.
For example, the output spikes will be lower if the switch of Fig. 5-13
is a “‘make-before-break” than if it is “break-before-make.”

The equivalent circuit of two channels is shown in Fig. 5-45. Assuming
the switch is an n-channel JFET with driver similar to that used in the
DGI181 (see Fig. 5-10), the turn-oN output spike will be positive and
the turn-ofF output spike will be negative. Switch 1 of Fig. 5-45 has
as an output load the parallel combination of R;, C., and switch 2. If
switch 2 is OFF, then its loading effect is essentially the capacitance Cyqaz.
Assuming Rgic is low, the spike appearing at the output is due mainly
to charge transfer from the driver through Cya;. In turning switch 1
from oN to OFF, part of the charge will flow through 7ps(n) and Rgc

SW;
Rsis Sy "ps(on) Dy
@' cg,.-L Switch1 chd,
1 G
~  Channel 10N Driver . Output
= CL Re
C —
Rsic Sz \dL’ D2 -
v AR
@ Cg,z _l- Sw2 Codz
1 G
Channel 2 OFF Driver

FIGURE 5-45 Equivalent circuit of two-channel multiplexer.
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to ground, so that initially the effective load consists of R, G, and
(Tps + RSIG) in parallel.

As the gate becomes more negative, 7ps will increase and approach
infinity as switch 2 turns oFF; thus (7psen + Rsig) will no longer shunt
the output. At the same time, Cyq is decreasing because Vpg is increasing.
These two variables plus the lack of a well-defined driver output pulse
shape make detailed analysis of the output pulse difficult. Such an analysis
has been presented in the analog switch handbook referenced above.

An approximation of the spike output amplitude can be made by
utilizing the charge transfer curves shown in Figs. 5-40 and 5-41, the
analog voltage level, and the output load. In the simplified equiva-
lent circuit shown in Fig. 5-46, the effective value of Cyq is Q/A Vs,
where Q is the charge transfer in coulombs, A Vgs is the change in Vgs
( Vanaloe — VEg), and Cgq is in farads. For example, let V4 = 0. From the
curve of Fig. 5-41, Q = 40 pC. Since Vgg = —20 V, AVgs = 20 V and

40 pC

—_ = F
20v 2P

Cyd ofy =
If the Rgg 1s not zero, then the Cyqofn will be increased because the

charge lost through the analog source will decrease. From the Rsig =
100 k2 curve of Fig. 5-25, Q = 66 pC at ¥, = 0 and

Cosoth = - = 3.3 pF

AVgs

FIGURE 5-46 Simplified circuit for charge
transfer analysis.

Figure 5-47 shows typical switching transients. Recovery or settling time
after the turn-oFF transient is essentially the time constant of R,C,; how-
ever, in a multiplexer application, when one channel is turned ofF, an-
other channel is turned oN, so that the settling time is a function of
7ps(on) rather than R,. Figure 5-48 shows a 32-channel two-level multi-
plexer with an output settling time of less than 200 ns.
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FIGURE 5-47 Typical switching times and transients.

5-10 SIGNAL CONVERSION USING ANALOG SWITCHES

Extensive use of the FET as an analog switch is made in signal conversion
systems such as analog-to-digital (A/D) and digital-to-analog (D/A) con-
verters. Increased use of digital techniques to replace analog systems
has resulted in the evolution of a multiplicity of converter types. There
are still occasions where nonstandard digital codes or analog voltages,
a modification of an existing design, or a new design is required. In
such cases, FET analog switches as described in this chapter may be
useful. Examples are presented below.

5-10-1 Weighted Network Converter

The majority of D-to-A converters available today are based on the
weighted network principle. An example of this in binary form is shown
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FIGURE 5-48 Practical two-level multiplexer.

in Fig. 5-49. Weighted currents are summed at the output node of the
network. The currents are produced from a voltage reference source
via an analog switch and a resistor. The value of the resistor depends
on the ‘“weighting” of the digit driving it. In the above example, the
current produced when the most significant bit is energized is Vger/R.
The second most significant bit operation produces a current Vees/2 R,
and the third most significant bit operation produces a current Vggs/
4R

In this case the currents are binary weighted. If the resistor values
were in decade ratios, the currents would also be in decade ratios. The
main drawback of this system is the large values of resistance that may
be necessary. For instance, for a 10-bit binary-weighted network with
R =1 kQ, the tenth bit has a value 1 kQ} X 210 = 1.024 MQ. To maintain

_____ [ _ 1 Output

Digital J S SN,V

inputs | — — _ _ ] —

FIGURE 549 Binary-weighted resistor D/A con-
verter.
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—< 2R FIGURE 5-50 Ladder network D/A
VREeF, 2 O A converter.

2R

the accuracy of the conversion over a temperature range, the resistor
ratios must track. This is difficult with resistor ratios of 1000 to 1. Also,
the impedance of the network varies with the input code. This can upset
the offset and drift of any following amplifier, and hence system accuracy.

5-10-2 Ladder Network Converter

A resistor system that achieves the same “weighting” performance with-
out the large range of values is the binary-weighted ladder network
with switches shown in Fig. 5-50. The resistor values have 2:1 ratios.
The operation of the ladder network can be understood by considering
a simple two-bit converter with Vzere equal to zero volts (shown in Fig.
5-51). With the most significant bit (MSB) equal to logic 1 ( Vagr1) and
the least significant bit (LSB) equal to logic “0” (Vggrz), the output
current I, will be Vger1/2 R.

In Fig. 5-52, with MSB = logic 0 and LSB = logic 1 (Vger), the
output current I; can be calculated using Kirchhoff’s equations for the
equivalent circuit shown in Fig. 5-53.

I 31
11=12+I3 2R12=R13 ]2=‘3 Ilz—g
2 2
2 Rll + 2 RIz = VREF R313 + RI3 = VREF
hence
Veer
L— L= =1 MSB
¥4 3 4 R 2
MsB
2R Output at
A ‘['*’ virtual ground
L8 2r 3R
L1 Point A FIGURE 5-51 Operation of two-bit
2R converter based on ladder network
o AAA principle.
VRer,2

o VREF,1
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Thus L is now half the value observed in case 1. This approach can
be repeated for any number of bits.

Since the ratio of resistor values need only be 2:1, good temperature
tracking can be achieved relatively easily. Furthermore, the ladder net-
work has the advantage of constant output resistance. With reference
to Fig. 5-51, the resistance at point A, looking back into the two 2R
resistors in parallel, is R. From point B, this impedance is in series
with R, giving a total of 2R. Progressing toward the output mode, this
2R is parallel with another 2R gives R again. Repeating this for any
number of bits will show that the impedance of the network at the output
is a constant value, R, independent of the input code. This permits
the addition of precision gain amplifiers to the converter to produce
voltage outputs. The amplifier feedback resistor can be part of the resis-
tor network to produce precise thermal tracking.

5-10-3 Recirculating A/D Converter

Figure 5-54 is but one example of a binary A-to-D converter based
upon operational amplifiers and FET analog switches. The principle
of operation is relatively simple:

1. The input V4 is sampled when switches S; and §; are closed
and §; and S, are open.

2. The sample is applied to the amplifier 45, which is in its
reference mode.

a. If V, is greater than Vzer, the control logic output is

a logic 1, and the amplifier will subtract Vger from V4

and multiply the result by 2. This result is then recircu-

lated via switches §; and $; and treated as a new input.

Output at
virtual ground

2R
I=0

VREF,1

FIGURE 5-53 Equivalent circuit of Fig.
5-52.
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FIGURE 5-54 Recirculating A/D converter.

b. If the input is less than Vger, the logic is a 0, and the
amplifier will be switched to multiply the ¥, signal by
2; this output signal is then recirculated as a new input.
This would be repeated over a number of cycles up
to the resolution capability of the unit, at which time
S; will open to input a new sample.

The resolution of the converter may be improved by generating more
cycles between signal sampling intervals. Switching spikes, which are
created when the analog switches in the system are closed, can cause
inaccuracies. The overall accuracy is critically dependent on the precision
of the analog amplifiers.

The output will be in serial form but can, by the addition of a serial-
to-parallel converter, be in parallel form. This design has been fabricated
in monolithic PMOS integrated-circuit form. To compensate for MOS
amplifier drift, the converter has an auto zero mode which is introduced
prior to each input sample. In this mode, the input is grounded via S,
(Fig. 5-54) and the output added to the analog amplifier reference for
the next series of conversion cycles.

5-10-4 Deglitching

When the input digital code changes in a D/A converter, some switches
turn oN and others turn orfF. The number of switches operated depends
on the exact code change. However, since all types of switches have
different turn-oN to turn-ofF responses, there will be rapid changes
through many varying codes during the short transitional period. This
results in transient spikes or “‘glitches” (Fig. 5-55). The magnitude of
the glitch that can be tolerated depends on the overall system accuracy
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required. A low-pass filter would reduce the glitches, but for high accu-
racy, a sample-and-hold circuit is often placed after the converter output.
The sample-and-hold switch is controlled by a pulse lying within the
digit period, such that the sample is taken between transients, when
the output is stable.

In circumstances where the input signal to an A/D converter may
be changing by a value which is more than the least significant bit,
during a complete conversion cycle it is possible to use a sample-and-
hold before the converter to provide a stable input.

5-11 CONCLUSION

This chapter has presented some of the characteristics and applications
of the FET as an analog switch. A large percentage of all FET applications
are for switching. Several reasons for using a solid-state switch in place
of a mechanical switch are obvious: high packing density, remote opera-
tion and no mechanical linkage, and reliability. These advantages apply
to bipolars and FETs. FETs have several additional advantages:

O High oFF to oN impedance ratios

O Bilateral operation for large analog signal swing

O Low power drive due to voltage-control action
Because of its widespread acceptance, the FET has been incorporated,
as a switch, into many types of integrated circuits. For a more extensive
treatment of this application of the FET, the reader is referred to a

book available from Siliconix, Inc., Analog Switches and Their Applications,
1980.
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6-2 VCR Characteristics of FETs
6-3 How to Use the FET as a Voltage-Controlled Resistor
6-4 Signal Distortion: Causes
6-5 Reducing Signal Distortion
6-6 Linear Gain Control with VCR
6-7 Analysis of Feedback Linearized VCRs
6-8 FET as a Constant-Current Source
6-9 Cascade FET Current Source
6-10 Current-Regulator Diodes
6-11 Waveform Generation Using Current Regulators
6-12 Points to Remember when Choosing FETs as Current Sources

6-1 THE NATURE OF VOLTAGE-CONTROLLED RESISTORS

A voltage-controlled resistor (VCR) is a three-terminal device in which
the resistance between two terminals is controlled by a voltage applied
to the third terminal. The field-effect transistor is a device whose channel
resistance is a function of its gate voltage; thus it can be used as a
VCR. In this chapter we will describe the VCR characteristics and applica-
tions of n-channel JFETs. The principles can be applied to other types
of FETs.

6-2 VCR CHARACTERISTICS OF FETS

Some of the unique resistance properties of the JFET can be deduced
from the low-voltage output characteristic curves shown in Fig. 6-la.

233
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around Vps =0

FIGURE 6-1 Comparison of FET and resistor characteristics.

The slope of the output curve Vps/Ip is a function of Vgs; thus the
drain-source resistance rps is controlled by Vgs.'* For comparison the
characteristics of four resistors are shown in Fig. 6-15. It can be seen
that 7pg of the FET is also a function of Vpg; however, this effect is
small if Vgs or Vps is small compared to Vs o).

The drain-source resistance with Vgg = 0 and with Vpg either at zero
or at a very low value is given the symbol 7psn). A graph of rps versus
Vs normalized to 7ps on) and Vs osn) is shown in Fig. 6-24. Characteristics
of typical devices with various geometry sizes and various values of Vgs (ofp)
are shown in Fig. 6-2b. For a given geometry, units with high Vs
have the lower 7psn). Units with the lower 7psen) Will also have the
highest Ipss. The relationship between these three parameters is approxi-
mated by the equation

Vs (ot

6-1
2 Ipss ©-1)

"DS(on) = —
FETs specifically characterized for use as VCRs are offered by several
manufacturers. Both n-channel and p-channel types are available. Figure
6-3 shows that 7psn) versus Vgs o relationship of two p-channel types
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FIGURE 6-2 (a) Normalized ry versus Vgs and (b) typical n-channel JFET
characteristics.

and three n-channel types offered by Siliconix Inc. These five device
types cover a range of rps(on) values from 20 to 8000 Q. A FET does
not have to be specifically characterized as a VCR to be useful in that
function. For example, if a lower value of g is needed, the type 2N5432,
which has an 7psn) range of 2 to 5 Q, may be used.
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inverse function of Vgscomn.
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6-3 HOW TO USE THE FET AS A
VOLTAGE-CONTROLLED RESISTOR

Figure 6-4 shows a simple voltage-divider attenuator circuit using a FET
VCR to provide a means of voltage-controlling the attenuation. As Veontrol
is changed from zero to Vs of the FET, rps changes from 7pg(on) to
infinity. Letting gas = (7ps)~%, the output voltage is

Rioaa(1 + gasRicaa) !

Vout = V4 6-2
v I R 4 Ricaa(l + ZasR10aa) ™! ©2
Vi 0— b

I b

Vin gg-@) VCR Ru
- ¢S Vouf
Ve
| 7 l
(o

FIGURE 6-4 Simple attenua-
tor circuit.

When Vgs approaches Vs (ofn, gas approaches zero and the FET causes
no signal attenuation. If the load resistance is very large compared to
R and 7ps(on), Eq. (6-2) can be simplified to

1
Vout = Vin——— 6-
=V R (6-3)
In Chapter 2 [Eq. (2-8)] it was shown that
Vs ot — Vi
gus=g dso..is%)_cs (6-4)
GS (off)
Using this equation we can express Vou as a function of Vgs:
Vin
Vout = (6-5)

1 + Rgasol Vs ot — Ves)/ Ves cotn]

Figure 6-5 shows the calculated Vout/Vin versus Vgs for the circuit shown -
in Fig. 6-4, assuming the constants indicated and assuming that the output
is small compared to Ves — Veson. For a given output voltage, as Vgs
approaches Vgs o, nonlinearity increases and distortion increases.

6-4 SIGNAL DISTORTION: CAUSES

Figure 6-1a shows that rps increases as Vps increases in a positive direc-
tion. This change in 7ps causes the distortion encountered in VCR cir-
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FIGURE 6-5 Calculated V,u/Xi, for circuit of Fig. 6-4.

cuits; it occurs because the channel depletion layer is a function of Vpe
as well as Vgs (see Figs. 1-7, 1-8, and 1-9). The output conductance
gas approaches zero when either Vgs or Vgp approaches Vgsor. Also,
when Vpe swings negative more than a few hundred millivolts, excessive
gate current will flow and cause a dc offset voltage at the drain. This
is due to the gate-drain p-n junction becoming forward-biased.

6-5 REDUCING SIGNAL DISTORTION

Distortion can be reduced and signal-handling capability increased by
a simple negative-feedback technique. A portion of the drain signal is
coupled to the gate as shown in Fig. 6-6. The desirable effect of this
feedback can be explained as follows. If the gate-source voltage is fixed,
- a positive-going drain voltage tends to decrease the channel thickness,

Ry
O- AA O
R

Vi 2

" _ R3 ver  Vout

\
FIGURE 6-6 VCR linear- &T
ization. o— 7o)

Rp=R3>10(rps# Rigad /R1)
VCR linearization
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FIGURE 6-7 VCR feedback isolation with voltage followers.
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thus causing an increase in 7ps. By applying a part of the positive-going
drain voltage to the gate, the gate-source voltage is made more positive
(or less negative) and the thickness of the source end of the channel
1s increased. This compensates for the positive-going drain-gate voltage.
A similiar effect occurs with a negative-going drain voltage.

This method of making Vgs a function of Vps decreases the effect
that Vps has on ggs, and thus distortion is reduced. The greatest improve-
ment occurs when about % Vps is added to Vgs; thus in Fig. 6-6 R, =
Rs. To avoid excessive loading of the signal, Rz + R3 should be much
greater than R;. If the dc control voltage must be blocked from the
output, then a capacitor should be placed in series with R;.

If the coupling of ac control signals from the gate to the output
must be avoided, a voltage follower may be added to the feedback loop.
Figure 6-7 shows three methods of doing this. Figure 6-8 compares
the output characteristics of VCR circuits with and without feedback.
It is obvious that linearity is greatly improved with feedback.

It will be noted that a sharp increase in Ip will occur if Vgp exceeds
about 0.6 V. This drain-to-gate current results from the forward-biased
drain-gate junction, not from a rapid change in channel conduction.

For comparison, a straight line representing a fixed resistor attenuator
is superimposed on each of the output characteristics in Fig. 6-8.

6-6 LINEAR GAIN CONTROL WITH VCR

The simple attenuator circuit of Fig. 6-4 provides a Vout which has a
reciprocal relationship with the control voltage Vgs. A linear control
of gain can be achieved with the circuit shown in Fig. 6-9. This is a
modified ordinary noninverting operational amplifier with feedback. The
feedback is controlled by a FET VCR. The gain function of this circuit
1s

Av=1+ Rigus (6-6)

where gys 1s the FET conductance (= 1/7pg).

FIGURE 6-9 Amplifier with VCR gain
control.
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Using Eq. (6-4) we can express the circuit gain as a function of the
control voltage Vgs:

Vas oo — Ves

Av=1+ ngdsa (6-7)

Ves otn

A minimum gain of unity occurs when Vgs is equal to or greater than
Veso; the FET channel is pinched off and ggs = 0. As Vgs is made
less negative than Vgs (o, g4s and thus Ay will increase in a linear fashion.
When Vs reaches zero and goes positive, Ay will continue to increase.
As has been pointed out before, when Vgp exceeds a few tenths of a
volt-positive, appreciable dc drain current will flow; therefore operating
with positive Vgp or Vgs should be done with caution.

As was shown with the attenuator circuit, distortion in the gain-control
circuit is reduced with drain-to-gate feedback. An op amp in the feedback
isolates the output from the control V. The feedback circuit attenuates
the control signal so that Vgs = 1V The voltage-gain equation for
Fig. 6-7 can be written as

Ve
Ay=1+ Rigaso (1 ————"—) (6-8)
2 Ves ofty

Figure 6-10 shows the calculated gain function for the circuit of Fig.
6-9. The 7psen) and the Vgsem of the FET VCR are assumed to be
30 © and =5 V.

If the application requires that the minimum gain be greater than
unity, the FET may be shunted with another resistor as shown in Fig.
6-11. The factor R1/R; is added to the gain equation, which becomes

R, ( Ve )
Ar=1+"2+ Rygao (1 ——— 6-9
v R, 18as 2 Vas (ot ©9

Figure 6-12 shows several types of applications for VCRs. When choosing
a FET to function as a VCR, there are several factors which should be
considered:

Ay=101at Vc=0

10N

80 Ves(off) =~ 5V
Vbs(on) = 300
60 R, = 3K

a0 |

Minimum
Av=1 FIGURE 6-10 Amplifier gain vs. control
1 l 1 1 A voltage.
+2 0 -2 -4 -6 -8 -0 -12
Control voltage V¢ ,V

20
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AN
VWV

FIGURE 6-11 Add-

ing R to set minimum .l R2

gain.

1. At low voltages the FET channel conducts equally well
in either direction. No p-n junctions exist between the
source and the drain; thus there is no inherent dc offset
voltage.

2. The FET VCR behaves as a linear resistance only for small
values of Vps.

Vi —o0V,
" out Vin0—| Vout

(a) Phase retard circuit (b) Phase advance circuit

Video
input
Vin ‘out
VCR VCR
o e o
Ves
e
(d) Circuit increases overall dynamic range (e) Voltage controlled variable gain amplifier. Tee

attenuator provides for optimum dynamic linear
range attenuation

oV
B:
R 1 L"—"—-"—-——OV.,.,'
t
Vin Vin O—IF
VCR _.|
Vos : VCR
T 1 '
> 3
3
(f) Voltage-tuned filter octave range with lowest Veontrol
frequency ot JFET Vgs (off) and tuned by Rz
upper frequency is controtled by Ry O

(g) Wide dynamic range gain control
circuit

FIGURE 6-12 FET voltage-controlled resistor applications.
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3. The channel conductance ggs is approximately a linear func-
tion of Vgs.

4. The nonlinearity of s increases as Vgs approaches Vs (on-

5. To improve linearity of the output characteristics and thus
lower distortion, apply } of Vps to the gate with a feedback
circuit.

6. FETs with high Vgsem will have a larger dynamic range
than those with low Vgs ofp-

6-7 ANALYSIS OF FEEDBACK LINEARIZED VCRs

The FET as a VCR is typically used in applications where Vps is small
and swings £ about zero. The V-I characteristics near the origin are
shown in Fig. 6-1a. In this region, where Vp¢ is less than —V}, and Vs
is less than Vj, Ip can be approximated by the quadratic function?

_ 2IpssVps (Ves — Vo — $Vps)
V3

Based on this approximation, the relation between distortion and control
range maximum to minimum attenuation will be described. The simple
attenuator circuit of Fig. 6-4 less R, will be used. Most applications
can be based on this simple example. The conductance at any point
in the first and third quadrants of Fig. 6-1 is

Ip

(6-10)

Ip 2Ipss ( VGS)
=2 ) -G8 6-11
Gps Vos v v ( )
Ipss ZasoVps
_ Ve = e - 8950708
( Vp)2 DS = 8ds 1A

where gys is the differential conductance at the origin; when Vgs = 0,
then gas = guso. The attenuation for the circuit of Figure 6-4 is
Ve 1

i 1+ RGps

RgasoV;
[1+Rgds+ £dso 71

2Vp{1 + Rgas + RgasV1/[2Vp(1 + Rgas)]}

-1
] (6-12)
To reduce Eq. (6-12) to a more tractable form, the following inequality
is introduced:

" Rgdso
2Vp(1 + Rgys)?
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so that Eq. (6-12) can now be approximated by the expansion

4 RgdsVl )
Vo= 1— +e 6-13
2 1+gdsR( 2Vp(1 + Rgas)? ©6-13)

Only the second harmonic will be considered for the distortion, since
the third is much smaller. For small distortion (d <<'1 and Rgaso >> 1),
Vledso
—_— 6-14
4|Vp|(l + Rgus)? ( )
If V3 is held constant,
VzRgds ~ Vz
A4Vp|(1 + Rgas)  4|Vo— Ves|

d= (6-15)
Figure 6-13 shows a comparison of measured and calculated distortion.
If Vs approaches Vp, the above restrictions are violated; the expression
for the distortion can no longer be applied. If Vpe becomes negative
enough for appreciable I to flow (the gate-drain junction is forward-
biased), the distortion will be higher than predicted. From Eq. (6-15)
we get for a prescribed maximum distortion a maximum amplitude as
a function of Vgg:

Vamax = 4 dmax | Vp — Vs | (6' 16)
10
[ 2 |
228
q
[ 1= o 7
Vo= 0.1 Vgs (off) A‘
I ' .\
1
@ [
7
£ '
o [
.
L _ _—
& =2V, 001 Vesorr) |
K !
£ !
5 /
S 0.1 i .,?\‘
FIGURE 6-13 Distortion as a function 71
of Ves/ VGs(off) for two different Va/ Vescotty: - '/ %
(a) theoretical; (b)) measured; (c) mea- ~UVe® 0.1 Vgs (off) /6 A c° I
sured with circuit of figure 26b (© 1968 ~.d o A
IEEE; reprinted with permission, from .~
Proceedings of the IEEE, Vol. 56, No. . y"V2=0.0| Vs (off)
10, October, 1968, pp. 1718-1719). 0.01 e L |
0] 0.5 1

Ves/ Ves(off)
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For a given dyax and Vamax the ratio of minimum to maximum attenuation
is

Amin _ m 1 + Rgpss ~ 4 dmax| Vp|

Amex 1+ Rgoss Vemax/ (4max|Vp)  Vomax

valid only for m > 1. Note that the maximum distortion is reached only
for minimum attenuation. Examples:

dmax = 10 percent Vzmax =0.001V,m =400
dmax = 1 percent Vomax =0.01V,m=4

(6-17)

Although these relations are only first-order approximations, they give
a good estimate of FET attenuator characteristics. The maximum ampli-
tude is proportional to V,. FETs with high V, are desirable for attenuator
applications. Unfortunately, the majority of commercially available FETs
are made with low V), for use in amplifiers.

There are several means of reducing distortion. By connecting two
identical FETs in antiparallel or antiseries, nonlinearities can be can-
celled out to a certain extent. A better linearization is possible using
one FET with feedback. It has been shown above that the characteristics
would be symmetrical if Vgp were the control voltage in the third quad-
rant. If 0.5Vps is added to the control voltage, the two voltages Vgs
and Vgp interchange when Vps changes sign:

Ves = Vu+ 0.5Vpg

(6-18)
Vep= Vua—0.5Vps
Then Eq. (6-18) used in (6-12) gives
21
I="2 Vos(Va— Vp) (6-19)
V3
Vi R Va2 Vi Ry Va
o—WWA\—<¢—— o O— MW -0
:»RZ
A 1.1 %
1 Vs 4 A~ VH
O O O -0
(a) (b)

FIGURE 6-14 (a) Controlled JFET attenuator and (b)
controlled attenuator with “feedback” making char-
acteristics linear and symmetrical.
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The resulting characteristic is linear and symmetrical about the origin.
The improvement in distortion performance can be seen in Fig. 6-13.
A distortion of 12 percent for V, = 0.1V, at Vgs = 0.8V, is reduced
through linearization to 0.1 percent. Figure 6-145 shows a possible cir-
cuit. The frequency range of the controlled signal must be much higher
than that of the controlling signal Vy to keep the direct interference
of Vy on V3 small. Rs is set for minimum distortion. If V, and Vy are
in the same frequency range, a high-impedance amplifier must be used.
V2 1s at the input; the output 1s connected to the FET gate. The amplifica-
tion is approximately 0.5 (adjustable). The control voltage is introduced
through a second input so that no direct interference with V, occurs.

6-8 FET AS A CONSTANT-CURRENT SOURCE

The ideal “constant-current” source would supply a given current to
a load independent of the voltage across the load. In such a case the
output conductance of the current source would be zero. Also, ideally
the current would be independent of temperature. The drain current
of the JFET approaches saturation when the JFET is operated with the
gate-drain voltage greater than Vgsem. Under this condition the output
conductance ggs 1s low, and the FET can be used as a current source.

Figure 6-15aq illustrates a differential amplifier stage utilizing a FET
as a constant-current source to provide a current Is which is fairly inde-
pendent of the common-mode voltage. The U401 dual FET is character-

+15V +15V
$ 20K £ZOK 20K 320K
—0 +—o0
Vout Vout
O ——O
u40t U401
I Qq Q2 | ¢ Q4 Q2
Vin Vin
o o—
$1s= 400 pA $1s= 400 pA
Q3 Q3=
selected 2N4868
Rs
(a) (b)
o
-5V =15V

FIGURE 6-15 FET current source for differential ampli-
fier.
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ized at Ip = 200 pA; therefore the common-source current Is should
be set at 400 pA.

For example, we will assume that the Siliconix Inc. JFET geometry
NS is used for the FET current source Qs. If a device which has an
Ipss =400 pA is selected from this geometry, then its gate can be shorted
to its source as shown in Fig. 6-15a. The typical performance curves
for the NS geometry indicate that the selected device would have Vgt
less than 1 V and an output conductance of less than 1 pmho.

Figure 6-15b includes a resistor Rg in the source of Q3. This permits
a wide range of Ipss values to be used and avoids the necessity of using
a selected device. Qs could be a standard device such as the 2N4868,
which is made with the Siliconix NS geometry.

The 2N4868 has an Ipss range of 1 to 3 mA and a pinchoff range
of —1 to —3 V. The approximate Vgs required for I is

I \2
Vo= VGS(off)[ 1- (“2‘) ] (6-20)
Ipss
The source-resistor value can be determined by
Ve
Rs= -G8 (6-21)
Ip

In our example, then, Rs should be adjustable from 840 Q to 7.4-kQ.

In the circuit of Fig. 6-154, if the common-mode input voltage is
zero, Q3 could be replaced with a 37.5-kQ) resistor (neglecting the Vg
of the input pair). With the —15-V supply, this would provide the desired
400-pA Is. If, however, the common-mode voltage varies from, say, +5
to =5 V, then Is would vary from 533 to 267 pA (again neglecting
the small Vgs change of the input pair). In the case of the FET current
source, assuming an output conductance of 1 pmho, the current Is would
change only from 405 to 395 pA.

In the above example with the source resistor, the +5-V common-
mode input signal would cause a 2.66-V peak-to-peak common-mode
output. The use of the FET as a current source reduces the common-
mode output to 0.1 V peak-to-peak. To achieve a similar low common-
mode gain with a resistor, the source supply would have to be increased
to —385 V so that the source resistor could be increased to 1 MQ.

The output conductance ggs of the FET is an important characteristic
in its application as a current source. For a given geometry, gu is a
function of Ip and an inverse function of Vps. When adjusted to a given
Ip, as in Fig. 6-15b, g4s will be lower for FETs which have lower pinchoff
voltage. For example, the performance curves for the Siliconix NS geom-



RESISTORS AND FET CURRENT SOURCES 247

etry indicate that units having 5 V, 3 V, and 2 V pinchoff will, respectively,
have ggs of 0.75 pmho, 0.58 umho, and 0.42 pmho, when biased for
an Ip = 2 mA.

These curves and typical curves for other geometries indicate that
the gus-versus-Ip relationship has the form

n
= g (1) (6-22)
Ipss

where gus, and Ipss are values at Vgg = 0. This form is similar to the
grs-versus-Ip relationship. The value of the exponent n is a function of
the device geometry and of the pinchoff voltage. For the various n-chan-
nel geometries evaluated, the exponent n lies between 0.33 and 0.9,
with the higher-pinchoff units having higher values for n. However, the
higher-7V}, devices also have a higher guso/ Ipss ratio.

Long-channel geometries will typically have a much lower gus/Ip ratio
than will short-channel geometries. For example, when biased to an Ip
= 1 mA, a device made from Siliconix NS geometry has gg = 0.35
pmho. Another device with a similar V), but made from the NRL geometry
has ggs = 10 pmhos at Ip = 1 mA. The NS is a long-channel geometry
designed for low-noise, low-frequency amplifier application; the NRL
is a short-channel geometry designed for VHF applications.

In the circuit of Fig 6-156 the output conductance of the current
source will be lower than simply the gas of the FET. It is reduced by
the degenerative feedback developed across the source resistor Rs. The
approximate output conductance including the effect of Ry is

1
8o gds(l T ngfs) (6-23)
Since the required value of Rs will be greater for units with higher Vp,
the feedback will be greater. This gives some compensation for the
higher ggs of the high-Vp units.

In estimating the value of gys for a given device, it should be remem-
bered that it is a function of both Ip and Vps. The relationships of gas
versus Ip and ggs versus Vpg are functions of both the device geometry
and Vgseom. It is probably easier to determine gys at a particular operating
point by studying the performance curves given in the manufacturer’s
data book than to depend entirely upon a formula. Figure 6-16 shows
typical performance curves for two of Siliconix Inc’s n-channel JFET
geometries. For both of these geometries it can be seen that gg is a
function of Ip, Vps, and Vgsotn)-

The rate of change of gy versus Vpg increases rapidly as Vpg
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FIGURE 6-16 FET output conductance characteristics.

approaches —Vgseofn. This indicates another advantage of units with low
values of Vgseotn; they will perform well at low voltage.

The effect of temperature upon Ip was discussed in Chapter 2 (Sec.
2-10). For devices operating at Ipss, such as Q 5 in Fig. 6-144, the tempera-
ture coefficient (6;) of Ip will be a function of Vgse. If the pinchoff
voltage is 0.65 V, 8, will be near zero. Higher-pinchoff units will have
a negative 0;, and lower-pinchoff units will have a positive 8,. The higher-
pinchoff units can be biased to approximately Ves = Vgseom + 0.65 V
to achieve zero 0, The use of a source resistor as in Fig. 6-14b can
improve both the g, and the 6, of the current source.

6-9 CASCADE FET CURRENT SOURCE

Output conductance can be further reduced by cascading two FET's as
shown in Fig. 6-17. In effect this circuit is similar to the current source
of Fig. 6-15b, except that as a feedback element Rs is replaced with
the output conductance of Q,. The approximate output conductance
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g

Q2
Q1

Rs
FIGURE 6-17 Cascade for lower g,.
-15V
of the circuit of Fig. 6-17 is given by

go=— b2 (6-24)

T 1+ (gra/gor)

where g is given by Eq. (6-23). In this circuit ggs will be higher than
might be expected because Vps of Q; is only equal to —Vgs of Q.

6-10 CURRENT-REGULATOR DIODES

The desirable characteristics of the FET as a constant-current source
stimulated the development of the current-regulator diode. One version
includes an integrated source resistor to improve current control and
to lower g, and 6;. Figure 6-18 shows the schematic, the symbol, and
the equivalent circuit for this type of current-regulator diode. Examples
of these units are Siliconix types CR022 through CR470. Three different
geometries are used to cover the current range of 220 pA to 4.7 mA.

In Fig. 6-18 the diode I-versus-V characteristic curve is shown, and
commonly used symbols and definitions are also given. Note that the
drain end of the FET is called the anode and the source the cathode.

Ie
ZK Zd + + +
|
POV @1.1 Igq (max) ’
-~ Ig - Cq
VL@ 0.8 I (max) Za
v Rs [
R 6oV 25v 100V ~F ;LL
> Rs
Ig = = =
(a) Current-limiter diode V-1 characteristic (b) Equivalent circuit

FIGURE 6-18 Current-regulator models and V-I characteristics (Siliconix CR022-
CR470). '
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(d) Emitter or source biasing

FIGURE 6-19 Current regulator applications.

The FET current-limiter diode is the electrical dual of the zener diode
voltage regulator. The FET diode has low output conductance g, while
the zener diode has low output resistance 7,.

Figure 6-19 shows several applications of the FET current-regulator
diode. Some of the more important applications of current regulators
include low-voltage references. Zeners are not available at voltages below
4 V. A precision voltage or millivolt reference is constructed in Fig.
6-19 where the current regulator simply drives a resistor. The output
reference voltage is simply determined by IrR.

Another benefit that cannot be obtained with zener references is the
low noise of this voltage reference, constructed using the current regula-
tor and a resistor. Neither of these devices is operating in a mode which
contributes significant noise, especially at low frequency (which is hard
to filter).

Consider the current regulator and resistor as a method of obtaining
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low-noise regulators even in the normal zener voltage range. One word
of caution: the output impedance in this circuit (Fig. 6-194) is determined
by the resistor R.

An excellent solid-state zero temperature coefficient (0TC) voltage
reference source is shown in Fig. 6-195. Here we have combined an
OTC zener with an 0TC current regulator. Ripple from Vi, to 74 in
Fig. 6-19b is reduced by more than 120 dB.

A very important application of FET current limiters is in dc coupling
between gain stages and level shifting. Figure 6-19 ¢ shows methods of
dc coupling between two transistor stages.

The use of the zeners and/or current regulators substantially reduces
the gain loss otherwise encountered in resistive coupling dc amplifiers.

Differential amplifiers typically utilize current sources in the common
emitters or common sources to help achieve the common-mode rejection
of these amplifiers. Figure 6-15 shows how the FET current regulator
is used in the differential amplifier. For the FET amplifier, common-
mode rejection is

CMRR ey = 1 +2g5 Za (6-25)

where Z; = output impedance of current source
grs = transconductance of the amplifier FETs

The output impedance of the current source is the key to improving
common-mode rejection.

Single-ended transistor amplifier performance can be improved using
current regulators. Figure 6-19 d shows three different amplifiers using
emitter and source current-regulator biasing. In the emitter follower
the current regulator significantly increases the input impedance to the
circuit and develops a gain closer to unity; less obvious is a lower transis-
tor dissipation when supplying a heavy external load.

In the FET common-source amplifier the dc bias point is well defined
using the FET current regulator. This allows zero temperature coefhicient
biasing of the amplifier. The same bias temperature stability is achieved
in the source-follower circuit.

Another important application of the current regulator is in high-
speed bootstrapping circuits. Figure 6-20 is a high-speed line driver
using VMOS. In this circuit the current regulator CR047 minimizes
power dissipation, at the same time maximizing speed. When Q; turns
oFF, the CR047 discharges the parasitic capacitance rapidly in a con-
trolled manner, turning oN Q by enhancing the available gate voltage.
Once the voltage across the current regulator drops below the limiting
voltage V7, it becomes very low resistance; thus the gate is tied to the
top of the bootstrap capacitor.
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T I FIGURE 6-20 Application of cur-

6-11 WAVEFORM GENERATION USING
CURRENT REGULATORS

A simple linear sawtooth generator can be constructed as shown in Fig.
6-21a. The use of the current regulator in series-opposing fashion makes
possible the generation of high-quality triangular waves from a sine-
or square-wave source, as Fig. 6-21billustrates. Square-wave drive results
in a better waveform at the zero crossings. Output frequency is identical
to the input frequency.

-

—

+

T

,c—.'

J-]

o

k-7l

o

(a) Linear sawtooth generator

—HoT—

»
1. VN

Vo PP [

(b) Triangular waveform generator or integrator

FIGURE 6-21 Waveform generation.
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FIGURE 6-22 Pulse-width modulator.

A very useful application of the triangular-waveform generator is in
pulse-width modulators, where the triangle wave is compared against
a feedback voltage. The output of the comparator is an accurate pulse-
width-modulated representation of the analog feedback voltage (Fig.
6-22).

A conventional clipper circuit or square generator is shown in Fig.
6-23a. One disadvantage is the poor dynamic resistance encountered
in the low-voltage zener, which results in the fairly poor output waveform
shown. The simple addition of series-opposing current regulators, shown
in Fig. 6-235, results in a flat-top output waveform and an eflicient circuit.
The output waveform is =(Vz + 0.7) V.

As shown in Fig. 6-24, FET current-regulator diodes can be connected
in series to extend the voltage range, in parallel to extend the current
range, and in series-opposing to function as a bidirectional current lim-
iter.

Rt Dy D2

O AN ~—epeeeO o__@_@____o Flatter top

Less
crossover

A distortion
/\/ Vin Z \}E\ /\/ Vout /\/ Vin Z4 \j‘b Voutd- - _

L ——) o——-—J—o

(a) Resistor zener (b) Current regulator and zener

FIGURE 6-23 Square-wave generator or clipper.

-GGk o

(a) Voltage range (b) Currentrange
extension extension
FIGURE 6-24 Series and parallel

connectors.

:

(c ) Bidirectional current
limiter
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6-12 POINTS TO REMEMBER WHEN CHOOSING
FETs AS CURRENT SOURCES

1. Shorting the gate to the source of a FET makes a simple
current limiter.

2. Put a resistor in series with the source of a FET (Fig.
6-18) and you have a low-temperature-coefficient, high-
output-impedance current source.

3. Place two FETs in a totem pole configuration (Fig. 6-17)
and you increase the output impedance of the current
source by more than an order of magnitude.

4. Applications requiring two-terminal current regulators
without an internal supply are made very simply using de-
pletion-mode FETs.
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7-1 INTRODUCTION

Field-effect transistors, like their bipolar cousins, were for the first several
years of their existence useful only at low (<1 W) power levels. While
they possessed many theoretical advantages over their bipolar counter-
parts, the practical limitations in manufacturing high-power devices pre-
cluded FETs from competing with bipolar transistors and SCRs in power
applications. The major limitation was that FETs were strictly horizontal
devices; that is, their channels were parallel to the chip surface, so that
their current densities were much lower than the bipolars’ (which utilized
vertical current flow). For a given current, the FET chip area had to
be considerably larger, which meant a lower yield and higher cost. Me-
dium-power FETs were therefore more costly to fabricate than their
bipolar counterparts, while high-power FETs were nearly impossible.

Several new technologies have recently been developed to increase
current density and allow production of high-voltage, high-current FETs.
Three of these technologies—VMOS (vertical MOS), V-JFET (vertical
JFET), and DMOS (double-diffused MOS)—are presently in production

255



256 DESIGNING WITH FIELD EFFECT TRANSISTORS

at various semiconductor companies. At the time of this writing (1980),
VMOS devices with ratings of 12 A and 60 V and with ratings of 5 A
and 400 V were available.

7-2 THE VMOS TECHNOLOGY

Figure 7-1 shows a cross section of a VMOS channel. The substrate,
which becomes the drain and provides a low-resistance current path,
is n* material. An n~ epitaxial layer (epi) increases the drain-source
breakdown voltage by absorbing the depletion region from the drain-
body junction, which is normally reverse-biased. Also, the epitaxial layer
greatly reduces the feedback capacitance since the gate overlaps n™ rather
than n* material.

A p~ body and n* source are then diffused into the epi, followed
by the preferential etching of a V groove through the source and body
and into the epi. Oxide is then grown and aluminum metalization depos-
ited to form the source connection and gate. Finally, the chip is passivated
(covered with glass) to keep contaminants from penetrating the gate
oxide.

The processing, up to the point where the V groove is etched, is
similar to that of the double-diffused epitaxial planar bipolar transistor,
shown in Fig. 7-2 for comparison.

In operation, both the gate and drain are positive with respect to
the source and body. The gate produces an electric field which induces
an n-type channel on both surfaces of the p-type body facing the gate,
allowing electrons to flow from the source, through the n-type channel
and epi, and into the substrate (drain). Because current flow is entirely
through n-type material, the VMOS is a majority carrier device similar
to other types of FET's. A greater gate voltage enhances a deeper channel,
so the current path from the drain to the source is wider and current
flow is increased. For example, the VN66AF VMOS FET will conduct

Source Gate Source
Si02
n+ n+
P [
n-epi \/
l n* substrate {" FIGURE 7-1 The cross section of a
7 r VMOS channel.

é Drain
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about 650 mA of drain current with 5 V between the gate and source,
and 2 A with 10 V gate-to-source.

Figure 7-3 shows a conventional horizontal MOSFET. The n* source
and drain are simultaneously diffused into the p-type substrate, which
also serves as the body. Current flows horizontally from source to drain
through the channel, which is induced on the top surface of the substrate.

The vertical structure of VMOS gives it several important advantages
over conventional MOSFETs:

1. The length of the channel is determined by diffusion
depths, which are much more controllable than the mask
spacings used to define the channel length of conventional
MOS. With the shorter channel the width/length ratio of
the channel—which determines current density—is greater.
For example, the length of the VN66AF channel is about
1.5 pm, while in a conventional MOSFET 1t is about
5 pm.

2. Each V groove creates two channels, so current density
is doubled for each gate stripe.

3. The substrate forms the drain contact, so drain metal is
not needed on top of the chip. This further reduces chip
area and keeps the saturation resistance low.

4. The high current density of VMOS results in low chip
capacitance, especially the feedback capacitance (gate-

Source Gate Drain
? Aluminum

e/ mA m Y m
U n ) . \ Y g

substrate and body

FIGURE 7-3 The cross section of
a conventional horizontal MOSFET.
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* drain), since the overlap of the gate and drain is kept to
a minimum. Extra gate-drain overlap must be allowed in

- conventional MOSFETs to guard against mask misalign-
ment.

7-3 THE VERTICAL JFET AND DMOS TECHNOLOGIES

Figure 7-4 is the channel cross section of the vertical JFET, another
type of power FET which, like VMOS, has a high power density and
high breakdown voltage capability. In the vertical JFET (V-JFET), current
flows vertically from the drain through the channel between the gate
fingers and into the source. A negative gate voltage —Vgs causes the
depletion region to reach further into the channel, reducing its width
and constricting current flow. Ultimately, when the gate is sufficiently
negative, the depletion regions from adjacent gate fingers touch, and
current flow is stopped altogether. However, because the channel is
short, it is not pinched off by increasing the drain voltage, as it would
have been in a conventional longer-channel JFET.

The output characteristics of one type of JFET (2SK60) are shown
in Fig. 7-5. The drain current does not saturate with increasing drain
voltage but continues to be a function of drain voltage. The characteris-
tics are similar to those of a triode vacuum tube; i.e., Alp/AVpg is fairly
large, and the voltage amplification factor gr/gas is quite low—on the
order of 5.

The vertical JFET is necessarily a depletion-mode device (ON when
Ves = 0), while VMOS are typically enhancement-mode devices (OFF
for Vgs = 0), although they could be made as depletion-mode devices.

Gate Source Gate

Drain
FIGURE 74 A cross section of a V-JFET.



POWER FETS 259

a "

) B
-
51/ /
I
3
: 4 S
£ D
S e N

FIGURE 7-5 Output characteristics 9 /

of a 2SK60 vertical JFET. o)

o] 10 20 30 40 50
Drain-source Vps,V

A second difference is that the p* gate diffusion of the V-JFET has a
higher resistance than does the aluminum gate metal used for VMOS,
so the vertical JFET does not achieve the high-frequency response and
fast switching times of which VMOS are capable. On the other hand,
V-JFETs have a somewhat higher linearity than do other types of FETs,
and are therefore suited for low-frequency amplifiers. To date, V-JFETs
have primarily been used in high-quality audio power amplifiers.5

Double-diffused MOS (DMOS) is a first cousin of VMOS. It utilizes
a short channel length and epi layer to achieve higher current densities
with low capacitances. DMOS operation is fundamentally similar to that
of VMOS, but it is a horizontal rather than a vertical device. A DMOS
channel cross section is shown in Fig. 7-6. To date, DMOS devices
have been used primarily at low and medium power levels, as high-
speed switches or RF amplifiers. Because DMOS is a horizontal rather
than a vertical structure, the current density is somewhat lower, and it
is not expected to achieve the high power or high breakdown-voltage
levels that VMOS will eventually attain.

Other power-FET structures are being developed;® so far all are varia-
tions of either VMOS, DMOS, or the vertical JFET. Time will tell which
types are practical on a production basis.

Source  Gate Drain

—1
p_‘nﬁ" ‘n\f,

FIGURE 7-6 A DMOS channel.
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7-4 VMOS CHARACTERISTICS

The output characteristics of the VMOS type VN66AF, plotted in Fig.
7-7, are similar to those of a conventional MOSFET with these excep-
tions: The vertical scale is amperes rather than milliamperes, the output
conductance gos is low (the curves are flat rather than sloping) because
of the buffering effect of the epi region, and the gy is constant (the
lines are evenly spaced) above 400 mA. The constant gy, a characteristic
of short-channel devices, is due to velocity saturation of the electrons
in the channel. Above a certain threshold, increasing the electric field
intensity does not increase the drift velocity. The gg of a conventional
(long-channel) MOSFET, on the other hand, is proportional to the gate
voltage; drain current is therefore proportional to Vgs.®

Figure 7-8 is a more graphic illustration of the transconductance vs.
drain current for the VN66AF, showing the high linearity above 400
mA and the square-law characteristics below 400 mA.

Of the advantages that VMOS has compared to bipolars, many are
well known in small-signal applications. Some that are apparent at high
power levels are:

1. High input impedance and low drive current (typically less
than 100 nA). The beta of a VMOS device (the output
current divided by the input current) is therefore over 10°.
Since the resultant drive power is negligible, VMOS will
directly interface to medium-high-impedance drivers such
as CMOS logic or optoisolators.

2. No minority-carrier storage time. VMOS is a majority-car-
rier device—its charge carriers are controlled by electric

80 s, 1% duty cycle-

0 500 (——p—p—y—y—p—
2 pulsetest | L g | Vps= 24V |
< Vos 10 = 400 |-80 ps.1% duty cycle
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RS ; -
+ 4 8v & 300
g 1.2 .V § /'/
3 + <]
2 os 6V, T 2001
5 4 - M g 100
IVl 2w [ 3vi 12 V] 2
L) L 1Y ) . 1| o
0 A ) - - . | ._L_ 0
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FIGURE 7-7 Output charac- FIGURE 7-8 Transconduc-
teristics of the VN66AF. tance vs. drain current of the

VNG6AF.
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fields, rather than the physical injection and extraction (or
recombination) of minority carriers in the active region.
The switching delay time is small, several nanoseconds,
and is caused primarily by external parasitic elements (se-
ries gate inductance). The 2N6657, for example, is capable
of switching 1 A oN or OFF in 4 ns, about 10 to 200 times
faster than a bipolar.

3. No secondary breakdown or current hogging. Since the
temperature coefficient of the VMOS drain current is nega-
tive (a bipolar’s 1s positive), VMOS draws less current as
the device heats up. If the current density tends to increase
at one particular point of the channel, therefore, the tem-
perature rises and the current decreases. The current auto-
matically equalizes throughout the chip, so no hot spots
or current crowding—which eventually leads to secondary
breakdown in a bipolar—can develop. Similarly, current
is automatically shared between paralleled devices so no
ballasting resistors are needed.

7-5 GENERAL SWITCHING APPLICATIONS

The high input impedance and high speed of VMOS are desirable switch
characteristics. VMOS will interface any driver capable of a 5- to 15-V
swing to nearly any load requiring several amperes of current.

The basic switching performance of the VN66AF is shown in Fig.
7-9, while the corresponding test circuit is shown in Fig. 7-10; 40 pF
is connected in series with the VN66AF gate to better match it to the
50-Q source. The 2-ns turn-oN and turn-off delay is caused by the
input capacitance charging and discharging through the equivalent series
inductance of the package and test jig.
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FIGURE 7-10 Switching test circuit for the VN66AF.

CMOS logic, such as the 34011 gate, may be used as a driver for
the VNG66AF in Fig. 7-11. A logic Low to the input of the 34011 turns
the VN66AF oN (Vgs = 10 V), while a logic HIGH turns the device OFF
(Ves = 0). The steady-state power dissipated by the circuit, exclusive
of load current, is a maximum of 55 uW (0.15 pW typ).

Figures 7-12 and 7-13 depict the dynamic performance of the circuit
shown in Fig. 7-11 when the load is 25 Q. Vpp = 15 V when the logic
supply voltage is 10 or 15 V and 7.5 V for Vec = 5 V. The turn-on
and turn-ofF times when Vec = 10 V are about 60 ns. Increasing Vec
to 15 V decreases fn and &g to 50 ns. Decreasing Vec to 5 V increases
the switching times to 120 ns. The input and Miller capacitances of
the VNG66AF present a load of 65 pF to the 34011 driver.

The switching time is decreased when several CMOS gates are paral-
leled to increase drive current to the VN66AF. For example, when four
4011 gates are paralleled and Ve is 15 V, switching times are about
25 ns—most of it propagation delay through the 4011 (Fig. 7-14).

To further decrease switching times, additional peak drive current
is needed to charge and discharge the gate input capacitance of the

>"; Vin V=15V ]
Voo > o
+15V S 15
(+75V) % 10 l
v 2 s VouVcce15V
Re 2
Ve &0
V° ;‘5‘ 15 /
Viny cD4oM VNGBAF g Vo vcc lOv \
Vin2 3 3 [ rT ) -
[0}
= [o] 40 80 120 160
= Time t,ns

FIGURE 7-11 A CMOS FIGURE 7-12 Switching per-
gate driving the VNG66AF. formance of the 2N6657 driven
by the CMOS gate.
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VNG66AF. One solution is to use a MOS clock driver such as the MH0026.
It 1s designed to deliver high peak currents into capacitive loads and
to translate TTL levels into 15-V swings. Figure 7-15 is a typical switching
circuit whose characteristics are shown in Fig. 7-16.

VMOS will also interface to standard TTL, but a pullup resistor is
needed to ensure sufficient gate enhancement (see Fig. 7-17). If no
pull-up resistor is used, the enhancement of the VMOS will be about 3
V, and the VMOS saturation current will be only about 200 mA. On
the other hand, with 5 V provided to the gate by the pullup resistor,
the VNG66AF saturation current will exceed 500 mA—which is adequate
for many applications.

If a higher saturation current or a lower ON resistance is needed,
the gate drive voltage must be increased. Figure 7-18 shows how to
use open-collector TTL with a 10- to 15-V pullup. Turn-on time will
be a function of the value of R;, since it provides current to charge
the input capacitance of the VN66AF. If a faster turn-on time is needed,
R; must be reduced, which may result in excessive power dissipation
when the VNG66AF 1s ofFfr. To solve this problem, use the totem pole

15

T >0 T
10 t ;6 1
> Vin >
= S 34 Vin
@ 0 N “_c" 2
g 15 52
= Vo:Vcc =15V, >
o 10 T8
>
~ 5 e
3 o 2 N
£ 15 A g VorVeesSY Tt
preg 10 Vo:Vcc=10V 32
3 LI s = )
£ s 30
s e
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Timet,ns Timet,ns
(a) (b)

FIGURE 7-14 Switching performance of the VN66AF drive by four paral-
leled 4011 gates.
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FIGURE 7-15 Driving the VN66AF with FIGURE 7-16 Switching per-
a MOS clock driver. formance of the VNG66AF
driven by a MHO0026 MOS
driver.

drive circuit shown in Fig. 7-19—it drives the VN66AF with an emitter
follower with performance as shown in Fig. 7-20.

A second method of interfacing TTL to VMOS, a bipolar level shifter,
is shown in Fig. 7-21. The 2N5130 amplifies the TTL output pulse
and provides up to 15 V of enhancement to the VN66AF. The AM686
is a high-speed comparator, although other comparators—or for that
matter, a TTL gate—could be used. For a faster turn-oN time than
that shown in Fig. 7-22, or for a lower power dissipation in the OFF
state, use the totem-pole driver.

Interfacing VMOS to ECL is not quite as straightforward, since ECL
levels are inherently incompatible with VMOS drive requirements, but
level shifting is still relatively easy. In Fig. 7-23, the VN66AF is used
to increase the voltage and current capability of an ECL-compatible
peripheral driver, the 75441. An alternative circuit, Fig. 7-24, uses dis-
crete components to translate ECL levels into the 0- to 10-V swing

+5V +V +V
]
! R
10
174 Sk Vo
7401
VNE6AF

FIGURE 7-17 Driving FIGURE 7-18 Open-collector
the VN66AF with stan- TTL is used to provide greater en-
dard TTL. hancement to the VN66AF.
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open-collector TTL driver.

required for VMOS. Switching times of this circuit are less than 40 ns
into 50 Q.

When driving capacitive loads, such as cables or data buses, an active
pull-up is required to deliver current into the load. The high-speed line
driver shown in Fig. 7-25 uses a second VN66AF, with an inverter, to
provide up to 3 A and switch 15 V across 1000 pF in less than 30 ns
(Figure 7-26).

Ease of drive, ruggedness, lack of secondary breakdown, and fast
switching speeds make VMOS well suited for switching power to a variety
of loads, some of which are shown in Fig. 7-27. The fast switching of
VMOS is especially helpful when designing switching regulators, since
considerable power is lost while the switching element is traversing its
active region. Figure 7-28 is the schematic of a 50-W, 200-kHz regulator
using the VN64GA, a 12.5-A, 60-V VMOS device.! The regulator output

|
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FIGURE 7-21 High-current interface. FIGURE 7-22 Performance

of the high-current interface.



266 DESIGNING WITH FIELD EFFECT TRANSISTORS

oV Vee

[

- {
B MC10110
1 Ry ‘»Rz SR3

SN7s441 | | ) 100 31k03 50
T T = 1 -5.2V
i -5.2V o-20Vv
FIGURE 7-23 Using VMOS to FIGURE 7-24 A discrete ECL-to-VMOS
buffer the output of an ECL-com- interface circuit.

patible peripheral driver.

is 5 V at 10 A with ripple at less than 100 mV p-p. No output current
limiting is included, although it may be added. Input supply is 28 V
dc.

The 710 comparator acts as an oscillator, using L, as a reactive element
and Rjs for hysteresis. G; couples the output ripple to the negative input
of the comparator, where it is rejected as a common-mode signal. D,
R4, Rs, and G; form a bootstrap circuit which drives the gate 15 V
more positive than the 28-V input. Six paralleled capacitors filter the
output. The total impedance of one capacitor at 200 kHz is 0.05 Q,
and 0.01 Q is needed to filter the 10-A peak-to-peak ripple current.
Q3 is the heart of a soft-startup circuit.
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FIGURE 7-25 High-speed line driver.
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FIGURE 7-27 Several typical VMOS applications.
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FIGURE 7-28 A 200-kHz switching regulator.
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TABLE 7-1 A COMPARISON OF SWITCHING REGULATORS (28 V IN, 5 V AT

10 A OUT)
20 kHz 200 kHz
Bipolar VMOS Bipolar VMOS
Efficiency 82% 79% 72% 75%
Power output 50.0 50.0 50.0 50.0
Total input power 60.7 63.6 69.4 67.0
Fixed losses 485 W
Drive power 0.17W 0.44 W 14W 0.87W
Switching losses 1.9 0.55 9.6 3.7
Saturation losses 3.2 7.2 3.2 7.2
Ac core losses 0.06 0.2
Dc coil losses 049 0.13
Approximate recovery
time for a 40%
change in load 100 ps 10 ps
Inductor core 3019 pot core 2213 pot core
~0.85 in3, 1.2 oz ~0.31 in3, 0.43 oz
Capacitors 8 X 220 pF 6 X 120 uF
1.0 in3 0.45 in3
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Operation at 200 kHz, rather than the usual 20 to 25 kHz, has several
advantages:

1. A smaller inductor, with lower dc (copper) losses, 1s used.
2. A smaller filter capacitor may be used.

3. The regulator responds faster to sudden changes in the
load.

High-frequency operation does reduce the overall efficiency somewhat,
because of switching losses, but not as much as it would in a comparable
design using a bipolar or bipolar darlington transistor as the switching
element. Table 7-1 compares bipolar and VMOS regulators operating
at 20 kHz and 200 kHz. A circuit similar to Fig. 7-28 is assumed.

The high input impedance and linear transfer characteristic of VMOS
make it easy to control either the average or the surge current to a
load. Figure 7-29 is a simple light dimmer circuit which varies the average
current into the light bulb by controlling the saturation current of the
VMOS. R; and R, make the control of brightness more linear with
the potentiometer shaft rotation. The disadvantage of this circuit is that
the VN66AF operates in its linear region, so considerable power is wasted
when the light is dimmed.

A more efficient method of varying the average current to the load
is with pulse-width modulation (Fig. 7-30). The 4011 oscillates with a
duty cycle which is determined by the ratio of R; and R,, and drives
the VMOS with 12-V pulses. Since the VN66AF is either fully oN or
fully ofF, very little power is dissipated in the regulator itself.

A similar circuit can be used as an inexpensive audio alarm system.
The 4011 gate provide a 2-kHz square wave to the VN66AF, which
directly drives an 8-Q speaker (Fig. 7-31).

+12V
+12V
Ry \1'12-30 High W-90
igh=on -
1.5 meg bulb Low=0ffQ 1/ 12 V bulb
2ma 2N6657 2N6657
R2
750 K
= 800 kfy 0.001 uF
FIGURE 7-29 A linear FIGURE 7-30 An efficient light dimmer circuit.

light dimmer circuit.
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7-6 DRIVE CONSIDERATIONS

Many loads—motors and incandescent light bulbs, for instance—have
an undesirably low impedance, resulting in high surge currents when
power is first applied. The soft-startup circuits in Fig. 7-32 and 7-33
will minimize or eliminate these current surges, which in the case of
an incandescent light bulb will increase life considerably. Adjust the
1-MQ potentiometer in Fig. 7-32 until the desired maximum current
is obtained, or use a fixed divider if a wider tolerance is allowable. R;
and G in Fig. 7-33 have a 0.1-s time constant to increase the drive
voltage, and hence the drain current, of the VN66AF gradually.

While the 2N6657 can drive nearly any load of 2 A or less (8 A
under pulsed conditions), the gate must be driven with a high enough
enhancement voltage to support the required current. Refer back to
Fig. 7-7: When the VMOS is driven by TTL providing a maximum Vgs
of 5 V, the saturated drain current is 650 mA. The guaranteed worst
case under these conditions is a drain current of 500 mA. If a minimum
drain current of 1 A is required, a worst-case minimum of 10 V must
be applied to the gate (6.25 V will typically be sufficient).

Applying more than the minimum enhancement voltage—15 V rather

+V

+10V

CD4000 0
1Mo
current

adjust I HVNGSAF

Stepper motor

FIGURE 7-32 A circuit which current-limits the drive
to the motor.
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than 10, for instance—has two desirable effects: the oN resistance is
reduced, and an extra margin of safety is provided to allow for the
decrease in drain current as the VN66AF heats up. It is possible, as
the drain current decreases with temperature, for the VN66AF to actually
come out of saturation, which further increases dissipation.

7-7 TEMPERATURE CONSIDERATIONS

Typically, the saturated drain current of VMOS decreases 0.5 to 0.6
percent/°C due to the decrease in the mobility of electrons in silicon
as temperature increases; likewise 7psen) increases by the same amount
(Fig. 7-34). If you assume a worst-case situation of 0.6 percent/°C, the
ON resistance at a given temperature [7ps(7T)] can be expressed in terms
of the resistance at the ambient temperature [rps(74)] by the expression

1ps(T) = rps( Ty )e®006 AT (7-1)

where AT = T — T,, the rise in temperature.

This increase in ON resistance may lead to problems unless certain
design precautions are taken. In a typical switching situation, such as
that of Fig. 7-35, the current passing through the on switch is nearly
constant. In this example, 2 A of current passes through the VN66AF

g 20
£ I}
}E 6 Vgs =10V and 15 V//
g § [/ Ves=5V
§351.2
b
Vgs=5 V]
?’ :0.8 o
FIGURE 7-34 Rpsen) versus tem- £
perature of the VNG66AF. 5 o4

40 O 40 80 120 160
Temperature T, °C
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FIGURE 7-35 A typical switching cir-
Vps= 30V at T,=25°C

cuit in which Vps increases as the
VNG66AF heats up.

+10V

and causes it to heat up. As the ON resistance goes up, the voltage
drop across the VN66AF increases, and the dissipation climbs further.

If inadequate heat sinking is used, the ON resistance and junction
temperatures will increase until the resistance is stabilized by extra
charge carriers which are thermally generated in the channel. Since this
occurs above the maximum safe junction temperature of 150°C, and
the long-term reliability may be impaired, it is desirable to anticipate
this increase in ON resistance and temperature.

There are two ways to do this. The first, a rough rule of thumb, is
to add an extra 50 percent to the actual power dissipation figure before
calculating heat sink requirements. For example, if 1 A flows through
a device whose ON resistance is 3 Q at 25°C, the calculated power is
3 W. Now simply calculate the heat sink requirements using 4.5 W as
the total dissipation, which will give a close approximation of the actual
heat sinking required at moderate and high temperatures (it will be
conservative if the temperature rise is slight). To calculate the heat sink
requirements more precisely, express the rise in junction temperature
ATin terms of the power dissipation and the junction to ambient thermal
resistance 0,

AT= IPrps(T)0,a (7-2)
which can be combined with Eq. (7-1) and rearranged as
ATe™006AT= [215(T4 )04 (7-3)

This is the classical expression for the temperature risk of any fixed
resistor, with the addition of the exponential term.

Solve Eq. (7-3) with the values shown in Fig. 7-35 to find the actual
junction temperature.

ATe006AT= (1 A)%(3.0 O)(15°C/W)
=45°C

Next, find AT in Fig. 7-36 by locating 45° on the vertical axis. The
actual rise in junction temperature is located on the horizontal axis; it
is 70°C, so Ty is 95°C.

Figure 7-36, a plot of ATe 984T yersus AT, is useful in finding the
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actual temperature rise of the VN66AF when the power dissipation at
25°C junction temperature is known.

You can also use Fig. 7-36 to find the required heat sinking when
the power dissipation and maximum allowable junction temperature are
specified. For example, if the ambient temperature in Fig. 7-34 is in-
creased to 50°C, 1ps(Ta) becomes 3.5 ) and the normalized power is
3.5 W. If the maximum junction temperature is specified as 125°C (AT
= 75°C), ATe 096AT myst be less than 48°C and 6,4, < 13.7°C/W. A
heat sink with 8¢4 < 5.4°C/W should be used, since ;¢ of the VN66AF
is 8.33°C/W. Note that if the rule of thumb were used and 50 percent
added to the 3.5-W figure, the 0,4 would be calculated as 14.3°C/W—
quite close considering the approximations involved.

7-8 PARALLEL AND SERIES OPERATION

If the required current exceeds the capability of one device, then several
devices may be paralleled as in Fig. 7-37. No ballasting resistors or
thermal matching networks are needed because the currents tend to
equalize—if a particular device starts to draw more current, it heats
up more and conducts less current than it would otherwise.

For example, an initial unbalance of =20 percent (the typical worst-
case figure) will reduce to £14 percent if the junction temperatures

{6 A
o
S

GO—

VNE6AF VNE6AF
FIGURE 7-37 Paralleling the VN68AFlp . —0 . ._JD

VNG66AFs increases the maximum ¢ gs
current-handling capability. 't' T
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Vi 41 ;l>F two devices in series.
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are allowed to approach their maximum limits. Because of the excellent
high-frequency response of the VN66AF, ferrite beads or small-valued
resistors (=100 to 1000 Q) in series with each gate are necessary to
suppress spurious high-frequency (=300 MHz) oscillations.

Devices may be connected in series to increase breakdown voltage,
as shown in Fig. 7-38. R, and R; are larger because the drive current
to the gate of Q is small, while C; and C; form a capacitive divider
which dynamically balances the gate drive and also ensures fast switching
times by coupling charge to the gate of Q.. G /C should be approxi-
mately equal to R2/R,, with allowance for stray capacitance and the
enhancement voltage of Q. The bottom of the divider chain is returned
to +15 V, rather than ground, to ensure sufficient enhancement for
Q 2 when the devices are on. If resistor and capacitor values are properly
selected, any number of VMOS may be series-connected in this manner.

7-9 AMPLIFIER APPLICATIONS

The constant-g region of VMOS makes it well suited for linear applica-
tions. Distortion is low over a wide dynamic range when properly biased.

2 10 5 / +50V
c 240
£ Class A stage

é 1 Class A sta 09A
0

S - A pfd

s - — 1k 01K 2NB657
é 0.1 ¢ gource !

£ £t follower| 1kHz

=

% 0.01 o

SR 10 100

Peak-to-peak output voltage Vg,V = = =

FIGURE 7-39 Harmonic distortion vs. voltage output for a simple class
A stage and a source follower.
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FIGURE 7-40 Frequency response of a simple class A stage.

Figure 7-39 is a plot of the harmonic distortion vs. output voltage for
a simple class A test circuit employing the 2N6657, a 25-W VMOS.
Distortion rises almost linearly with output voltage at low signal levels,
but then rises more sharply as the positive signal peaks extend into
the nonlinear gy region and the negative peaks saturate the device. The
voltage gain of the circuit is about 6.5, equal to gsRy (0.27 mho X 24
Q).

Using the 2N6657 as a source follower reduces the distortion by a
factor of 5.5, which is slightly less than the amount by which the voltage
gain is reduced. Figure 7-40 shows that the frequency response of a
simple class A stage is flat to almost 10 MHz. The simple audio amplifier
shown in Fig. 7-41 is equivalent to the audio output stage of many
inexpensive radio and television receivers and phonographs. Power out-
put is about 4 W from 100 Hz to 15 kHz. The design is greatly simplified
by the use of an output transformer, and overall distortion is kept rela-
tively low (2 percent at 3 W) by 10 dB of negative feedback. No thermal
stabilization components are needed, since the drain current has a nega-
tive temperature coefficient.

0+28 V
—o080,
40 Fo=aw

s 240 100 Hz -15kHz

}__.I;avnseilr
3
jieant
1k

210076 v

FIGURE 7-41 A simple audio power amplifier.
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FIGURE 7-42 A high-quality, 40-W VMOS amplifier.
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Figure 7-42 shows a high-fidelity 40-W audio amplifier suitable for
high-quality stereo or quadraphonic systems.>* This amplifier has low
open-loop distortion. The relatively small amount of negative feedback
(22 dB) and the good open-loop frequency response (400 kHz) minimize
transient intermodulation distortion. Closed-loop frequency response
(exclusive of the input filter) is flat to 4 MHz, and the slew rate is over
100 V/us. The performance of the amplifier, which is operated class
AB with an idling current of 300 mA, is shown in Fig. 7-43.

Since at the time of this design only n-channel VMOS devices were
available, a quasi-complementary design was necessary, and some means
was required to match the charactenstics of the common-source and
common-drain output stages. An effective method is to use a resistor
(R1s in Fig. 7-42) to provide drain-to-gate feedback and a modulated
current source in the common-source stage. Figure 7-44 details this
technique and compares it to the corresponding circuit for an actual

1656d 100p w1 thout RE Filter ]|
Open Ioop without RF iiter ~P DN
Closed loop with_TFT

RF filter

|
o v O

Relative
gain,dB
1

g2 ]
gé 0.2+
FIGURE 7-43 Gain and distortion 25 o[ A
vs. frequency of the VMOS am- EE = S 1\IN-,-
. o © T~ et
plifier. °

T
10 100 1K 10K 100K
Frequency f, Hz

+V
v o
+ E-j
>RL =
OVo |
3R SVF
—
[t |
Vi Vi Vo
Re Re RL
o -
-Vy -V, -V -

FIGURE 7-44 A quasi-source follower and a real source
follower.



278 DESIGNING WITH FIELD EFFECT TRANSISTORS

10 fe operating area ]
SORT; = 200°C

< N
E N3
+ T;=1560°C
5o Siialh
5
p FIGURE 745 Current output
‘s vs. drain-to-source voltage of
e three 2N6658s in parallel, when

[oR] L Ves =9 V.

1 10 100

Drain-source voitage Vps,V

source follower. An analysis of the circuits reveals that both have the
same values of gain and output impedance, which ensures a good match
between the positive and negative waveforms during class AB operation.
Exact matching is ensured by Ri4 and Gs (Fig. 7-42). Functional output
protection is provided by zener diodes, which limit the output current
and device dissipation by limiting Vgs. Clamping Vgs at a maximum of
9 V limits the drain current to slightly less than 2 A at 25°C, less when
the devices are-hot. The resulting current limit vs. the drain-to-source
voltage (Fig. 7-45) shows that short-circuit protection is possible when
a 200°C maximum junction temperature is allowed for a brief interval
(the time constant of the output fuse). The paralleled 2N6658s may
be replaced with a single VN64GA, which was not available at the time
of the initial circuit design.

7-10 RF POWER

VMOS has many advantages in RF power amplifiers and preamplifiers,
including high gain, a high two-tone intermodulation intercept point,
low noise, and the ability to withstand any VSWR. For further details,
refer to Chapter 4, ““High-Frequency Circuits.”

7-11 SUMMARY

Power FET: typically rely on a short channel length and vertical current
flow to increase current density and power capability. Their outstanding
features, compared to bipolar transistors, include negligible dc drive
current, extremely fast switching times, no minority-carrier storage time,
a complete lack of secondary breakdown and current hogging, and low
distortion. They are being designed into numerous power applications,
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including both general-purpose and high-speed switchers, high-quality
audio amplifiers, and switching regulators.
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FETS IN INTEGRATED
CIRCUITS

8-1 Introduction
8-2 MOSFET Processes
8-3 Bipolar-FET Combinations

8-1 INTRODUCTION

Field-effect transistors are now a basic component in many integrated
circuits, both analog and digital. While any type of FET—n- or p-channel,
MOS or junction—can be fabricated on the same substrate with either
devices of the same type or nearly any other kind of FET or bipolar
device, some combinations are naturally more popular and useful than
others. In this chapter we shall describe some of the more popular FET
and FET-bipolar integrated-circuit basic processes, although many varia-
tions on each process have been developed to suit particular applications
and manufacturing capabilities.

8-2 MOSFET PROCESSES

Figure 8-1 is an all-PMOS process, the earliest and simplest MOS
process.>4 Only five masking steps are needed (p* diffusion, gate oxide,
contact, metal, and oxide), so the cost is low and the yield high. Further-
more, the packing density (number of MOSFETSs per unit area) is much
higher than that of a bipolar process because no isolation diffusions
are needed between devices. A high packing density reduces the cost
of a function. The PMOS process is used primarily for medium- to high-
complexity digital circuits, but has recently lost favor to NMOS.
NMOS, shown in Fig. 8-2, not only offers the same advantages of
simplicity, low cost, and high packing density as PMOS, but it has a

281
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FIGURE 8-1 The PMOS process.

better speed-power product because negative charge carriers (electrons)
have a higher mobility in silicon than do positive charge carriers (holes).
This process was developed later than PMOS because it is much more
sensitive to ionic contamination in the gate oxide, and only recently
have processes been clean enough to ensure a high yield. However,
NMOS has undergone extensive technical development and is a low-
cost and widely used process for digital integrated circuits such as micro-
processors and memory.

CMOS (complementary MOS), Fig. 8-3, is a combination of both
n-and p-type MOSFET's. CMOS digital circuits dissipate very little power
in the quiescent state because either the p or the n MOSFETs—but
never both—are oN within a logic element, so there is no current flow
except for a minimal leakage. At high switching frequencies (above sev-

Go—-':'?_ Go-—li‘l—?_

S (Substrate) '
Source Gate Drain BB Source Gate Drain
7] Oxide
Unt J Ut J _nt J U+ J
p substrate

FIGURE 8-2 The NMOS process.
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FIGURE 8-3 The CMOS process.

eral hundred kilohertz), however, the power dissipation becomes compa-
rable to NMOS because circuit capacitances must be charged and dis-
charged—which requires additional current. CMOS also requires more
chip area for a given logic function because the n-channel MOSFET
must be diffused into an isolated p-type well; this requires at least two
more masking steps than PMOS or NMOS and is therefore more costly
and difficult to fabricate. For digital circuits, CMOS is used when the
complexity is low to medium; highly complex CMOS circuits are de-
signed only when extremely low-power operation at low frequencies is
needed—wristwatch circuits, for example.

CMOS is not confined purely to digital circuits, however—it is very
popular for analog switches, operational amplifiers, and systems requir-
ing both analog and digital circuitry. In an analog switch, the parallel
combination of p- and n-channel MOSFET's exhibits a nearly constant
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In O—T |_ ’_' "‘%
D
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Gnd O — —
TP UR U Uy LFF
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e S T
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Input protection Logic interface and switch drivers Analog switch

FIGURE 8-4 A CMOS analog switch.
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FIGURE 8-5 A monolithic CMOS chip containing both analog and digital circuitry.

resistance to any analog voltage between the positive and negative supply
voltages. In a CMOS operational amplifier, the output is capable of
excursions to within several millivolts of either supply rail, vs. several
hundred millivolts or more for a more conventional bipolar design; a
CMOS op amp also has several orders of magnitude lower input bias
current than does a bipolar op amp, and both greater linearity and
greater dynamic range than amplifiers made exclusively with either
PMOS or NMOS. Figure 8-4 shows a CMOS analog switch system which
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FIGURE 8-6 The bipolar-PMOS process.
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FIGURE 8-7 A bipolar-PMOS analog switch.

contains a digital interface and driver circuitry in addition to the analog
transmission gate.!

Figure 8-5 is a block diagram of the LD130, a CMOS three-digit
analog-to-digital converter. Notice that the buffers, integrator, and com-
parator are analog circuits (operational amplifiers), while the control
logic and circuitry to the right of the logic is all digital. The analog
switch functions utilize MOSFETs.!

8-3 BIPOLAR-FET COMBINATIONS

The bipolar-PMOS process (Fig. 8-6) is actually a forerunner of the
previous MOSFET process; it was commercially developed in 1968 for

C
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FIGURE 8-8 The BIFET (bipolar-JFET) process.
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fabricating monolithic analog switch driver-gate combinations.? The only
significant difference between this process and the standard planar bipo-
lar process is an extra masking step for the PMOS gate, so the cost
and complexity are only slightly greater. The bipolar-PMOS process is
used in a variety of analog circuits—analog switches (Fig. 8-7), A-to-D
converters which require MOSFET-input operational amplifiers and ana-
log signal switching, and smoke-detector ICs which require a MOSFET-
input comparator to interface with an ion-chamber smoke sensor.
Figure 8-8 is a versatile development—the BIFET (bipolar-JFET) proc-
ess. Like the bipolar-PMOS process, it is basically a planar bipolar
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I

—%\‘MM
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FIGURE 8-10 An n-channel JFET compatible with standard bipolar processing.
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FIGURE 8-11 An integrated circuit operational amplifier using a
JFET (Q ,3) to ensure proper startup.

process, but with extra ion-implant processing steps to fabricate the
channel of the p-channel JFET. This process is also used for a number
of analog applications, including FET-input operational amplifiers (Fig.
8-9) and JFET analog switch/driver combinations.

The standard planar bipolar process can, with no extra processing
steps, produce JFETs, but their parameters are difficult to control and
close matching is nearly impossible. The process is shown in Fig.
8-10. JFETs of this type are used primarily for noncritical biasing and
current sources in analog integrated circuits, especially since they are
always oN when power is first applied and, therefore, ensure the startup
of bipolar bias circuits (Fig. 8-11).
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Amplifiers:
audio, 61
VMOS, 274-278
Cascode, 16, 48, 77-83
common-drain, 63, 83-90
common-gate, 63
common-source, 8, 10, 26, 34, 55, 63, 145
differential, 83, 89-92, 96-99, 102
using current regulators, 251
high-frequency, 16, 138
broadband, 158, 160
Cascode, 156158
common-drain, 155
common-gate, 153 -155
common-source, 151 -153
design priorities, 140
distributed, 140
noise in, 22, 40, 152, 188-192
problems of amplification, 139
VMOS, 184-189, 278
operational, 97, 101, 103 -105
R-C coupled, 10, 64
voltage, 34, 63, 92
VMOS, 186, 274-278
Analog switches (see Switches, analog)
Automatic gain control (AGC), 16, 48, 138,
153
Avalanche breakdown (see Breakdown)

Bias:
constant current, 64, 7577
distortion, effects of, 116
operating point, 64 —-65
feedback, 84— 86
forward, 5-6, 8, 30, 54
reverse, 5-6, 54
Bootstrapping, 79

Breakdown:
avalanche, 7, 23, 29
junction, 18, 46

Capacitance:
abrupt junction, 11, 36
feedback, 16, 139, 141
feedthrough, 55
gate, 58
input, 58, 67, 139
interelectrode: drain-body, 21
drain-gate, 11, 21, 50, 139
drain-source, 11, 37, 50, 139
gate-channel, 18, 36, 47
junction, 67
output, 55
parasitic, high-frequency effects of, 139
switching transients, 219 -226
Carriers:
concentration of, 4
density of, 12
ionization of, 12
minority, 21, 32
mobility of, 4,9, 12-13, 22, 26, 56
velocity of, 9
Cascode circuits, 77 - 83, 145
equivalent circuit, 81 —82
(See also Amplifiers)
Channel:
conduction, 3-5, 13, 15, 18, 26, 56 -57,
198
(See also Conductance)
diffusion, 20, 40
length, 5,9-10, 18, 20-21, 68
resistance, 13
thickness, 9, 15, 18, 20, 30, 41, 69, 95
width, 18, 20, 68, 94-95

289
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Characteristics of FETs: Dissipation power, 62
dynamic, 33 (See also Temperature)
output, 27, 30, 45 -46, 68 Distortion:
physical, 18-23 in analog switches, 210-211
in small-signal high-frequency applica- analysis of, 112 -114
tions, 138 in high-frequency mixers, 163 - 164,
static, 26 -32 176 -177
transfer, 27, 45, 138 rules for low, 121 -122
Charge transfer, 220-225 sources of, 114-120
deglitches, 230 -231 in VCRs (voltage-controlled resistors), 31,
glitches, 224, 230-231 237-245
CMOS (complementary MOS), 222, 282 — DMOS (double-diffused MOS), 255, 258 —
284 259
switch, 205, 219 Drift, compensation for, 94-98
(See also MOS) Duals (see Amplifiers, differential)

CMRR (see common-mode rejection ratio)
Common-mode errors, 98 —-102

Common-mode rejection ratio, 100, 105, Epitaxial growth, 18, 20, 40, 69
251 Equivalent circuits:
Common-mode voltage, 83, 92 -93 amplifier:
Conductance, 13, 30 Cascode, 82
channel, 4-9, 52 differential, 91, 99
drain-source, 31 common-mode, 100
input, 141 high-frequency, 147
output, 8, 30, 141 voltage, 35, 64
Current: analog switch: CMOS control, 199
channel, 4 dc, 193-197
constant source of, 64, 75-77, 83, 87,91, DG181, 201
245-248 ON, 203
drain, 7, 10, 27 JFET, 52
saturation, 27, 41, 43 —44, 81 control, 199
gate, 5-6, 29, 32, 54, 57, 104, 128 - sample-and-hold, 220-221
129 charge transfer, 225
breakpoint, 77 -79, 104, 105 converter, D-A, 229
leakage, 6,12, 77, 111 FET: admittance, 147
hogging, 21, 52, 261 capacitances, 37
junction, 13 gate current, 79
regulators: applications of, 249 —-254 large signal, 162
FETs as, 249 low-frequency, 36
Cutoff voltage: noise, 39
gate, 5, 27-28 multiplexers: leakage, 217

two-channel, 224
Tee isolation, 203

Depletion, 7-8 VMOS (2N6659) ON/OFF, 208
layer, 4,7,11, 57
region, 8, 21
thickness, 5, 12 Feedback, 16, 83 -84, 86, 97, 139, 141
wadth, 4, 7, 37, 57 Feedthrough in analog switches, 199
Derating factors, 58 capacitance, 55
Diffusion, 18 FET symbols, 17
channel, 20, 40 Figure of merit, 55, 140

gate, 40 (See also Gain, bandwidth)
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Gain:
bandwidth, 22, 157 -158, 160
conversion (mixer), 165-166
midfrequency, 74
power, 139, 141 -142, 151
voltage, 35, 81
Gallium arsenide, 22 -23, 138
Geometries:
distortion, effects of, 119
mu, 141
NC, 44, 68-70, 72
NFA, 72
NH, 72, 74
NP, 72
NRL, 72
NS, 68-69, 72
NT, 44
NVA, 72
NZA, 44,72
NZF, 72
selector guide, 70
Glitch, 224, 230-231
Glossary of terms and abbreviations, 59

High-frequency admittance parameters,
147-149
High-frequency amplifiers (see Amplifiers)
High-frequency circuits, 137 -192
High-frequency mixers (se¢ Mixers)
High-frequency oscillators, 181 - 185
High-frequency power FETs (see
Amplifiers)
High-frequency power gain, 145 -146
High-frequency VMOS, 184188,
278

Impedance:
input, 6-7, 63, 143
output, 143
Insulated-gate (see MOS)
Integrated circuits:
bipolar-FET, 285-287
CMOS, 282 -284
MOS, 281 -285
Ion implant, 40, 69
Ionization:
of carriers, 12
impact, 78-79
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JEDEC and house-numbered transistors:

CRO39, 91, 93, 249

CRO43, 107-108, 249

J111-113, 38,45

M114, 54

M116, 45

U310, 37, 140, 149-150, 154, 159, 167,
171,183

U311, 157

U401, 91,93,107-108, 111

U421, 111

U431, 171

2N3631, 45

2N3822, 129

2N3823, 137, 140, 168

2N 3970, 28-29, 32

2N3971, 200

2N4092, 38

2N4339, 120

2N4392, 38

2N4393, 72

2N4416, 7274, 137, 140, 168

2N4857, 38

2N4867, 42, 119-120, 125

2N4868, 28, 32, 42, 245246

2N 4869, 42

2N5397, 129, 140

2N5432, 235

2N5564, 38

2N5638, 38

2N6656, 51

2N6657, 262, 269 -270, 274 -275

2N6659, 207 -210, 212

3N140, 137

3N201, 157

VCR2N, 235

VCR4N, 235

VCRT7N, 235

VCR3P, 235

VCR5P, 235

VNG66AF, 260, 262

VNG66AK, 212

DG181, 201 -203, 221 -224

DG181AP, 195, 202

DG181BA, 200, 202

DG172, 222

JFET (junction field-effect transistor),

4-13,52,258

Junction:

abrupt, 26, 36
breakdown, 18, 46
potential, 4
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Metal-oxide semiconductor (see MOS)
Miller effect, 48, 79, 139, 156
Mixers:
balanced, 168-181
comparison of semiconductors, 169
comparison of types, 169
design criterion, 162 -163
double-balanced, 173 -181
high-frequency, 161 -181
interport isolation, 179
single-balanced, 168 —181
Mobility of carrier:
temperature coefficient, 12-13
(See also Carriers)
Models (see Equivalent circuits)
Modulation:
cross-, 153, 163, 176 -177
inter-, 163, 176 -177
MOS (metal-oxide semiconductor) or
MOSFET, 8, 13-15, 18, 45-49, 54,
255-279
body, 15, 16, 18
DMOS, 255, 258 -259

dual-gate, 16, 48 -49, 82, 137138, 145,

157
short-channel, 20, 49, 255-279
switch, 204 —205

Neutralization in high-frequency circuits,

144, 152-153
Noise:
amplifiers: bandwidth, 191
matching, 190
burst, 126 -127
characteristics, 38 -40, 122-135
current, 126, 128, 130-132, 161
equivalent, 38 -40
figure, 123 -124, 141
mixer, 166
temperature, correlation with, 188 —
190
high-frequency, 22, 40, 152, 190-191
impedance match, 152153
Johnson, 188-189
local oscillator rejection, 178
low JFET, 68, 105
in operational amplifiers, 105
oscillators, 182
popcorn, 106, 126 —127
shot, 126
test methods, 130-133

INDEX

Noise (Cont.):
voltage, 123 -125, 130-132
white, 131 -132

Operational amplifiers (op amps) (see
Amplifiers)

Oscillators, 181 -185

Oxide, 3, 13, 18, 20, 256

Pairs, differential, 103 -105
Parameters, high-frequencyZ, Y, H, S,
146-151
Phase compensation, 103
Pinchoff, 5, 7-8, 10, 18, 28
pn 3-7,11,14,29,55
Power FETs:
DMOS, 255, 258 -259
types of, 255
V-JFETs, 255, 258
VMOS, 255-279
Power law, 27

Quality factor, 140 -141

Resistance:
gate-channel, 13
input, 36, 77
ON, 15, 52, 55
Resistors, voltage-controlled (VCRs):
applications, 241
characteristics of FET's, 233 -235
comparison to resistors, 234
distortion in, 31, 236 -245
how to use JFETs, 236
linearization: analysis, 242 —245
gain control, 239 —242

Sample-and-hold circuit, 220 -223
Saturation:
drain current, 8—11, 27, 40
velocity, 9, 260
Slope (AIp/AV ps), 7-8, 30, 33
Source follower, 83 -90
Space charge, 32, 67
Stability:
compensation, 103
high-frequency: Linvill, 143
Stern, 143
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Switches, analog, 29, 32, 52, 193 -231
A-D and D-A, 226 -231
CMOS, 205-207

leakage, 219

comparison of types, 206
current-mode, 193
distortion in, 210-211
feedthrough in, 199
high-frequency, 199-200
isolation, 200, 209, 213
JFETs as, 197-199
leakage characteristics, 215-219
MOSFET, 204 -205
multiplexing, 193, 216
selective summing, 194
voltage-mode, 193
VMOS, 207,261-271

Temperature, effectsof, 12 -13, 56 - 58, 64,
94-96, 129, 271 -273

Temperature coefficient, 12-13, 71, 129

Temperature ratings, 62

Threshold voltage, 15-16

Transconductance, 9-10, 27, 46, 142
high-frequency mixers, 163 -167
small-signal, 27

Transfer characteristics, 12, 27, 45, 86
effects on distortion, 114

Transients, switching, 219-226
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Unilateralization, 144

VCRs (voltage-controlled resistors), 31,
233 -245
Velocity:
drift, 9, 23
saturation, 9, 260
V-JFET (vertical JFET), 255, 258
VMOS (vertical MOS), 186, 207 -214,
255-279
applications, 264 —269, 274 -
279
breakdown voltage, 49 -50
capacitances, 50-51
(See also Amplifiers)
Voltage:
common-mode, 92 -93
effects on distortion, 117
gain, 35
gate: body to, 15
channelto, 11, 13
cutoff, 5, 27 -28
sourceto, 7,11, 15
noise, 123-125, 130-132
offset, 55 -56
standing wave ratio (VSWR), 138
threshhold, 15-16

Zener, 14






