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I. AN INTRODUCTIGN TO FIELD-EFFECT TRANSISTORS

Therve are two categories of transistors, namely, bipolar
(conventinonal) transistors and unipolar transistors, Almost
everybody in electronics is aware of the bipolar transistors,
but a2z aware of unipolar transistors, Therefore, it is per-
haps instructive to discuss some aspects of the unipolar
transistors,

The field-effect transistor (abbreviated to FET) is a tyne
of unipolar device, It has a long history, much longer than
that of the conventional bipolaf transistor., In the early
1930's there were already some treatises (by Sommerfeld, Bethe,
Frohlich and Wilsen) and patents (by Heill), In 1952, the uni-
polar FET with juncfion gate was proposed by Schockleyx. The
development of FETs has been considerably slower than that of
bipolar transistors, First, publications on bipolar transiztors
have overshadowed the field-effect deviece and absorbed most of
the technological effect; second, the range of possible appli-
cations is more limited than that of bivnolar transistors; lastly,
the technological difficulties concerned with guantitative nanu-
facture have been encountered,

Recently there has been considerable effect expended in
the development of this device so that there are now a number

of commercially available types, This has occured for several

1, 0, Hell, Brit, Pat. 439, 457, (Sept. 26, 1939),

2. W. Shockley, Proc, IRE 40, 1365 (1952),



reasons, one reason for this development is a better understand-
ing of semiconductor physics and the related advence of semicorn-
ductor technology which now makes it possible to fabricate de-
vices with predictable performance, Another reason is the addi-
tion of now technological features such as evaporated construc-
tion and insulated gates which promise much improved performance
over the reverse~biased-junction gate construction, The third
reason_is the deficient performance of the bipolar transistors
in some applications requiring high impedance or lateral symme-

try.



IT. THE PRINCIPLE AND CHARACTERISTICS OF FIELD-EFFECT TRANSISTORS

The field-effect transistor is far simpler to visualize
than an ordinary transistor, Basically, it is a variable resis-
tor whose value is controlled by an input potential., The opera-
tion of FETs may even he visualized in terms of rheostats with
control knohs that are turned to vary their resistance, The in-
rut registance may thus be much greater than a vacuum tube,

There is in fact a considerable similarity between parameters of
the FET and of the pentode vacuum tube, and rany familiar old
circults are coming back in a new guise, This has broughs soms
clrcult designers and manufacfurers an ever-increasing interest
in the study of FETs,

There are two basic forms of FETs, the Jﬁﬁction Field-
Effect Transistor (JFET) and the Insulated Gate Field-Effect
Transistor (IGFET), Both types achieve much the same result but
by different means, They make use of a semiconductor resistor of
constant length, which is subjected to a transverse modulation of
the materisl resistivity, This modulation is so pronounced that
the resistor may be regarded as varying in physical width, Such
a result 1s made possible by using a fundamental property of a
p-n Jjunction in a semiconductor, This property is the increase of
charge stored on both sides of the actual junction when the junc-
tion is back biased, This charge is stored by forcing mobile
charge carriers away from the junction region, thus causing the
large numbers of ilonised impurity atoms to.be no longer neutra-

lised, The mobile carriers are, of cause, the means of conduc-



tion of charge through the semiconductor material; hence, if the
resistor is bounded by a p-n junction, the effective boundary
moves as the potential across the junction changes,

The mechanism of conduction for charge carriers along the
resistor is drift under the influence of an electric field, the
mechanism that gives rise to Ohm's law, The complicated diffu-
sion mechanisms that are encountered in bipolar transistors do
not play a significant part in the operation of field-effect |
transistors, Only one type of charge carrier need be considered;
this will be the electron if the resistor is n-type. {(majority
carrier). This is why the FET may be described as a unipolar
device, The device symbols of both JFET and IGFET for n-channel

and p-channel are as shown in Figure 1,

1. Junction Field—effect Transistor

A Junction Field-effect Transistor is basicly constructed
as a semiconductor bar with p-n Junction for boundaries, Figure
2 shows the p-type silicon block with n-type impurities intro-
duced into opposite sides, forming two p-n junctions on the semi-
conductor bar, The two n-type regions are electrically connected,
and a reverse voltage VGS is applied to the two junctions, Be-

tween the drain and source terminals a potential difference VD%

e applied, 1If the impurity concentration in then-type regions
is purposely made very high compared to that in the bar, then

the depletion layer (the region on either side of the junction

from which mobile carriers have disappeared, termed by some space

charge layer.) due to the contact potential (the potential that
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Mgure 2, Basic construction of a p~channel JFET,

completely prevants movement of holes and electrons across the
Junctlon.) and external bias VGS w1ll extend into the region of
the bar between the junctions. Now, since there are virtually
no free carriers in the depletion layer (except those generated
by heat), the conductance between the source and drain terminal
is almost entirely determined by the region between the p-n Jjunc-
tions not depleted of free carriers by the reverse junction volt-
age, Thus it is easy to see how the applied voltage VGS controls
the.conductance of our semiconductor bar,

In Figure 2, the shaded regions between junctions are the
depletion layers; the parts of the bar between the ends of the
channel and ohmic contacts can be considered as lumped bulk re-
slistors, The effective thickness available for conduction at a
point y along the channel is as shown in Figure 3, where Xp and
Xn are the widths of the depletion regionsiin the p~type and

n-type related to the impurity densities in both p-type and



n-type semiconductorsB. It is obviously;
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Figure 3, The effective channel thickness in

the p~type channel,

The depletion region width will increase as the gate
reverse bilas is increased, When the reverse bias increases
te a certain value Vp, all the free charge will be removed
from the channel, 1, e, the effective channel thickness will

be reduced to zero, The value Vp is called the pinch-off

3. M, 8. Ghausi, "principles and Design of Linear Active
Clrcuit."” Sec, 7=3



voltage, Thus we have:

= = = = T/
eff i 2Xp 0 or Xp T/ 2 (2)

Under this condition, the resistance between source and drain

T

is practically infinite, and the conductance of the channel is
zero, Figure 4 shows the relationship between ch and the con-

ductance G of the channel with zero socurce-to-drain veoltage,

!

GS

= 0,

Figure 4, G versus VGS with VDS

New if the gate-source voltage is zero and the drain is
made negative with respect to the source, a current flow Ly
will flow in the channel because of the potential difference
between source and drain, As the voltage VDS is increased from
zero to small values, the drain current Id rises linearly with
VDS’ so that the channel between the drain and the source

behaves as a linear resistor. However, as current I increases,

d
the drain voltage drop reverse biases the p-n junction near the
drain end of the channel, and the depletion regions are extended

Inte the channel, decreasing the effective channel thickness



and lowering the channel conductance, As the drain-source
voltage VDS 18 increased to the pinch-off voltage, the effec-
tive channel thickness is reduced to zero at a point near the
drain end of the channel, 7Tt is interesting to note that the
drain current does not stop at pinch-off and beyondu. since a
voltage approximately equal to Vp still exists between the
rinch~off point and the source, In this case the channel is
pinched-off at the drain end and the drain current is no longer
affected by the drain voltage. Thus, the drain current can

only be controlled by the gate-source voltage VG In the

X
other words, as the drain voltage is increased beyond Vp, the
depletion region thickness is increased between the gate and
drain, but is practically unchanged between the pinch-off point
and source, unless a reverse bilas VGS is applied. A complete
operation with various values of VGS and VDS is shown in Figure
5, Once the drain-source voltage reaches pinch-off (Vbs = Vp},
the drain current Id saturates and stays relatively constant
until drain to gate avalanche is reached, An expression for

the drain current in the uniform channel as a function of gate-
source voltage when the JFET is operated in the pinch—off region
was originally derived by Shockley5;

Igq =T [1 - 3(Vgg/V,) + z(vGS/vp)B/E] ; (32

‘D38

4, Leonce J, Sevin, Jr, "Field-Effect Transistors" page 11-17,
5. Shockley, W. "AUnipolar Field—Effect Transistor", Proc, IRE,

Vol. 40, pp. 1365-1376, Nov, 1952,
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Figure 5, Depletion region in JFET with different VGS

#*
and Vpg. (d) shows the depletion region thickness is
only increased between the gate and the drain, (e)*
shows the depletion region is increased at both ends

after a reverse bias is applied,



where IDSS is defined as the drain current that flows when the.
external gate and source terminal are shorted together, Equa-
tion (3) is only valid for alloy FETS; another expression of
drain current for diffused type channels was derived by G, C,
Dacey and I, M, Ross6, and has the form:

Ig = Ipggl 1 = Vgg/Vy )2 / (&)

When Equations (3) and (4) are plotted on the same graph
as shown in Figure 6, that there is a surprisingly narrow range

of possible transfer characteristics as indicated by the shaded
Ta/Tpes

*

region,

1,0

ﬂ},a(v¢s/v§ - 1)?

L= 3Vgs/Vp + 2(Vgg/V,) 32

- VGS/Vp

Q 1,0

Figure 6, Limits on Iy versus V,g transfer curve

with normalized scale,

When an FET is made by some diffusion process (as a matter

of fact, most p-n junction FETs are constructed in this manner

6, Dacey, G, C. and Ross, I. M, "The Field-effect Transistor"
Bell System Tech, , Vol, 34, pp. 1149-1189, Nov, 1955,
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nowadays), the free carrier profile must fall somewhere betwesrn
the unifoerm proflle and the diffuse profile, and hence approsach
the square law even more close1y7.

More characteristics can be seen from Figure 7, the drain
current Id versus source-drain voltage VDS with different gate-
source voltages VGS' Since both the JFET and MOSFET have much the
same drain characteristics, more details will be given in a
following section on the MOSFET,

The channel on resistance, r is the value of the

D(on)"*

drain-to-source resistance when VGS =0, 1. e., the slope of the

zero bias output curve at the origin, and is defined as equal
to 1/gmax’ which 1is also shown in Figure 7, where Bnax LS the
conductance of a parallelepiped section of the channel bounded

by the depletion layers at the source end,

saturation
—Id 4Pjncl_'l—o"f‘f ) region BEreak-douwn
region A 1/rD(on) v . region
‘ Vo=
GS
Ifigg oo s o
‘
/
' =
/ VGS vl
Vgs™ Vo
Yeg= 3 J

—VDS::VP— Vg locus

Figure 7, P-channel drain characteristics,

7. Sevin, Leonce J, "Field-Effect Transistors" page 17-25
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Figure 8 shows the input gate characteristics of the JFET,
where BVgpgg refers to the breakdown gate~source voltage with
drain tied to the source, In the normal operating mode, the
gate is reverse biased to a voltage between zero and VP. The
input gate current is just the leakage current across a reverse
biased p-n junction and is very small; the input impedance is
therefore, extremely high, At room tempefature the input impe-
dance of a JFET is of the order of hundreds of megohms,

3

J

v

Figure 8, Input characteristics,

The breakdown mechanism in a FET is avalanche breakdown
of the gate-to-channel diode, and the reverse voltage on this
diode varies along the gate length, being highest at the drain
end of the channel, This is why the actual breakdown occurs
between the gate and drain terminals, Since the reverse bias
between the gate and the source must be increased to reduce
drain current, it follows that, for a fixed drain-source voltage,

the apparent drain breakdown voltage must decrease monotonically

with current,



2, Insulated Gate Field-effect Transistor

The Insulated Gate Field-effect Transistor operates with a
different mechanism than the Junction Field-effect Transistor,
The latter device uses two junctions as boundaries of the resis-
tor, but the former one uses only one junction, Actually, the
Junction of the IGFET is formed by the potential difference
applied to the gate, The basic structure of an IGFET is_illus-
trated in Figure 9, It can be seen that two separate heavily
doped n-type regions are produced in a thin lightly doped p-
type silicon block by the planar process, A thinrlayer of in-
sulating oxide (S£1i0p) i5 formed over the gap reglion and three
electrodes denoted as source, gate and drain are then positioned
on top of the structure, Because of the three layers of netal,

oxide and semiconductor, the IGFET is also known as the MOS

transistor, Metgl contact

G D

‘.'; T
JXICEe lavep :
P =
/,/

\\\\/

P-type silicon substrate

Figure 9, The n-channel M0S transistor structure,

The silicon dioxide gate insulation is made extremely thin
( usually 200 A or less ). in order to provide extremely high

electric field strengths across the oxide layer when a gate
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voltage is applied, Now, if a positive voltage is applied at
the gate electrode, an electric ficld will be directed perpen-
dicularly through the oxide, Because the resistivity of the
insulator is much greater than that of the semiconductor, it is
reasonable to assume that the resulting electric field exists
only in the oxide, This electric field in turn forms an n-type
inversion at the surface of the silicon substrate, just below
the oxide, The region is called the inversion layer since the
surface channel, where electrons are the majority carriers,
oceurs within a p-type semiconductor, At the same time, because
of the existance of the field, a surface charge must also be
present there, Thus when a positive gate voltage is applied, a
sheet of frée electrons is created at the surface, enhancing
the original inversion layer; beneath this other electrons rise
and combine with the acceptor atoms in the p-type material to
form a depletion layer, The charge distribution in the channel
when s positive gate voltage is applied is shown in Figure 10,
Similarly, & negative voltage will tend to deplete any initial
surface inversion layer,

As a result, the gate potential controls the size of the
n-surface channel, and thus determines the density of the con-
duction-~band electrons in the gap between drain and source,

The drain-to-source conductance will increase as the positive
gate voltage increases, For sufficiently small drain-source
voltage, this device plays the part of an electrically controll-

ed variable resistor,
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Figure 10, Charge distribution near the silicon surface

In essence, there are two'possible modes of operation for
an IGFET, the enhancement mode and the depletion mode, Opera-
tion in the enhancement mode is synonymous with operation with
positive gate voltége (for an n-channel unit)j; the depletion
mode comes into play when the gate voltage is negative, The
depletion mode will only be possible when an 1nitlal Inversion
layer that can be depleted by the application of a negative
gate voltage exists at zero gate potential, One way to achieve
this requirement is to diffuse a moderately doped n-type layer
inteo the p-type silicon substrate as shown in Figure 11,

As a rule, enhancement devices have no initial inversion
layer present when the gate voltage is zero, The depletion
devices do have an inltial inversion layer present, Hence the
conductance between the drain and the source for the former
device is almost zero in the absence of the gate voltage, But

for the latter device, current can flow in the channel when
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the gate potential is zero, The depletion units have the adw.
vantage of operating with either positive or negative voltaze

applied to the gate, Metal contact

Pl I

OY10e Layor Y
r7

| \

. - .

A\

\

p~type silicon substrate

Figure 11, Depletion mode n-channel M0OS5 transistor,

~The drain current versus drainwsource voltage characterlis-
tics of all MOSFETs are shown in Figure 12, and can be divided
for discussion into three distinct regions,

As has already been seen, the conductance between the drain
and source region in a MOSFET is a function of the gate voltage,
In essence, the resistivity of the channel is varied with gate
voltage, For small drain-to-source voltages, below the pinch-
off voltage, the current path between drain and source will
consist of conducting material only, For higher drain-source
voltages, however, a depletion region will begin to form near
the drain, and the channel will start to pinch-off, as shown
in Figure 12, region 1,

At the pinch-off voltage, defined as that value of voltage
impressed across the oxide at any point that will just cause

the mobile charge concentration at that particular point in the



channel to go to zero, the inversion layer is no longer formed,
For drain-to-source voltages above pinch-coff, the current will
saturate, and the device will be operating in region 2. Opera-
tion in this region results in an increase in the depletion
regions together with a assoclated reduction in channel length
at the drain end, Under normal operating conditions, the drain
diode in a MOSFET is reverse-biased and the output resistance
is very high, hence the current still remains almost constant

for large changes in V If the drain-source voltage keeps

DI
increasing, the current will rise shzrply because of the occu-

rance of avalanche breakdown, as in the region 3,

Region 1 Region 2 Region 3

~ Prepinch- Satura-
Iz 4 orff ; tion fBreakdown
’
f

I

V = V

/]

Figure 1Za, ID versus VD for an enhancement

n-channel MOSFET (subtrate grounded).

18
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Figure 12b, I, versus V. of a depletion MOSFET,

D D

Figure 13 shows the MOSFET transfer characteristic curve
for both enhancement and depletion modes with drain-source volt-
age held constant. The threshold value of gate to scurce volt-
age, Vth’ is defined as the voltage across the gate oxide layer
just necessary to produce inversion in the channel, From the
device depletion curve, one notes this device can not only be
operated in the normal way (reverse characteristic region), but
also may have usable forward characteristics for quite large gate
voltages, Both modes exhibit behavior as a square-law device,

There are three important temperature effects in an FET,
The first effect is that the reverse-biased gate-channel junc-
tion exhibits a leakage current having the usual exponential
dependence on temperature, This effect is particularly impor-

tant at high temperatures for a JFEFP, The second effect is
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Figure 13, The MOSFET transfer characteristic curve,

involved with the drain current at fixed gate bias, and produces
a negative dependence of drain current on temperature, The last
effect is that mutual conductance shows a temperature dependence
similar to that of the drain current, A more detailed discus-

"

slon of temperature effects are given by Sevin’, and RichmanS.

8, P, Richman "Characteristics and Operation of MOS Field-

Effect Devices,"
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ITT, HIGH FREQUENCY ANALYSIS

1, Tuned Amplifiers

The field-effect transistor is a majority carrier device
and thus has the general capability of operating at high fre-
quencies. Many FETs retain a relatively large transconductance
up to near one GHZ, The FET also has some particular charac-
teristics that permit performance superior to either bipolar
transistor or tube; such as high input impedance, low cross
modulation, good r~-f selectivity and capability to withstand
interfering signals, These considerations are of considerable
significance in communication system design.

Parasitic interelectrode capacitances of the FET are similar
to those for a triode vacuum tube, It is usually necessary to
consider the input and output capacitances as a part of the tuned
circuits, Although these capacitances are still associated with
p-n junctions and thus are sensitive to bilas voltage, the magni-
tude of the problem is vaually less severe than with bipolar
transistors,

() Admittance parameters and the eguivalent circuit

Because of the néture of its high input and output impedance
characteristics, it is common practice to specify the FET by its
equivalent short-circuit admittance parameters, The admittance
specification of a two-port is illustrated in Figure 14, the
relationship between the input and the output is given by:

I, = Y11V1 + Y

1

12 = Y21V1 + Y

1A (5a)
(5b)

12

22Vo
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Figure 14, Two-port admittance representation

of a2 network

The input admittance, Y is the admittance of port 1 when port

11’
2 is short-circuited( Vo= 0 )., The reverse transfer admittance,
Yiz,jis*the transfer admittance from port 2 to port 1 when port

1 is short —circuited( Vi= 0 ), The forward transfer admittance,
Y544+ 1s the transfer admittance from port 1 to port 2 when port
2 is short-circuited( V,= 0 ); it is also termed the forward
transadmittance, The output admittance, Y22’ is the admittance
of port 2 when port 1 is short-circuited( Vi= 0 1%

The field-effect transistor, just like the other three
terminal active network, can be operated in an amplifier circuit
with any of its three terminals as the comméon terminal, Usually,
the source is most frequently used as the common electrode, a
connection analogous to the common cathode vacuum tube amplifier,

The set of common source admittances can be written as:

Input admittance

Reverse transfer admittance;

Yrs™ 8pgt jbrs (6b)
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Forward transfer admittance:
Yoo = 8pg *+ Jbpg (6c)

Qutpul sdmittance:

YC)S = gOS

+ ib,_q (64)
where g represents the conductive part, and b, the susceptive
part of the admittance,

Using the matrix notation of circuit analysis, the common

source admittance matrix can be written as,

Y‘s Yrs
¥ =1 = {(7)
s Y, Y
fs os ] ,

The high frequency equivalent circuit of an insulated gate

field-effect transistor is shown in Figure 15,

i ' s .
P \ d
O~ 1 O D
Cgs o @ 1 1= T ee
e o e
“m-C
o : -0 S

Figure 15, High frequency equivalent circuil of an IGFET

The elements C ng, and Cds are the interlead capaci-

gs’
tances between the elements designed by the subsecripts, Cc
and T, in series are a lumped approximation of the actual dis-
tributed network formed between the active channel resistance
and the metallized gate. Consequently, the high frequency per-

formance is a function of the time constant associated with CC

and Ty The generator Bme acts as a relatively constant
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current source in the pinch-off region, where g is the trans-
conductance and €as 1s the voltage acrcss C,. The resistance,
rgqg+ Shown in shunt with the Bne generator represents the
dynamic output resistance of the transistor,

By calculating the two-port admittances for this cireuit

we can express the frequency variation of the admitfance para-

meters by,

Yiox= = 2 + jW[C + C .+ 42] a
18 Vgs P+ (1/ch) gs® “gd’ 1 + (wreC,)
I g
e m
Epg= Voo T T # jwrgCs T ICeq (8b)
I
& _
Yo o= = - JwCgg (8c)
PE Vg & : .
Yos= id = rl + Jw( Cygt ng ) (84d)
ds ds .

The two-port common-source admittances for an typical
insulated gate fleld-effect transistor are shown in Plgures
16 " to 199. From these figures it is easy to see that the
input admittance remains largely susceptive up to several hun-
dreds MHZ, and that the reverse transfer admittance is domi-
nated by the feedback capacitance from drain to gate, The for-
ward tfansfer admittance is essentially constant and real up to
ahout 60MHZ, so that the low-frequency concept of a real tran-

sTer admittance is applicable up to this frequency, The real

9., D. M. Griswold, Unpublished work,
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Figure 17, Reverse Transfer admittance
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and imaginary components become equal in magnitude at about 200
MHZ, Because the output resistance of a FET with its pentode-like
characterlstic 1s high, the conductive and susceptive components
of the output impedance become equal near 10MHZ, The susceptive
components of Yos and Yrs vary linearly with frequency as eXxpected
from FKq., (8d) and Eq, (8e¢c). The susceptive components of Yis and
Yeg Vary somewhat differently as would be expected from the pre-
sence of the B terms in both Egq, (8a) and Eg., (8b),.

Generally, the characteristics of a field-effect transistor
at high frequencies are analilogous to those for similar vacuum-
tube configurations. The common-gate FET is analogous to a
grounded-grid vacuum tube with its high input admittance., The
common~drain FET has low input admittance and high output admitt-
ance as does the cathode follower, The common-source FET is
analogous to a common-cathede vacuum tube; the input admittance
is very low compared with the common-gate FET,

There are four popular types of FET tuned amplifiers named
unneutralized common-source, neutralized éommon—source, cascode
and common-gate, 3ince the unneutralized power gain is given

10,11

by
y B

6 = rs (9)

[sle]
LI.R Y Y - ReY
eY. ReY - 2 ,,e_fSY

and the stability factor, €, is evaluted as
Yoo stable if C <1
- (10)

¥ unstable if C>1
rs

€= 26,4

10. R. F. Shea, Transistor applications,(John Wiley & Sons,Tnc,)

11, W, Gartner, Transistors principles, design and applications.,
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For most unneutralized common-source FET tuned amplifilers, C is
greater than unity at higher frequencies where the FET has
usavlie gain., Circults in common-source connection in high fre-
quency applications, therefore, must be neutralized,
Neutralization has come to be known as unilateralization
among desligners of solid-state circuits. The concept is that
the solid-state device in a circult is made to function in one
direction only, A nonunilateral active network can be made uri-
lateral by connecting it in parallel with a passive two-port net-
work whose reverse transfer admittance ig the negative of the
reverse transfer admittance of the active two-port, When a
FET amplifier is neutralized, thg input and ocutput admittances
are Independent of the source and load admittances, The input
and output networks:can therefore be designed independently of
one another, It can be shown that the amplifier gain will be
g maximum if the source and load admittances are the conjugates
of the FET input and output admittances respectively, For a

neutralized circuit, the maximum neutralized power gain is then

given by,

2
- _Yrs - stl
max u(gis+ gfsi(gos+ gfs)

G (11)

Figure 20 shows a typical neutralized common-source high
frequency tuned amplifier. Neutralization components Ln and
Cnl' an provide an external feedback path that is made equal
in magnitude, but opposite in phase, to that contained within

the FET proper. Source impedance is 1K at the operating
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Figure 20, Common-source 200MHZ amplifier.l2

frequency and load impedance is about 5K,
(b) Cross-modulation

Cross-modulation is the transfer of modulation from an
undesired radio-frequency signal to a desired signal, This
results in an uwndesired station cor signal.being heard on the
deslred =ignal to which a radio recelver is tuned,

One of the most important z=dvantages of the FET in r-f
circultry 1s its low cross-modulation, Since cross-modulation
is proporticral to undesired signal voltage appearing between
gate to source, the cross-modulation performance of a common-
gate amplifier is superior teo that of a common-source ampli-

fier when each circuit is optimized for low-noise performance

12, J. B, Compton, Junction FET HF amplifiers, Wescon 1966

Convention Record, Session 22/3,
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at the operating frequency. This should be expected since opti-
mum input impedance in a common-source circult is very much
higher than in a common-gate circuit, especially in high fre-
guency raﬁgas. At 100MHZ, for example, the optimum input impe-
dance in common-gate circuit is only about 300 ohms, while that
of common=-source circult reaches about 1K,

In order to get better insight into this problem, let us
consider it mathematically., The FET transfer characteristic
ig= f(vy) can be developed in the neighborhood of the bias

point Ipp into a Taylor series:
ii= Ippt S +_l_5 v, ot -l—~S v, 3+ (12)
i1 RS A S et A S T TR L R

where i is the drain current, Vi the input voltage, 3¢, Sp, 83
represent the first, second and third derivatives d"ig/dvy? for
( n=1, 2, 3), |

Introducing the voltage vy= Vicos W1t+ Vocos wzt, the
wanted signal plus the interfering signal, into Eg. (12), and
neglecting IDP' which is a constant, and also via and the higher
terms,

ig= 84(Vqcos Wlt% Vpocos wzt) + 1/2 Sz(vlcos wot+ Vycos w2)2

+ 1/6 83(V1005 Wy t+ Vpeos W2t)3 (13)

Since in a tuned c¢ircuit resonant at the angular frequency

w1, only those terms containing cos wlt are important , and

using the formula:

coszA = -%4( 1+ cos 24 )
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" ‘
——— gt ( cos 3A+ 3cos A)

the fundamental component of the current can be wriltten:

= 2

S
2
141= ( 1+ 821 Vi T+ _E%I Vs )Slvlcos W t, (14)

Cross-modulation mostly occurs when a weak transmission 1is
being received, i,e. when V; is small compared with V,; Eq. (14)

may therefore be simplified to: ,

S3

R V2°). (15)

ig1= SqVjcos wyt( 1+

This formula confirms the fact that the amplification of the
wanted signal is dependent on tﬁe amplitude of the interference,
unless the second term ( 83 term. ) in the progression can be
neglected,

If the interfefing signal is modulated, V, in Eq. {15)
must be replaced by V2(1+ m,cos pt), where m, stands for the
modulation depth and p the modulation frequency of the inter-
fering., The result of this substitution is

o 2 2 853 2
141= 81Vqcos Wlt[1+"E§%V2 (1+m2_/2)+§§1—v2 m,COS pt] (16)

S+/28; V, m ,
e R oS pt] (16a)

= Slvlcos w‘tﬁﬁi+83/ﬂsl V2¢(1+m24/2)

1

It 1s apparent that the wanted signal of frequency Wy is mo=-

dulated by the interference to a depth of e thus,

.2
5,/25) "2 M2

= . (17)
™ 1+ 54/45 V,© (14mp©)2)

For a small enough value of V,, my reduces to:
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rbonr. B
ny 2 — 2V, Pm, = Km, (18)
281

In this equation, the interference which is transfered to the
wanted signal is expressed as a fraction K of the meodulation

m, of the unwanted traensmission, X is termed the cross-

2
modulation factor and i1s dependent on the amplitude V2 of the

interfering signal, If equation (18) is rewritten as

2

(19)
it is apparent that the cross modulation factor is independent
of the wanted signal, and directly proportional to the square

of the interfering signal,

In order to compare devices for cross-modulation, it is
desirable to compare the devices in comparable systems, An
approach to a system comparison can be made considering signal
power., Thus,

interfering signal power = ViSE/R, (20)
where Vis is the input voltage (of the device) that causes 1%
cross~modulation; and where R = R831/HS+Hi » R, 1s the source
resistance and Ri is the input resistance of the device,

As the input resistance for all these devices increases with
inecreased gain control, at some gain-control point R approaches
BS. The 1% cross-modulation versus gain control is shown

in Figure 21, a comparison of cross-modulation performance

‘of an IGFET, a bipolar transistor snd a vacuum tube at 216MHZ.

The better performance of the IGFET is evident.
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Gain = memem- ~-=-~RCA silicon planar VHF amplifier
Reduction Foward AGC 16db
diy RCA 6cwlt Nuvistor
5OF Reverse AGC 15db
koL RCA TA2524 VHF FET
Reverse AGC 14db
J0L
20L
104
O !

o
1000 (uywatts)
interfering power

Figure 21, Comparison of cross-modulation performance
of an IGFET, a bipolar transistor and a

13

vacuum tube,

(Q) Automatic gain control

In field-effect transistors a facility for controlling
galin can be achlieved in two ways, One method uses an FET oper-
ated at drain voltage below pinch-off as a variable ochmic resi-
stance in an attenuator eircuit either in the foward or feed-
back path of the amplifier, The amount of gain variation
obtainable depends on signal magnitude, Substantial distortion
will result if large input signals are applied to an amplifier
biased near the cut-off gate voltage,

A simple AGC circuit 1s constructed as in Figure 22, With
the help of Figure 7, it can be seen that when the FET is

pinched-off, (VAGC greater than Vb) then the gain of the circuit
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depends only the series resistor HS and the loading at the

output., If the load can be neglected, Vo/vi = 1, When the

FET is operated below the pinch-off, VAGC less than Vp' the
voltage attenuation ratio is given by
r
ds
A, =V /Y, = - (21)
s ~ Tas
In © A\ ocut |,
3¢
S

i

Pigure 22, Simple AGC FET eireult,

since Ty 1s controlled by gate voltage, provided the gate

voltage is large compared with the drain voltage, Normally,

Now by rewriting Eg. (4) and by differentiating Id with

respect to VG

S!
2
Ty = Ipggl 1 - VGS/Vp ) (4)
dIg/dVgg = & = 2Tpgq/V Ves/Vp = 1 ) (22)
so that for the case VAGC = VGS‘
Tdas 1 1
A, = — B e = > . (23)
of T +g -
S ds m S {4 DSS_ ( AGC -1 ) HS
Vv
e Vp

13. J. Torkel, Wallmark & Harwick Johnson "FETs Physics, Tech-
noleogy and Applications"
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The miniwum posible value of Eq. (23) occurs when Vgs=-é. i.6,

let gete bias equal to contact potential (see page 4), Thus

(24)

(A,) . =
v min 2T

It is possible to obtain a large AGC range this way; for exam-

D3S
AGC range is the reciprocal of Eq. (24) or about 1250, this is

ple, if RS= 500K, and I = 2na, sz 2v, # = 0,5v, the maximum
greater than 60db, It is also evident from Figure 7 that the
signal should be kept fairly small because the nonlinearity of
drain-source resistance can introduce large amounts of distor-
tion, However, this cirecuit will be far more versatile than any
comparable cirecuit using biﬁolar ﬁransistors. The disadvantage
of this scheme 1s the cireult has no gain. it only attenuates,
Figure 23 shows a circuilt that uvuses a FET as a variable
emitter resistor in a bipolar transistor amplifier, The gain
of such zmplifier is very nearly
A, = - Hc/rds =~ g R, + (25)

If the FET is assumed to be a good sguare-law device,

2Ipgs

—{ ¥
7
\P
The voltage gain ig a linear function of the AGC voltage at

A= - -1 )R (26)

T

ace’Vp o !

least so long as the FET transfer curve is a parabola., The
advantage is, however, achieved at the cost of including a
transistor, although this can contribute gain,

The second method of obtaining AGC depends on the varia-

tion of gm, the mutual conductance, with Id and hence VG%'
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Figure 23, Amplifier stage with provision for AGC.
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Figure 24, Simple common-source amplifier with fixed bias,

This can be shown by the simple common-source FET amplifier shown
in Figure 24, where fixed-gate bias was used., As the value of VGG
(which will be very nearly equal to VGS unless leakage current is

high or BG 1s very large) is increased in magni tude, the drain cur-

rent will drop and gm,the mutual conductance of the FET will decreazse
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from its zero-gate-bias value of &mno in approximately the follo-
wing manner if Eq, (4) properly describes the transfer charac-
teristic:

m = gmo( 1 - Vgs/vp ). (2?)

Since the voltage gain is proportlional to the transconduc-

£

tance, the value of Av will vary from its zero-gate-bias value
Avo in roughly the following manner:

Ay = Byl 1 = Vog/Vo ), | (28)
Using equation (28), a normalized form of AV/AVO Versus
VGS/Vp is plotted as shown in Figure 25, The linearity of Av
as a function of VGS is perfect -only for the ideal case, since
the value of the drain voltage is alsc changing as the control
véltage is variedg The effect of.VDS on gm will enter into the

exact contrel relationship.

1.0 4

Ay/byo

0.8 }
0.6 +
ok +

0.2 -

t { ¢ ¥ 4 - V
0.2 0.4 0.6 0.8 1.0 S/,

Figure 25. Theoretical AGC characteristic,
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(d) Noise considerations

There are three basic noise sources in FET's: Thermal noise,
Gate-leakage-current noise, and 1/f noise,

Thermal noise is produced by the channel resistance and by
parasitic source and drain resistances, Because the gate Jjunc-
tion is reverse biased, the fluctuations (caused by the random
motion of charge carriers--it exists whenever there is current)
in the current flow through a reverse biased p-n junction can
be expressed as shot noise, The term 1/f noise refers to a type
of neise whose power density varies inversely with frequency,

The exact mechanisms that cause 1/f