IL 1976

and fre-
y tread.
between
nd their
presents
eshapes,
- desired
t contri-

eviewers
possible,
d papers

Y FREY
ditor

1 in New
sgree from
the M.S.
ngineering
keley.
with insta-
and ion
67 NATO
mental re-
Qutherford
. In 1965
y Alto, CA,
cuits. Dur-
oscillators
n addition,
wave oscil-
From 1967
nic Energy
of ion im-
and inter-
rofessor at
egrated cir-
fect transis-
| simplified
e for high-
irations for
w pursuing
owave FET
al of these
ition of the
. frequency

» Integrated

Abstract—The Schottky-barrier gate gallium arsenide field-effect

| tansistor (GaAs FET) is the first three-terminal, solid-state amplifying

device to have demonstrated low-noise performance at X-band and
tigher. For example, noise figures approaching 3 dB at 10 GHz have
been reported, while theory predicts still lower values.

After a brief review of the noise-generating mechanisms intrinsic to
tie GaAs FET, an enumeration is given of the various parasitic ele-
ments associated with the FET which affect the noise performance.
These elements include, among others, the gate metallization and
wurce contact resistances, drain-gate feedback capacitance, and source
lad inductance, Numerous graphs are presented to illustrate the ef-
ficts of these elements and the various design parameters on the noise
performance.

A comparison is made between the theoretically predicted and the
measured noise performance of microwave GaAs FET’s.

The best state-of-the-art noise performance as reported by various
liboratories is illustrated graphically for single-stage and multistage
FET amplifiers.

Finally, some speculation is attempted in regard to the possible re-
tuctions in noise figure to be expected from technological and design
inprovements of GaAs FET’s.

I. INTRODUCTION

HE GALLIUM arsenide Schottky-barrier field-effect

transistor (FET) is the first three-terminal solid-state de-

vice to exhibit linear power amplification at X-band
Iequencies and higher. Its unique signal-handling capabilities
ud low-noise properties have been demonstrated by many
workers. For example, noise figures approaching 3 dB at 10
(Hz have been reported, while theory predicts still lower
vlues.
| The GaAs FET is now being used in low-noise amplifiers
fom low C-band and up. As such it nicely supplements the
dlicon bipolar transistor which still dominates at frequencies
iielow C-band. However, with the noise reductions now being
uhieved with buffered-layer FET’s, this frequency range will
0t long remain the sole province of bipolars. Fig. 1 is a com-
pison of the state-of-the-art performance of low-noise,
urow-band amplifiers using silicon bipolar transistors and
1(aAs FET’s as of July 1975,
" Gallium arsenide field-effect transistors also show potential
8 low-noise microwave mixers and oscillators [1]~[3]. In
tis paper we shall restrict ourselves to their performance as
mall-signal amplifiers.

Manuscript received September 15, 1975. This work was based on an
il presentation given at the 5th Biennial Conference on Active Semi-
waductor Devices for Microwave and Integrated Optics held at Cornell
University, Ithaca, NY, August 19-21, 1975.

The authors are with the Research Division, Raytheon Company,
Waltham, MA 02154.
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Noise Performance of Gallium Arsenide Field-Effect
Transistors
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Fig. 1. Noise performance of cascaded (narrow-band) transistor ampli-
fier stages as of July 1975.

As an introduction only a brief review of the present theory
of noise of microwave GaAs FET’s will be given, since a com-
prehensive description of the development of this theory has
been given [4], [5]. Using this theory we shall assess the rela-
tive contributions to the noise performance by sources both
intrinsic and extrinsic to the FET. With this as a background,
we shall show how these contributions depend on the various
material and design parameters at one’s disposal. This will
allow us to estimate the improvements in noise performance
likely to be made in the future with advances in materials and
device technology.

Finally, we will compare the theoretical predictions and
measured results, and present a summary of the best noise
performance obtained with FET devices and multistage ampli-
flers as of the writing of this paper.

II. SyNoPsSIS OF THE NOISE THEORY OF THE GaAs FET

The basic principle of operation of the field-effect transistor
was first described by Shockley [6] who assumed a constant
mobility throughout the conducting channel region. Van der
Ziel, in a series of classic papers, used Shockley’s model to de-
rive the small-signal parameters [7] and intrinsic noise proper-
ties of the FET [8], [9]. Van der Ziel showed that the intrin-
sic noise is thermal in origin, and can be represented by two
white noise generators, one in the drain circuit, and one in the
gate circuit. The gate noise generator, which represents the
noise induced on the gate electrode by the passing thermal
fluctuations in the drain current, is partially correlated with
the drain noise generator.

The constant mobility model of Shockley and van der Ziel,
though applicable to long-gate devices, does not apply to mi-
crowave devices whose gate lengths are in the micron range.
For these devices, when biased in the current saturation
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(b)
Fig. 2. Perspective sketch and two

analysis.
(c) Two-region model of channel.

regime, the average value of the- longitudinal dc field in the
channel is in the range where the mobility is a decreasing func-
tion of field, and indeed, where the carrier velocity is ap-
proaching a constant (“saturated”) value. Consider, for ex-
ample, a typical case of a GaAs FET with a 1 um gate operating
with a drain voltage of 3 V. The average Jongitudinal channel
field is 30 kV/cm, approximately ten times the threshold value
at which the velocity begins to saturate. Thus, the effects of
velocity saturation must be included in any model of a GaAs
FET designed for microwave operation.

Velocity saturation within the channel not only modifies the
small-signal parameters, but the noise performance as well.
Many workers have introduced some aspects of velocity satura-
tion into their FET models, though none of these models in-
clude the diffusion noise introduced by electrons experiencing
velocity saturation. In the noise and small-signal model devel-
oped at the authors’ laboratory by Statz et al. and Pucel et
al. [4], [5] this high-field diffusion noise is taken into ac-
count. It is the dominant intrinsic noise of microwave GaAs
FET’s.

A brief description of this model will be given now with the
help of Fig. 2. Fig. 2(a) is a perspective sketch of a planar
FET consisting of a source electrode (), gate electrode G),
and drain electrode (D), all of width W. The gate length is
denoted by L. The conducting n-type epitaxial channel of
thickness a, situated on a semi-insulating substrate, is assumed
to be uniformly doped at density Ng em™? with a low-field
mobility mo. Typical values for these material parameters are
Ny~10" cm™, a~02- 0.4 um, and po ~ 3000-4500
cm? [V - s.

Following Turner and Wilson [10], Statz et al. idealized the
velocity-field characteristic by a piecewise linear approxima-
tion shown in Fig. 2(b). To obtain good agreement with ex-
perimental FET data, and reasonable agreement with experi-
mental and theoretical velocity-field data [11], [12], the
critical field E; denoting the onset of velocity saturation was
chosen to be 2.9 kV/cm, and the limiting velocity ug to be
1.3 X 107 cm/s at room temperature.

This piecewise linear approximation to the velocity-field

(a) FET model. (b) Assumed velocity“field characteristic.
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Fig. 3. Length of velocity-saturated zone relative to epi-layer thicknb
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epi-layer thickness. 1
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characteristic allows one to divide the conducting cha A ;
underneath the gate region into two zones as Grebene &
Ghandhi [13] have suggested. In this two-zone model, showf
in Fig. 2(c), a portion of the channel near the source en(‘i"l?
assumed to be in the constant mobility regime, while thepk
maining portion near the drain end is postulated to beag
velocity saturation. The position of the boundary betws
these two zones, representing the onset of velocity saturaing
is a strong function of the source-drain bias, but a weil
function of the gate-source bias. The length of the velod
saturated zone increases monotonically with source-drain bia
By a correct application of this model, it can be shownfi}
when the FET is biased in current saturation, that is, aboveth
knee of the drain-voltage-current characteristic, the length
the velocity-saturated zone Ly is of the order of two tofuf
times the epitaxial layer thickness a [5]. Fig. 3 showshoyt
length of the velocity-saturated zone, relative to the chusig
thickness, varies as a function of the geometric ratio L
various gate lengths. The drain voltage Vg is assumed bl

PUCEL eta

10~

100

60r

Drain current 14 (mA)

20F

28

(mmhos)

24

»
m

20

Terminal transconductance g

o}

Fig. 5. Con
gate-sourc
an X-band

equal to t
With cont
of the ore
prises mos
eter or les
in microw.

The pie
convenien
characteri:
regime. 1
saturation
time of th
ation tim
Frey [15]
tion, ther
saturation
dc and s
agreemen
I-V chara
small-sign
capacitarn
ditions fo
itself at t
that is, be




UITS, APRIL 14 Leral.: NOISE AND GALLIUM ARSENIDE FET’S

110, . . . r . . '
Unit 70632H Lp=0 Vge =0V
E 00k L=lpm
b . | Ng=6.5X10"%cm
| § ol Weom 5.4V v
-S| ]
: o Experiment i
§ 50— Theory _2V
E F 0 .
. 40, sy
b ® O C
o —
20 _av
" " 1
0 ] 2 3 a

Drain vollage Vgq(volts}
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F the gate length 1@l 10 the intrinsic (internal) pinch-off voltage Woo =3 V.

ih contemporary device designs using channel thicknesses
the order of 0.2-0.4 um, the velocity-saturated zone com-
jiizs most of the channel length for gate lengths one microm-
wor less, Thus, velocity saturation plays an important role
nicrowave GaAs FET’s.

The piecewise linear approximation, chosen for analytic
ivenience, is an extreme idealization of the actual u(E)
practeristic in that it eliminates any negative resistance
gme. In short-channel devices, the assumption of velocity
uration itself may be difficult to justify since the transit
e of the electrons in the channel is comparable to the relax-
fm time of electrons, as Ruch [14] and later Maloney and
ey [15] have pointed out. Despite these recognized limita-
n, there does appear to be an appreciable degree of velocity
firation since this assumption works extremely well for the
and small-signal characteristics. Fig. 4 demonstrates the
iement between the theoretical model and the measured
y characteristic. Fig. 5 demonstrates this agreement for the
llsignal terminal transconductance g% and source-gate
pcitance. The locus L, =0 in Fig, 4 denotes the bias con-
ions for which velocity saturation first begins to manifest
iif at the drain end of the gate. To the left of this line,
jtis, below the “knee” of the I-V characteristic, the channel
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Fig. 6. Noise equivalent circuit of FET showing intrinsic and extrinsic
noise sources.

is entirely in the constant mobility mode of operation. Thus,
in the current “saturation” regime, i.e., to the right of the
locus, the channel is always in velocity saturation over a por-
tion of its extent. The FET is normally operated in this
current-saturated mode.

We shall show later that using the two-zone model for the
noise analysis, the agreement between the predicted and
measured noise performance of GaAs FET’s is equally as good
as it is for the d¢ and small-signal properties, as demonstrated
by Figs. 4 and 5.

Statz et al. [4] assume that the noise in zone I is thermal, as
in the van der Ziel treatment, but enhanced by hot electron
effects as postulated by Baechtold [16], [17]. Zone II, how-
ever, cannot be treated as an ohmic conductor. Its noise con-
tribution (which is new in FET theory) is dominant in micro-
wave devices and must be represented as a high-field diffusion
noise as Shockley et al. [18] and van der Ziel [19] have
shown.! This diffusion noise is proportional to the high-field
diffusion. coefficient and is linearly dependent on drain cur-
rent [4], [5]. On the other hand, the thermal noise of region
I decreases with increasing drain current. Although the
high-field diffusion noise is high, a strong correlation (ap-
proaching unity) exists between the drain noise and the in-
duced gate noise. This correlation leads to a high degree of
cancellation in the noise output of the GaAs FET.

Fig. 6 is a noise equivalent circuit of the FET, valid for high
frequencies. The noise generator i, represents the induced
gate noise of the intrinsic device (shown in dotted lines). Its
mean-square value varies as the square of the frequency, i.e.,
w?. The intrinsic drain noise generator iy has a flat spectrum.
The coupling between these noise generators, represented by
the correlation coefficient C

T;.—
jo=—'8% _ (1)

1721172
V9izilizl

I Actually, as van der Ziel [19] has shown, the noise of the constant
mobility zone also can be represented as diffusion noise. Since the Ein-
stein relation Dg = kTug/q holds in this zone, the diffusion noise ex-
pression can be transformed into the more familiar thermal or Johnson
noise form. This transformation, of course, is invalid when velocity
saturation occurs,
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where (*) denotes the complex conjugate, and the overbar
(7)) represents a statistical average, approaches unity in magni-
tude for short-gate devices. (By comparison, in a constant
mobility model, |C|~ 0.3-0.4 [9].) In addition to the intrin-
sic noise sources, the parasitic source-gate resistance R and
gate metallization resistance R, introduce thermal noise.
This thermal noise is represented, respectively, by the genera-
tors labeled e, and e,,. The resistance R; represents the resis-
tive charging path for the gate capacitance in the intrinsic
FET. The noise associated with R; is imbedded in the gate
noise generator iz [7].

It is not necessary to include all of the equivalent circuit
parameters of the FET since some have a small effect on the
noise figure. For example, for simplicity we shall neglect the
(small) feedback drain-gate capacitance Cgqp as well as the
source-drain capacitance Cyg. The small perturbation of the
noise figure produced by these capacitances can be added later
if necessary. We may also neglect the small effect of the
output drain resistance Ry, and any source lead inductance.
We shall show later that inclusion of these parameters, for a
well designed device, alters the minimum noise figure by at
most a few tenths of a decibel. Thus, as a first approximation
Cag> Csa, and R3" will be assumed equal to zero. With these
approximations, the equivalent circuit used in the noise figure
derivation reduces to that shown in Fig. 7. This circuit also in-
cludes the signal source impedance Z, and its associated
thermal noise source e,.

III. Noise FiGURE

The configuration shown in Fig. 7 with the source terminal
common to input and output is often called the grounded-
source or common source connection. Although we shall pre-
sent the expression for the noise figure for this circuit, our
results should apply with negligible error to the common-
gate and common-drain configurations {207, [21].

The noise figure F can be expressed as the ratio of the sum
of the mean-square noise components in the short-circuited
drain-source path produced by all of the noise sources in Fig. 7
to the mean-square thermal noise current component pro-
duced by the signal source e, alone.

By a straightforward (but lengthy) circuit analysis the noise
figure can be written in the form

1
F=1+E_(rn+gnlzg+zc|2) (2)
&g

where R, is the real part of the source impedance (assumed to
be at the reference temperature Ty =290 K). The parameters
r, and g, are the so-called noise resistance and noise conduc-
tance, respectively, and Z,. the correlation impedance [22].

In terms of 7,,, g,, and Z, all the noise properties of the FET
with parasitic resistances are embodied in a very simple noisy
network shown in Fig. 8, which precedes the FET (now con-
sidered noise-free). Thus, 7, represents a thermal noise voltage
generator at the reference temperature; g,, 2 shunt thermal
noise current generator at the same temperature; and Z,, an
impedance at absolute zero (noiseless). The noise figure of
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FET, Fig. 7. +
The noise functions are given by the simple expressions [§] '
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where T, is the temperature of the FET. The parametng@ eventually d
& condition.

Kg, K,, and K are numerical noise coefficients which repe ]
sent the properties of the intrinsic noise generators ig, iy ind
their correlation (1). For an FET not at room temperatut,
these noise coefficients, as well as the small-signal parametes
gm» Ri, Csg, the parasitic resistances Rg and Ry, , and the
input impedance Y;! of the intrinsic device, Fig. 7, given by

Fnin increa
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The noise
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are assumed to be evaluated at the device temperature Ty.

IV. MinimuM NoISE FIGURE

The first stage of a low-noise amplifier chain is often -4
signed to have a minimum noise figure. The noise figure is op. 3
timized by the proper choice of the source impedance Z,*$8
Rg +jXg. This optimization can be achieved by a suitable los &
less matching network between the signal source and the input} ]
(gate-source) terminals of the FET. It is easy to show that the &
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iimum noise figure is achieved when the real and imaginary
ms of the source impedance are equal to

-
R;=Rgo =1/R2 +g—"— (5a)
V n

X, = Xgo = - X, (5b)

iere R, and X, are the real and imaginary parts of the corre-
iion impedance. The minimum value of F corresponding to
1is “noise match™ can be expressed as

Fmin =1+ 2gn (Rc +Rg0)~ (6)

Idecibels, Fry;n (dBY = 1010810 Fmin-
When the source is not optimized for best noise perfor-
mnce, the noise figure is given by

&
F=Fmin + R_r; {(Rg - Rgo)2 + (Xg - Xg())2}- (7)

Ve shall refer to this equation later when we discuss the ex-
pimental procedure for determining Fyip -

The expression for Fj, given by (6) can be written to a
ry good approximation by the simple three-term power
sries expansion in frequency

preceded by a §

riginal noisy |

essions [5]
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Fpin=1+ 2(g sg) \/Kg (K, +gm(Rs +Rgm)]

m

(o)
+2 {Kggm(Rgm + R+ K.R)) +- - (8
Em
vlid at room temperature. This simplified form delineates the
M uks played by the noise sources intrinsic to the device, em-
bdied in the noise coefficients Kz, K., and K, and the noise
surces corresponding to the parasitic resistances Ry and Rg,y, .
The frequency dependence of Fp;, is a consequence of the
« dependence of the induced gate noise. Note that Fp,;, de-
mases with increasing gain-bandwidth factor g, /Csg of the
MIET. The gain-bandwidth factor is a function of gate bias,
& entually decreasing as the gate bias approaches the pinch-off
§ wmdition. In terms of g,, and Gy, individually, note that
& i increases with gate capacitance but decreases approxi-
@ mtely in proportion to the inverse of the transconductance.
& The noise coefficients are frequency-independent numerical
W iciors which are gate-bias dependent, and to a lesser extent,
» : inin-bias dependent. A typical bias dependence of these co-
& cllicients is shown in Fig. 9. Note that K, is an order of mag-

| itude lower than K, and K. The bias dependence is ex-

g messed in terms of the drain current /; normalized to its value
& [, ot zero gate bias, All three noise coefficients depend in a
| umplicated manner on gate length, channel thickness, and
, other parameters [5]. Observe that Ky is a strong function of
e drain current, increasing at a rate faster than linear with /4

athigh currents.

Itis evident from (8) that Fp,;, can be lowered by minimiz-
ing the parasitic resistances Ry and Rg,,. As we shall see later,
itadso can be lowered by a proper choice of gate bias, or
eivalently, drain current since the noise coefficients as well

4 sthe small signal parameters (mainly g,,) are bias-dependent.
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Fig. 9. Drain current dependence of noise coefficients of a GaAs FET
for a specific set of design parameters and drain voltage.

5.0 T T

= Theory

© | Experiment
o J (Brehm,Cornell
conf. 1973)

4.0

g

; 3.0 ///-“

2 L

s 20r ..~ =—— Intrinsic device

E noise (Rym=Rs = 0)

S ~ -~ - —

.E —f;h:.“ —

N B i Gl ppp— .

=
No high - field
diffusion noise

0 1 1 | 1 1
0.2 04 0.6 0.8 1.0 1.2

Normalized drain current I/ Igg

Fig. 10. Theoretical and measured noise figure for a GaAs FET with a
2 um gate.

V. COMPARISON OF THEORY AND EXPERIMENT

The applications of the two-zone noise model to practical
GaAs FET’s will be exemplified now.

The solid line in Fig. 10 illustrates the validity of the noise
model applied to a device with a 2 um gate [23]. The nearly
linear current dependence of Fp,;, in the high current range
demonstrates clearly the contribution of the high-field diffu-
sion noise produced in the velocity-saturated zone. This fact
is emphasized further by the lowest dashed line which repre-
sents Fiyi, if this diffusion noise were set equal to zero. The
increase in Fpy;, at low currents is attributable to the decrease
in g,, and the increase in the noise contribution of zone I as
pinch-off is approached. The important role played by the
parasitic resistances is illustrated by the middle dashed line
representing the intrinsic noise obtained by setting Rg,, and
R equal to zero. Note that at the minimum the parasitic
resistances contribute nearly half of the noise. Fig. 11 illus-
trates the agreement obtained with the noise data reported
for a 1 um gate device [24]. Again the general features of the
bias dependence of Fy,;, are reproduced. If we allow for the
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Fig. 12. Inclusion of neglected elements in equivalent circuit for noise
figure analysis.

possible measurement uncertainty in the value of the noise
figure, which may amount to as much as £0.4-0.5 dB, the
difficulty in accounting for the circuit losses accurately, and
the errors introduced by use of the simplified equivalent cir-
cuit, the agreement between theory and experiment can be
considered satisfactory.

VI. EFFECTS OF NEGLECTED PARASITICS

We shall assess now the effects of including the equivalent
circuit elements neglected in the derivation of the noise
figure in Section III. Fig. 12 illustrates these parasitics (delin-
eated by dashed lines). They are, principally, the source-drain
capacitance Cyg, drain conductance ga =R3', source lead
inductance L, and the drain-gate feedback admittance Y
represented by a resistance Ry, in series with the drain-gate
capacitance Cgg. This resistance (which is assumed to generate
thermal noise) represents the resistive charging path for Cyg
between the drain and gate terminals as suggested by Vendelin
[25] and others. It is possible to include the effects of these
parasitics in an exact manner; however, the resultant expres-
sion for the noise figure is unwieldy. Fortunately, for the
small values of these neglected elements, typical of well-
designed FET’s, the perturbations to the minimum noise figure
are linear functions of the element values, and can be added
algebraically to the expression for Fiin, (6).

Furthermore, since these perturbations are small in com-
parison to Fp;,, as we shall show, the corrections to Frin, €X-
pressed in decibel form, are also linear. If we denote the
perturbation to Fpi, by AF, where the latter represents the
inclusion of one of the neglected elements, or any combina-
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tion of them, then the correction AF, expressed in decibels,is
given by

Foi + AF

AF (dB)=101og;o = p——— ) §
min 4

=4341n (1 +AF ) oy |

Fmin : 7_;

~434 2L o |

Fmin

where the last equation arises from the assumption |AF| K
Fomin. If this is not true (9a) must be used.

We shall now demonstrate the magnitude and sign of thest ¥
corrections 10 Fpyin for the 1 um gate device discussed earlier.
The corrections as evaluated here apply for the bias conditions §
corresponding to the lowest value of Fyyjn, namely 2.75 8. §
See Fig. 11.

Unfortunately, we do not have the values of the neglected
parasitic elements for the specific 1 um device discussed earlier.
However, since we are discussing small perturbations, we 1
may use the element values obtained by Vendelin [25] for §
a similar device [26] by a computer optimized fit to the
S-parameters. These are Cgg = 0.16 pF, Rg=gz' ~2009,
Cag ~ 0014 pF, Ry, ~ 660 Q, and L~ 26 pH.

Consider first the inclusion of the drain-gate feedback,
illustrated in Fig. 13(a) for a range of feedback admittances
Y,12. As one might expect, the resistive feedback increases the
noise figure. On the other hand, the capacitive component
decreases it, in accordance with the findings of others [27].
For the specific values of the feedback elements, Re ¥, = E
0.38 m%3, Im Y;, = 0.66 mU, the corresponding correctionsto |
the noise figure are AF = 0.45 dB and AF =-0.12 dB,oranet ¢
change of +0.33 dB. k

We turn next to the inclusion of the output admittance con- F
sisting of g4 and Cyq in shunt, shown in dotted lines in Fig. 12.
Since there is still some uncertainty amongst workers in the
field as to the fraction of the source-drain capacitance which
should be terminated at the upper end of R, as shown in Fig.
12, and the fraction that should tie to the lower end, we shall
only consider the perturbation caused by inclusion of the
drain output conductance. This is illustrated in Fig. 13(b).
As is evident, the correction is negative. For the stated output
resistance g4 = 5 mU, AF =-0.24 dB.

The effect of source lead inductance is of second-order
importance. For values of this inductance in the range be-
low 200 pH, the noise figure decreases slightly. This range |
exceeds by almost an order of magnitude the values of para-
sitic source lead inductance in a well designed device. For the
specific value of inductance of the device under consideration,
AF ~-0.01 dB.

Thus taken together, all of the neglected parasitics con-
sidered increase the noise figure by about 0.1 dB. Thisisa
negligible error. Therefore, for a well designed device, use of '
the simplified model for noise analysis shown in Fig. 7 is
justified. i

It must be cautioned that the corrections implied by Fig, |
13(a) and (b) apply only to the device considered in the text. i
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decibels, is o T " : I —
C=hpm
ot R ~
(9 ) 5 -03F N B
a ®  oat X 4
: -
0.2k - - =
(9b) . . . . , o T
<] o2 %:Y'? [mmhoso) 6 QB 10
1 Im Y,{mmbos)
of 0'2 014 016 018 10
(%¢) o} |
1 |AF | <K N
-0l . . . . Ot v 6 T F o
n of these Satmmhos)
sed earlier. @ (b)
conditions Fig. 13. Corrections to minimum noise figure attributable to neglected
275 dB equivalent circuit elements. (a) Corrections to Fy,, at 10 GHz at-
& . tributable to draingate feedback. (b) Corrections to Fyy, attribut-
able to drain resistance.
neglected
sed earlier. ithough corrections for other devices of similar design T T T T
tions, we ill be comparable, the quantitative values necessarily will be f =10 Gz
4 70_
[25] for ffferent.
fit to the | It should be mentioned in passing that since the noise figure L Wop =3V S
. ey . . Ng =8X10"cm
~ 200 Q, kreases with capacitive feedback, one might use this as a
weans for improving the noise performance of an FET ampli- @ 50 7
feedback, fir by external feedback [27]. We do not believe this to be a E L |
. . . . . b
Imittances sisfactory approach for several reasons. First, increasing
reases the jedback in this manner reduces the stability factor of the 3.0r »
omponent fT [28]. Second, the available gain decreases. Third, since | - ]
ers [27]. 15 the noise measure, rather than the noise figure that one
Re Y, = fould minimize, as we shall argue later, no improvement is 105 55 s s o) 35
ections to ghieved since noise measure does not change under capacitive o
ate length L(um)
B, or a net kedback, or for that matter, for any lossless feedback scheme, Fig. 14. Theoretical minimum noise figure as a function of gate length.
sHaus has shown [29].
fance con- ‘
n Fig. 12. VI. THEORETICAL DEPENDENCE OF NOISE FIGURE ON value of Fp;, at f=10 GHz, as a function of gate length, is
ers in the DEVICE GEOMETRY AND PARASITIC RESISTANCES illustrated in Fig. 14, Notice the rapid rate of decrease of
1ce which We shall use the results of the noise theory described earlier F;, as the gate length approaches 1 um. Gate length reduc-
wn in Fig. o show how the noise sources intrinsic and extrinsic to the tion is the single most productive means of improving the
1, we shall FET depend on the various material and geometrical param- noise performance of an FET-up to a point! Although
n of the wers at the disposal of the device designer. With this as a our theoretical curve extends down to L =0.5 um, we show
ig. 13(b). lwkground, we estimate the improvements likely to be made an additional, arbitrarily drawn dashed line, since we believe
ed output nthe future with advances in materials and device technology. the validity of our theory becomes questionable below L =
Secifically, we shall discuss the dependence of the noise per- 1 um, for the channel thickness (a2 ~ 0.225 um) correspond-
ond-order ‘formance on gate length, frequency, and extrinsic parasitic ing to the assumed value of Nz and Wy,.
range be-  wistances. Below L = 0.5 um, there are other, more fundamental rea-
‘his range We will limit ourselves, for convenience, to a specific design sons why we believe that the rate of decrease in Fiy;, will
s of para- wed on a channel doping density Nz =8 X 10'® ¢cm™ and “‘flatten out” as implied by the dashed line.
.. For the firinsic pinch-off voltage Woo = qNya?/2keq =3 V typical of First, as the gate length continues to decrease below a
ideration, mtemporary microwave devices where k = 12.5 is the dielec- micron, the fringing capacitance of the gate (which does not
e constant of GaAs. However, the general conclusions to be  decrease with gate length) [5] puts a lower asymptote on the
itics con- [ inwn will also apply to other microwave devices with similar, ~gate capacitance; and hence on Fy;, [see (8)]. For example,
This is a  lough not identical, design parameters. for L = 0.5 um, this fringing capacitance is over 30 percent of
ce, use of o o the gate capacitance.
Fig. 7 is kpendence of Minimum Noise Figure on Gate Length Second, unless the channel thickness is reduced correspond-
- The dependence of Fy;n on gate length is embodied in the ingly, in accordance with the gate length, the electric field in
d by Fig. wrce-gate capacitance and transconductance, and in a more the channel will begin to deviate markedly from a longitudinal
 the text. umplicated manner in the noise coefficients. The theoretical field configuration, to one conforming more to a cylindrical




f=10GHz

Finin(dB)

0

5 10 15 20

input parasitic resistance Ry+ Rgm Q)

Fig. 1S. Theoretical dependence of minimum noise figure on parasitic
resistances for a GaAs FET with a 1 um gate.

pattern about the gate electrode. The reduced longitudinal
component of the electric field leads to a diminished control
of the electron flow by the gate potential and to a “softer”
drain current-voltage saturation characteristic [30]. [32].
Although the noise performance and gain will still improve
with decreasing gate length, the rate of improvement should
decrease.

If the channel thickness is reduced in proportion to the gate
length to reestablish a longitudinal field pattern, this requires
use of epitaxial layers 0.1 um thick, or less. Most of the
channel doping profile, in this case, will not be constant, but
will be decreasing rapidly toward the substrate. This means
that the rate of decrease of transconductance with gate bias
will be faster than it would be for an ideal (step) profile. Thus
the upturn in Fpyia With decreasing drain current will occur at
a higher value of drain current. Hence, the advantages of re-
ducing both gate length and channel thickness, simultaneously,
will be partially nullified. Although there appears to be some
promise of growing epitaxial layers with a steeper transition
zone, eventually one is limited to a lower value of the transi-
tion zone fixed by the Debye length {32].

There is another limitation imposed by thinner channel
layers, namely, the increase in source gate resistance which
must accompany a reduced epitaxial layer.

All of the above considerations must be taken into account
in matching the possible advantages of reducing gate lengths
much below a micrometer against the additional cost and com-
plexity of producing submicron gate devices with acceptable
yield.

Dependence of Minimum Noise Figure on Parasitic Gate
and Source Resistance

The theoretical dependence of Fyjn On the parasitic resis-
tances is shown in Fig. 15. Values of Rg+ Rgm typical of con-
temporary devices fall in the range from 8-11 § fora 500 um
wide gate device. A reduction of the order of perhaps 0.5 dB
might be possible with improvements in the design and tech-
nology of contacts.

Dependence of Minimum Noise Figure on Frequency

The predicted frequency dependence of Fin 18 illustrated
in Fig. 16 for two gate lengths. Note that the curves are nearly
linear with frequency. This frequency dependence is exhibited
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(dB)

Fon

Frequency (GHz)

Fig. 16. Predicted frequency dependence of minimum noise figure o {§

GaAs FET for two values of gate length.

by experimental data also, as we shall demonstrate. The noisj

degradation with increasing frequency is attributable to the
frequency dependence of the induced gate noise. ;

The theoretical noise figures displayed in the previous grap]% :
were all computed for channel doping profiles exhibiting
slope near the epi-substrate interface—that is, for a nom|

tangular profile, representative of present epitaxial layen
Some further reductions in the noise figure can be expecte
“steeper”’ transition zones are achieved by improvementsg
the technology of epitaxial growth.

VIII. MEASUREMENT OF NOISE F1GURE

Introduction

In this section we shall discuss some of the practical prt

lems in determining the minimum noise figure peculiar to

FET, and the means for overcoming these difficulties.
Earlier we had demonstrated the strong bias dependencll}

the minimum noise figure and had mentioned that the gai@is '

also bias-dependent. We also pointed out that not only are
lowest noise figure and the maximum available gain achietiﬁ
at different gate bias values, but that at a given bias condit'fpn,
the matching conditions for the best noise figure and hight
available gain also differ. This is one problem. §
Next, the gain associated with the lowest value of the n&;:!
* 3

figure of present GaAs FET’s is not high enough, at leastat

upper end of the microwave band, to permit one to neée&;
in a noise measurement the correction for postamplifiej#!
mixer noise. Thus it is a very tedious procedure to deter

the minimum noise figure of an FET by simply varying!‘ 4
tuning adjustments of the input matching circuit becaussig
correction also varies, nor is it a very precise method. | [

Equation (7) suggests a more direct approach. Note that
equation contains four unknowns, Fmin, &n> Rgo, and,x
Thus, at each bias one may, in principle, ascertain Fid
the remaining noise parameters by measuring the noise f
and gain for four selected source impedances.2 How

unless these impedances are chosen judiciously, so that th

sultant noise figures do not all cluster near Fein, O 8
versely, be all far removed from Fryin. large erroms g

i

21¢ is necessary to measure the gain in order to correct for the
amplifier and/or mixer noise. :
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Xol
detector

Drain bias
Oscilloscope

10 d8 pad

Noise figure
indicator

| Fig. 17. Experimental set-up for measurement of the microwave gain
and noise figure of an FET.

introduced in the computation of Fpin- To avoid this pitfall,
| i1is advisable to use more than four measurements.

One such method, widely used [33] is based on seven
chosen source impedances and seven noise figure and gain
‘measurements. These seven values, and the corresponding
wise figures, are used to obtain the best fit to the four
uknown noise parameters (actually four others derived from
these) in the minimum mean-square error sense. Naturally,
nore than seven source impedances may be used, but this
kngthens the measurement procedure, and the point of dimin-
shing returns is soon reached.

Noise Measurement Setup

A typical microwave setup to measure the gain and noise
figure of FET’s is shown in Fig. 17.

The FET is tuned with two coaxial double slug tuners which
present very low loss (0.2 dB) thus reducing the error correc-
fon in the noise figure measurement. The low-pass filter at
the input eliminates errors in gain measurements due to har-
nonics; the narrow-band tunable filter (a high-Q cavity) at
e output eliminates the image frequencies which would
i dffect the noise measurement.

The gain is measured by a substitution method with a con-
gt level maintained at the output of the crystal detector
! gown on the oscilloscope. The input level to the FET is ad-
psted with the attenuator A,. With the FET and tuners
emoved, the attenuator A, is set at zero and 2 convenient
ivel set on the oscilloscope. Then the FET is introduced
in the circuit and 4, adjusted to reestablish the original level.
The gain is read directly on 4,. With this procedyre one must
. b careful to adjust A, such that the saturation level of the
. low noise amplifier is never approached.
- The low-noise amplifier is an essential part of the setup. It
'hclitates the tuning of the FET for minimum noise and

(reduces the postamplifier correction. If the noise figure of
I;the postamplifier is F, and the noise figure and gain of the
{FET stage are £ and G, respectively, the measured noise
J figure at the input is given by

-1 (10)

=F,
F=F C

At high microwave frequencies, 10 GHz and higher, the gain
G is generally low, less than 6 dB. If F, is large, the second
§ wm on the right of (10) can be comparable to Fy. In that
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o Fa .Ga

Ge G for identical stages
Fe1+M(1-G)
s1+M
Fig. 18. Relevant to the design of a low-noise multistate, narrow-band
FET amplifier.

case, by tuning the FET, one would more likely minimize F
by maximizing G rather than minimizing F.

The noise figure is measured either with an automatic noise
figure indicator such as AILTECH Model 75 or with a receiver
and calibrated attenuator, by the so-called Y-factor method.
The pad in front of the noise source is necessary only if the
source impedance varies with its state (on or off). The atten-
uation must be taken into account in the noise calculations.

First, the noise figure F, of the postamplifier-mixer stages
must be determined carefully. Then for a given bias condition
of the FET, the output tuner is adjusted for maximum gain
and the input tuner for minimum noise. The value of the
noise figure measured is recorded together with its associated
gain, and £ is calculated from (10). It can then be corrected
if necessary for input circuit losses. The impedance seen by
the FET input is measured (at the plane X-X on Fig. 17) with
a network analyzer. This series of measurements is repeated
seven times with the input tuner adjusted for slightly different
positions each time.

The data are then processed by a computer to obtain Fiin
g., and the optimum source impedance Zgo = Rgo +jXgo, 38
described earlier.

This procedure is long and tedious. It can be simplified if
many measurements have to be made in the same frequency
range. In that case, one can use a set of seven preadjusted
tuners which are interchanged for each measurement.

I1X. DESIGN CONSIDERATIONS FOR CASCADED AMPLIFIER

It was mentioned earlier that the lowest noise figure and the
highest power gain do not occur at the same bias and tuning
conditions. Since the gain at the minimum noise figure con-
dition is not usually high enough to allow one to neglect the
noise of the second and succeeding stages, one should not de-
sign the first stage of an FET amplifier to have its minimum
noise figure if a minimum noise figure for the overall amplifier
is to be achieved.

We shall illustrate why this is true with the help of Fig. 18.
Shown is a block diagram of a cascaded stage amplifier,
assumed to be narrow-barld.3 Since to each value of gain, G,
there corresponds a noise figure, F, we have denoted this
correspondence as F(G). From the formula for the noise

3For wide-band amplifiers, other considerations enter besides noise
figure.
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Fig. 19. Noise performance of GaAs FET’s obtained at various labora-
tories (July 1975).

f‘ figure of cascaded stages, we find for the overall noise figure

of the amplifier

F(G,)-1  Fs3(G3)-1
£y =Py PO L B

Gy GG,
Fn(Gn) -1 (11)
G1G,G3 " Gy

where the subscript denotes the amplifier stage number. For
convenience of our discussion we shall assume identical stages

Gl, Gz,G3,'",Gn=G;F1,F2,F3," ',Fn"_'F. Theﬂ(ll)
becomes
_ 1 1 1
Fq=1+(F-1) 1+5+E+~--Gn_1 (12a)
=1+M L (12b)
Gy

where G, =G" is the power gain of the amplifier, and M =
M(G) is the noise measure of each stage,

F(G)-1

1
G

M(G) = (13)

Equation (12b) is equivalent to the statement that the noise
measure of » identical cascaded stages is equal to the noise
measure of an individual stage [29].

It is evident that in cascade design, where the overall gain
G, is prescribed, one should minimize the noise measure
rather than the noise figure of each stage to minimize the over-
all amplifier noise figure. When the overall gain is high,
Fy =1+M(G4"). The sketches in Fig. 18 show qualitatively
how the noise measure and noise figure vary as a function of
stage gain. The minimum noise measure usually occurs at a
slightly higher current and gain than the minimum noise
figure. Also the value of the minimum noise measure exceeds
the minimum value of the excess noise figure of a stage, i.e.,
Min > Fmin - 1. It follows that the lowest possible value of
the amplifier noise figure is greater than the minimum noise

figure of any individual stage, that is )y min > Fin- This, of
course, is what one would expect. However, when the gain per
stage is of the order of 6 dB or more at the bias condition
corresponding to minimum stage noise figure, then the differ-
ence between Fy min and Fijg is small. For example, for the
1 um gate device described by Fig. 11, the lowest measured
value of Fjq = 3.2 dB [24]. The computed value of My =
36 dB. Hence for a three-stage amplifier, with ~75 dB
gain per stage, the amplifier noise figure F4 =3.63 dB,
only 0.43 dB greater than the single-stage minimum noist
figure.

X. SUMMARY OF NOISE PERFORMANCE OBTAINED AT
VARIOUS LABORATORIES

We shall present now a compilation of the best noise per-
formance reported by laboratories around the world as of the
time of this writing (July 1975). First, the results for single-
stage amplifiers (devices) will be given, then cascaded narrow-
band amplifiers, and finally, wide-band amplifiers.

Fig. 19 is a graphical presentation of the device performance \
{ in trap nois

reported. All devices have 1 um gates, except where noted.
The circles refer to single-gate FET’s, the triangles to dual-
gate devices. Also shown (by the shaded strip) is the the.
oretical noise figure for a 1 um gate for a spread of parasitic
resistance values typical of present devices. Note that the
buffered-layer device performance is within 0.5 dB of the
theoretical* Inclusion of circuit losses and corrections for
neglected parasitics will reduce this gap.

Use of buffered layers not only improves the performance of
single-gate devices, but also of dual-gate devices as the low
noise figure for the NEC device at 4 GHz testifies.

The advantages of buffering are emphasized even more dra-
matically by the noise performance reported for cascaded
narrow-band amplifiers (bandwidth <20 percent) shown in

4 A puffered-layer device is one that has an epitaxial growth of a high
resistivity layer, of the order of 5-10 um thick, over the substrate priot
to channel epitaxial growth.
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1.20. Notice in particular that the improvement is most
foounced in Cband and in the lower end of X-band.
huffering appears to improve the noise performance in
weral ways. First, it covers or “shields” interface traps from
I channel. (Present conjecture is that these traps, their
e unknown, may be ionized by the high channel fields
il generate a noise spectra extending up to at least the low
owave band.) Second, with a buffer layer, the channel
ity near the substrate side increases substantially above
values with no buffer layer [34]. This not only increases
¢ transconductance of the FET, but also decreases the
uice-gate parasitic resistance R;. Reductions in R by nearly
jpiictor of two are observed. These latter two improvements
i v lead to a higher power gain.

It seems reasonable to assume that the noise improvement
i Cband and below can be attributed mainly to the reduction
piap noise. On the other hand, in the upper end of C-band
od higher, where the trap noise would be expected to have
minished significantly, it is the increase in g,,, and the reduc-
inin R that is primarily responsible for the improvement in
I noise performance. (Note the greater sensitivity of the
ise figure to variation in parasitic resistance at the higher
ni of the frequency band exhibited by the theoretical shaded
rion in Fig. 19.)

ltis interesting to note that the dashed lines through the ex-
pimental data in Figs. 19 and 20 both have approximately
b2 same slope, namely 0.3-0.35 dB/GHz, as the theoretical
s in Fig. 19. However, the amplifier noise figures, on the
mnge, exceed the single device values by approximately
05-0.6 dB.

Fig. 21 is a sampling of the noise performance reported for
wieband amplifiers. The upper and lower values of Fp;, in
’mh case are not to be construed as the value of Fi,;, at the

Jind edges but merely the upper and lower values within the

|

Center frequency (GHz)

Fig. 20. Noise performance of narrow-band GaAs FET amplifiers as
reported by various laboratories (July 1975).
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Fig. 21. Noise performance of some wide-band GaAs FET amplifiers

(early 1975).

band. Since it is impossible to obtain a good noise match over
a wide frequency range, the average noise figures are substan-
tially higher than the narrow-band results.

XI. CONCLUSIONS

The measured noise figures of GaAs FET’s with buffer layers
are approaching the theoretically predicted values based on
presently realizable channel doping profiles. With some ad-
vances in the design and technology of contacts and the
achievement of steeper slopes in the doping profile at the
substrate-channel interface, still further improvements in the
noise performance should be possible.

It is believed that with the present planar device configura-
tion, gate length reductions substantially below a micron will
reach a point of diminishing returns. The reasons are 1) fring-
ing gate capacitance, 2) slower rate of increase in transconduc-
tance, 3) increased series resistance of the channel layer, and



!
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4) the need for an extremely narrow doping transition zone
at the channel-substrate interface.
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