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Abstract —The noise equivalent circuit model for a GaAs MESFET
proposed previously [1] is supplemented with a model for device parasitics,
in order to calculate the noise parameters of a mounted GaAs MESFET.
The calculated parameters are in good agr t with ed noise
parameters from 2 to 18 GHz. The model is thus established as a valid
representation of the noise properties of the device. The utility of the
model lies in the fact that, compared with the measured and tabulated
noise parameters, its elements are easier to obtain, and it serves as a
simpler, more compact description of the noise characteristics of the
MESFET.

I. INTRODUCTION
A. Motivation

I’ T IS WELL KNOWN in the theory of linear noisy
networks [2] that a complete characterization of the
noise in a linear two-port at one frequency requires a
knowledge of four noise parameters. The most convenient
parameters from the circuit design point of view are the
minimum noise figure F_, of the two-port (minimized
with respect to the generator admittance Y, ), the optimum
value of the generator admittance Y, ,,=G, ., + jB, ..,
and a coefficient R, having the units of resistance, which
measures how rapidly the noise figure degrades when the
generator admittance Y, deviates from its optimum value.
The noise figure for any generator admittance can be
expressed in terms of these four parameters as follows [3]:

F(Yg) = Fmin+ -Réﬁ [(Gg - Gg,op)2+ (Bg - B&OP)Z] ’ (l)

A noise equivalent circuit for a GaAs MESFET in
common-source configuration was presented in [1]. This
equivalent circuit employs only four lumped circuit ele-
ments and a noise source; these five elements are dc-bias-
dependent but frequency-independent, and their values
can be found by on-wafer measurements which require no
circuit tuning. Fig. 1(a) shows the noise equivalent circuit
of the intrinsic device, along with the idealized model for
the external circuit that has been used in {1]. The four
noise parameters were calculated for this circuit model at a
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frequency w under several simplifying assumptions [1],
leading to the following results:

Fmin=1+2Rn(Gc+ Gin)

+2/R, (G4 Gyp) + RE(G.+ G’ ®)
Yg~°PEG8s0P+jB§x0P
2 C+Gin 172
= (Gc+Gin) + R _j[B('+Bin+Bcor]
(3)
Sio/4kTref

Py (PO o )

where G, + jB,, is the input admittance Y, of the intrin-
sic MESFET defined in Fig. 1(a), S,, is the power spectral
density of the output noise current i, at w, T, is the
reference temperature of 290 K, jB, . is the purely imagin-
ary correlation admittance relating the noise voltage i, /g,
to the correlated part of the input noise current i, k is
Boltzmann’s constant, and all other symbols have been
defined in Fig. 1(a).

The noise model of Fig. 1(a) was validated in [1] by
on-wafer experimental measurements, which demonstrated
that the model is capable of predicting the minimurh noise
figure F_;, of the device embedded in a linear circuit over
a range of microwave frequencies and dc bias conditions.
The present paper generalizes the results of [1] in the
following two ways:

(i) It shows how the MESFET noise model can be
extended so that it applies not only to on-wafer
devices, but also to devices that are mounted and
bonded in circuits.

(ii) It shows, by comparing calculated and experimental
results, that the device noise model presented in [1]
is useful for predicting not only the minimum noise
figure F_ , as demonstrated in [1], but other noise
parameters as well.

B. The Problem

While the ability to determine F,, entirely from on-
wafer measurements is a major advantage of the proposed
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Fig. 1. Noise equivalent circuits for the MESFET, its parasitics, and its
circuit. (a) The noise model for the intrinsic device, and the representa-
tion of external circuit, as used in deriving the noise parameters in Part
I of this paper. (b) The noise model for the intrinsic device, and for the
parasitic elements included within the reference planes at which the
device noise characterization is carried out. Together, these define the

“extrinsic MESFET.” (c) The inclusion of the losses of the parasitic-
elements along with intrinsic device for simplifying the calculation of -

noise parameters.

model and technique, the noise model should be equally
applicable to MESFET’s that are not on-wafer, e.g.,
packaged devices or chips mounted and bonded on a

carrier, The electromagnetic nature of the packaging and

bonding region can usually be represented by some para-
sitic elements, such as the bonding wire inductance and
bonding pad capacitance. The inclusion of parasitics was
not necessary in-{1], where only the expression for F,,, in
(2) was verified by actual measurement. This is because the
package or the chip carrier contributes to the device some
parasitic elements which are largely lossless, and F,, is
invariant with respect to lossless transformations at the
input and output ports of a two-port [4]. By contrast, the

other three noise parameters Gg,‘,p, B, o and R, are not

invariant to lossless transformations and therefore change
as a result of the parasitics introduced by device mounting
and packaging. Since the experimental measurement of the
noise ‘parameters in practice is usually carried out on
mounted devices which incorporate the parasitics, the val-
ues of the four noise parameters as obtained by experimen-
tal measurement, and as contained in manufacturers’ data
sheets, are normally defined at reference planes which are
physically separate from the terminals of the intrinsic
MESFET in general. On the other hand, the four noise
parameters calculated from (2)-(4) are “intrinsic noise
parameters,” since the noise equivalent circuit of Fig. 1(a)
represents only the intrinsic elements of the MESFET
(shunted by Y, at the input), and does not account for the
device parasitics. A proper accounting of these parasitics is
essential before the measured (extrinsic) and the calculated
(intrinsic) noise parameters can be compared.

In most circuit applications, the device is typically em-
bedded in the circuit along with its mounting and bonding
parasitics. Therefore, in order to optimize the noise perfor-
mance of the circuit, the circuit designer needs the extrin-
sic noise parameters of the MESFET, which include the
effect of the parasitics. Moreover, the reference plane at
which these parameters are defined must be precisely
known for the noise parameters to be useful in any actual
design optimization.

C. Objectives-

The primary purpose of this paper is to (a) extend the
noise model of MESFET to include the parasitics intro-
duced by mounting and packaging, (b) develop transfor-
mations relating the noise parameters at the terminals of
the intrinsic device to those at the terminals of the extrin-
sic device and vice versa, (c) compare the calculated extrin-
sic noise parameters with the experimentally measured
noise parameters, and (d) thereby establish the validity of
the noise model of {1] for predicting noise parameters
other than F, . : ’

A noise equivalent circuit model for the MESFET in-
cluding the parasitics is given in Section II, and it is shown
how the value of each circuit element in this model is
deduced from experimental data taken on the MESFET.
The noise parameters are then calculated from the model,
and are compared with experimentally measured noise
parameters in Section IIIL.

- As a by-product, this paper also serves the following
secondary purposes:

(a) Normally, the noise parameters of the MESFET are
reported on the device data sheets in tabular form, listing
the values of F_, G, op> Bg’op, and R", as a function of
frequency. This paper suggests a method of summarizing
the measured device noise data very compactly in the form
of the values of a few model circuit elements, from which
the tabulated data can be calculated ‘using simple closed-
form expressions. ,

(b) The usual method of determining the equivalent
circuit parameter values of the MESFET (and its para-
sitics) is by numerically optimizing the equivalent circuit



GUPTA AND GREILING: MICROWAVE NOISE CHARACTERIZATION OF GaAs MESFET’S 747

element values for which the S parameters of the equiv-
alent circuit best match the S parameters of the device
over a wide frequency range. In an analogous manner, if
the noise parameters have already been measured over a
wide frequency range, the technique of this paper can be
used to determine the values of the MESFET noise equiv-
alent circuit parameters and parasitic elements by fitting
them to the measured noise parameters of the device.

(c) The experimental data used in [1] to verify the noise
model were obtained on developmental devices, which are
not publicly available. In this paper, commercially avail-
able MESFET and noise parameter data are used for
modeling and verification, so that the readers can verify
the validity of the noise models for themselves.

II. Noise MODEL FOR THE EXTRINSIC MESFET
A. The Device Parasitics

Although many parasitic elements are usually included
in a broad-band representation of the MESFET (see, for
example, [1, fig. 4]), the noise analysis can be simplified if
some of these can be combined together to yield the
effective values for a few essential parasitic elements. Such
a model of parasitics, reduced to its simplest form, is
shown in Fig. 1(b), and includes the following elements:

(1) The net capacitance C, in shunt at the input port of
the MESFET. The largest contribution to C, is
usually due to the bonding pads on the semiconduc-
tor chip.

The net inductance L,, in series at the input port of
the MESFET. Much of L, is due to the bonding
wires leading from bonding pads to the transmis-
sion line of the fixture in which the measurements
are made.

(iii) The net loss in the parasitics, represented by a
shunt conductance G, at the input port. This manner
of modeling the loss has been motivated by the
simplicity of subsequent calculation that it allows,
as will be shown in Section III.

The net electrical length /, of a lossless uniform
nondispersive section of transmission line repre-
senting the physical separation of the plane of
measurement from the intrinsic device. This line
has a characteristic admittance Y, and it introduces
a time delay 7,=v,/l,, where v, is the speed of
electromagnetic waves on the transmission line.

This model will be referred to as “extrinsic MESFET” in
the subsequent discussions. This model is one of the many
that could be constructed to represent the MESFET along
with its parasitics, and was selected due to its intuitive
appeal, since each element in it can be given a direct
physical interpretation in terms of the device structure.
The parasitics at the output port of the MESFET have
been ignored in this model for the following reason. In
general, the parasitics at the output port will also consist
of the lossy and the lossless elements, and will therefore
have two effects. The thermal noise in lossy elements will

(i)

@)

TABLE 1
MEASURED VALUES OF THE NOISE PARAMETERS OF NE0O45 MESFET
AS A FUNCTION OF FREQUENCY

Packaged Device (5] Unpackaged Device [7]

fO min Rn Fmin Rn
(GHz)  (dB) Tyop () B Lo )
20 0.45  0.78229° 335 045 0.77/16° 425
4.0 0.5 0.85258° 325 05 0.75429° 40
6.0 0.6 0.73290° 200 06 0.72.243° 385
8.0 0.8 0.652122° 190 08 0.68253° 375
10.0 11 0.61,152° 130 1.1 0.64.265° 30
12.0 145 060£-169° 100 145 0.60£75° 25
14.0 1.7 0.592-136° 55 17 0.56290° 20
16.0 — — — 1.9 0.532110° 15
18.0 22 0.572-83° 45 22 0.532125° 10

contribute to the noise figure, while the impedance of all
the elements will serve to transform the load impedance.
Consider first the thermal noise due to the losses in the
output parasitics. If the gain of the MESFET is large, the
contribution of the lossy parasitics to the overall noise
figure is negligible. Next consider the impedance transfor-
mation due to the parasitics at the output. Since the four
noise parameters are each independent of the load imped-
ance of the two-port, they are unaffected by the parasitics.

B. The Device and Its Noise Parameters

All circuit element values, calculated noise parameters,
and measured noise data reported in this paper pertain to
the NE045 microwave GaAs MESFET’s manufactured by
the NEC Corporation. These devices are designed for
low-noise, high-gain applications, and are available in chip
form. They are fabricated by a triple epi layer self-aligning
process and have recessed aluminum gate which is 0.3 pm
long and 200 pm wide. These devices were chosen for two
reasons:

(1) Unlike the developmental devices reported in [1],
the NE045 MESFET’s are commercially available in
quantity, so that our results can be verified in other
laboratories.

(i) Detailed specifications for this device are available
from the manufacturer in the form of a data sheet
[5], which includes broad-band noise parameters of
the MESFET.

The data sheet specifies the microwave small-signal and
the noise parameters for this MESFET under one operat-
ing condition, in which the device is maintained at room
temperature, and is dc biased at a drain-to-source voltage
Vps =3V and a drain current I, =10 mA. All parameters
and calculations mentioned in this paper therefore also
refer to this same operating point.

The measured values of the four noise parameters for
this MESFET packaged in a standard 70 mil microstrip

‘package [6], at the above operating point and over the

frequency range 2 to 18 GHz, are shown in Table I, which
is taken from the manufacturer’s data sheet [5]. In place of

Y, op the data sheet provides the optimum generator reflec-
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TABLE II
EQUIVALENT CIRCUIT PARAMETERS FOR INTRINSIC MESFET
AND EXTRINSIC PARASITICS DETERMINED BY MEASUREMENTS

Intrinsic Elements

Extrinsic Elements

(a) Determined from § parameter fitting:
C,, =160 fF
Ry=171Q
8m=136.5mS
Ry, =450 Q.

(b) Determined from output noise
current spectrum measurement:
S, =71x10"%2 A’/Hz.

(¢) Assumed to be negligible
(compared to B,):
B, = 0.0 mS.

‘cor

(d) Determined from S parameter fitting:
G, =21F
L,=01nH.

(e) Estimated from low-frequency
noise parameter measurement:
G.=0.7x107*%S.

(f) Estimated from broadband
noise parameter data:

T, =3.5Dps.

tion coefficient T, ., on a transmission line of characteris-

tic admittance ¥, =20 mS, from which Y,  can be de-
termined, if desired. The right half of Table I contains a
more recent set of noise parameter data, also available
from the device supplier [7], for the same device in chip
(unpackaged) form and at the same operating point. The
second set is measured with the input port reference plane
at the gate bonding pad of the device, and will therefore be
used in all of the following calculations. The first set is
nevertheless included in this table because it will subse-
quently help clarify the role of a parasitic element 7, to be
introduced later.

C. Eguivalent Circuit Parameter Evaluation

The NE045 MESFET chip was mounted in the fixture

that has been described in the literature [8], and the values
of the four equivalent circuit elements C,,, Ry, g, and
R, were determined from the broad-band S parameters of
the device. The measured S parameters for the device are
not reported here, because they are in very good agreement
with the S parameters contained in the data sheet men-
tioned above [5]. The equivalent circuit elements were
found by fitting the MESFET equivalent circuit to the
measured S parameters, as described in [1]. At the operat-
ing point of interest, the element values thus found have
the values listed in Table II. In addition to these element
values, the S parameter fitting also yields the values of
some of the parasitic elements associated with the device;
these are discussed in Section II-D.
The fifth parameter, S,,, obtained through the output
noise power measurement method described in [1], is also
listed in Table II. The only intrinsic equivalent circuit
parameter not determined is B,,. Of the four noise param-
eters, only B, . is influenced by B,,. If the correlated
input noise current is small, B, will also be small. It will
be assumed to be negligible compared to By, in the follow-
ing. This assumption should be valid for the lower fre-
quencies (up to 18 GHz), for which the noise parameter
expressions of Section I-A hold.

The remainder of Section II describes a method for
determining each of the circuit elements appearing in the
model of Fig. 1(b) and illustrates this method by an actual

determination of the element values for a commercial
MESFET.

D. Determination of Parasitics

The S parameter fitting procedure mentioned in Section
II-C yields the values of the parasitic elements C, and L,
along with the values of the intrinsic MESFET parameters.
These values are also listed in Table II.

The third parasitic element G, can be determined in one
of several ways. Since the device noise parameter data are
available for NE045S MESFET in Table I, the simplest way
of estimating G, is through the measured values of the
device noise parameters at a low frequency f;. This
frequency should be sufficiently low that the device input
conductance G;, becomes negligible compared to G, but
should be sufficiently high that the noise parameters are
not influenced by the low-frequency noise sources such as
1/f and g—r noise in the device. At such a frequency,
each of the noise parameters F;,, R,, and G, ,, of the
intrinsic MESFET becomes independent of frequency, and
this fact can be used as a check of the correct choice of f;.
For devices with submicrometer gate lengths, a frequency
of approximately 1 GHz is a suitable choice for f, in most
normal cases.

The value of G, can be found by solving (2) in the
low-frequency limit, which yields

(F min ~ 1)2

i 4R

n

(%)

Alternatively, (3) in the low-frequency limit could be solved
for G, which leads to

at f;.

2
1+(2R,G, ) -1
GG,

¢ 2R

n

at f,. (6)
Although the measured parameter values in Table I apply
at the reference plane of measurement, they can be used in
place of the intrinsic parameter values appearing in (5) and
(6) since the parasitics have a vanishing effect in the limit
of low frequencies, where (5) and (6) apply.
From the data in Table I, the values of F,,,, R,, and
G, op @t 1 GHz can be extrapolated as 0.4 dB, 43 @, and
2.3 mS, respectively. The estimated value of G, is thus

e
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found to be 0.07 mS from (5), and 0.18 mS from (6). While
this scatter implies either a discrepancy in the measured
data or a weakness in the noise model at low frequencies,
or both, it has little effect on the accuracy of modeling at
microwave frequencies, where G, is small compared to G,,.
The value of G, is therefore taken as 0.07 mS in Table II;
this will result in a circuit model which will have a better
match with me data than with G, ,, data at low frequen-
cies, since (5) is used and (6) is ignored.

The last parasitic value 7, depends on the exact location
of the reference plane at which noise parameters were
defined and measured. This will therefore be treated as an
unknown, and will be determined from the noise parame-
ter data themselves.

III. CALCULATION OF NOISE PARAMETERS

Having determined the value of every element (except 7,
and BCO,) in the noise equivalent circuit model of Fig. 1(b),
the noise parameters for the extrinsic MESFET can be
calculated. In principle, this calculation can be carried out

in three steps:

(i) The four noise parameters for the intrinsic MESFET
in the right half of Fig. 1(b) can be calculated
directly from (2)—(4), by setting ¥, =0.
The noise parameters of the passive two-port con-
sisting of the parasitic elements alone, as shown in
the left half of Fig. 1(b), can be calculated from a
knowledge of the Z parameters of this two-port [9].
(iii) The relationships for the noise parameters of a
cascade of two two-ports [10] can be employed to
determine the overall noise parameters for the com-
plete extrinsic MESFET of Fig. 1(b).

However, the results can be obtained by a simpler
technique as follows. Since the lossy part of the parasitics
has been modeled as a shunt conductance G, at the input
port of the intrinsic MESFET, its effect on the noise
parameters can be included in (2)-(4), by setting Y, =G,
which accounts for the loss in the parasitic elements. The
quantities F, Y, ., and R, thus determined are the
noise parameters for the combination of intrinsic MESFET
plus parasitic losses, while Y, and T, are the generator
admittance and reflection coefficient connected to this
combination, as indicated in Fig. 1(c). The noise parame-
ters and the generator admittance for the complete extrin-
sic MESFET of Fig. 1(b) will be denoted by the corre-
sponding symbols with primes. These can be calculated
from the unprimed quantities as follows:

(i) The remainder of the parasitics form a lossless trans-
formation at the input port, and therefore leave the mini-
mum noise figure invariant. Therefore, F; for the entire
extrinsic MESFET is the same as the F,;, for the combina-
tion of intrinsic MESFET plus extrinsic losses:

Fiin= Frnin- (7)
(i) The generator admittance Y, at the input port of the

extrinsic MESFET is related to the generator admittance
Y, (seen at the input port of the intrinsic MESFET plus

(i)

extrinsic losses combination) by

1
Y (@) = joC, + I (8a)
JjwL,, + Y”(w)
Y”( ) Yﬂ (8b)
T (w)
I"(w)=e/"T}(w) (8¢c)
r'( ) = LM (Sd)
=T Y1 (w)

where Y.” and I’ are defined at the reference plane
defined in Fig. 1(c). Since the noise figure remains in-
variant with respect to lossless transformation, the opti-
mum values of Y, and Y, occur together. Therefore, the
noise parameter Y/, for the extrinsic MESFET can be
found by inverting the set of egs. (8) as

(@)

V() = Yo 2 (58)
Ty opl@) = eI (w) (9b)
T () == el (5¢)
el ) = Y (@)

Y, (w) - joL, + h (9d)

Y, op(w)— JwC,

(iii) The value of the last noise parameter R/, for the
extrinsic MESFET can be found by the use of a theorem
due to Lange [11], which states that the product R,G, op 1
also invariant with respect to lossless transformauon
Therefore, the value of R/ for the extrinsic MESFET is

given by

R,G
R, =——%% (10)
" Gg op

The four noise parameters for the extrinsic MESFET are
thus calculated in two steps. First, the noise parameters for
the intrinsic MESFET plus extrinsic losses combination
are calculated from (2)-(4). Then the four noise parame-
ters Fl,, R;, and Y, are obtained from (7), (9), and
(10).

The one unknown 7, is treated as an adjustable parame-
ter. Since it influences only the values of R} and the angle
of T/, it is selected to obtain a good fit between the
calculated and measured values of R; and the angle of
[y ,p- The value of 7, was thus estlmated to be approxi-
mately 3.5 ps, which is included in Table II.

The four noise parameters for NE045 MESFET, found
in this manner, are plotted as a function of frequency in
Fig. 2. The optimum generator reflection coefficient I';
on a transmission line of characteristic admittance YO =20
mS is calculated from, and is plotted instead of, Y/ ,,. For
the purpose of comparison with experimental data, the
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Fig. 2. Noise parameters for the NE045 MESFET as calculated from
the noise equivalent circuit (solid curve) and measured values provided
by the device supplier (circles).

chip noise parameters from Table I are also plotted in Fig.
2 as circles. It is apparent that there is good agreement
within the uncertainty of measurements. A good agree-
ment can also be obtained with the noise parameter data
in Table I for the packaged device by a suitable choice of
7,. In this case, the value of 7, is estimated to be ap-
proximately 10 ps for good agreement with the measured
R’ data, and 25 ps for good agreement with measured
angles of I/ . over the entire frequency range. Thus the
process of model parameter determination helps under-
stand exactly how the two data sets in Table I differ from
each other with respect to the reference plane used during
the measurement of noise parameters.
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IV. CONCLUSIONS AND SIGNIFICANCE

The principal conclusions of this paper can be sum-
marized as follows:

(i) The noise equivalent circuit of the extrinsic MESFET
can be used for predicting not only the minimum noise
figure of the MESFET, as shown in [1], but also the other
noise parameters G, ., and R, as a function of frequency.

(ii) The noise parameters for the intrinsic GaAs
MESFET, calculated from the noise equivalent circuit, can
be transformed to the accessible reference planes of the
MESFET by including the effect of the extrinsic parasitics.

(iii) If the small-signal and package parasitic elements
have already been determined for the MESFET, one ad-
ditional measurement of the noise current spectral density
S,, is sufficient to determine the noise parameters F,
Gy ops and R,

The practical significance of these results lies in the
following possible uses of the technique of this paper:

(i) The results of this paper show that the device para-
sitics can be helpful in the design of low-noise circuits. At
low frequencies, the parasitics have little effect, so that the
value of R/ (w) is nearly equal to the frequency-indepen-
dent value of R,. At higher frequencies, the parasitics
cause R/(w) to fall below R,, and must at the same time
increase G; ,.(w) above G, ., since the R,G, ,, product
remains invariant. Both of these changes are helpful. The
increase of Gy ,,(w) makes it easier to provide an optimum
termination at the input port of the device, since G, ,, is
typically smaller than the most commonly encountered
value of G,=20 mS in practice. At the same time, a
smaller R/,(w) implies that the noise figure is less sensitive
to degradation caused by nonoptimal input termination.
Indeed, controlled amount of on-chip parasitics may be
added to simplify the design of the circuit at a given
frequency.

(ii) The noise behavior of the MESFET in a linear
circuit, and under given dc bias and temperature condi-
tions, can be compactly summarized in a small set of
parameters (the five intrinsic device parameters, and a few
parasitics), from which the noise performance can be read-
ily calculated at any desired frequency. This eliminates the
need for graphical or tabulated noise data, such those in
Table I, which are cumbersome and require interpol-
ation for a frequency not present in the table. All but
one of the parameters in this small set are typically
already determined for small-signal characterization of the
MESFET, so that only one additional number, the noise
current spectral density S;,, is needed for complete noise
characterization. This set of parameters can be used for
such purposes as device specification, circuit design, and
optimization. In particular, this parameter set can be effi-
ciently used in the device parameter libraries that usually
accompany some of the commonly available computer
software for circuit analysis and simulation.

(iii) The measured values of the noise parameters over a
range of frequencies can be used to estimate the values of
the several elements in the noise equivalent circuit and the
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parasitic elements, by requiring best fit. This is analogous
to the determination of the device equivalent circuit ele-
ments by broad-band S parameter measurement followed
by model fitting to the measured data.
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