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Abstract —The design of inexpensive MMIC modules implies a practical
use of worst-case analysis. A reliable method based on the unavoidable
dispersion of uncorrelated technological parameters is proposed. The
method relies on a convenient MESFET simulator which provides the dc,
RF, and noise parameters for any bias conditions. The input data comprise
geometrical or electrical information readily available to the designer. All
the equations are given in detail. The results are compared with experi-
mental data from several GaAs MMIC manufacturers. Finally the method
is successfully applied to the design of a monolithic C-band amplifier. The
forecasts of the worst-case analysis are compared with the experimental
results. Measurements from different chips and from different wafers are
presented and show a high RF yield.

I. INTRODUCTION

FTER A DECADE of an intensive research on their

fabrication and characterization, monolithic mi-
crowave integrated circuits (MMIC’s) are ready for in-
creasing use in many systems in civil or military applica-
tions. With the emergence of the foundries, not only the
experienced, but all the interested companies are able to
plan the use of MMIC modules for coming programs.

Nowadays, the very first concern of most designers is
the reduction of the cost per chip. A key factor is the
tolerance of the design with respect to process uniformity.
The aim is to minimize the number of fabrication runs to
obtain a satisfactory circuit and then to maintain a high
yield on the wafer, from wafer to wafer, and even from
batch to batch. Hence arises the imperative need of a
reliable worst-case analysis (WCA) of the circuit.

There are two different approaches for a conservative
WCA. The first consists in measuring a large number of
devices, extracting the elements of equivalent circuits, es-
tablishing correlation matrices between those elements,
and finally using them statistically with powerful circuit
analysis software [1]. Although this is certainly the most
serious approach, it is very time consuming and it de-
mands long experience with the circuit manufacturer. Un-
fortunately this is not always possible for a designer using
a external commercial GaAs foundry.
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Sometimes the foundry provides the circuit designer
with statistical dispersion of FET parameters but without
correlation. Using those data leads to very pessimistic
predictions of circuit performance, predictions that are
almost meaningless, as will be shown in this paper.

The other approach is to perform the WCA from pro-
cess-dependent parameters only [2], [3], such as the gate
length, doping density, and layer thickness beneath the
gate of the MESFET. The strong advantage of this method
is that those parameters are uncorrelated.

Table 1 gives some examples of the dependence of
MMIC element parameters on fabrication operations.
From this table it is clearly seen that the MESFET is the
more sensitive element in MMIC fabrication. Although
dispersions on passive elements have to be considered in a
complete WCA, only the aspects concerning the MESFET
are investigated in this work.

The WCA technique first consists in employing a MES-
FET simulator in the “reverse direction” in order to ex-
tract the material and structural parameters corresponding
to a nominal device from the foundry’s data book. Then
the MESFET simulator is used to forecast the change
arising from to a process deviation.

The requirements for such a simulator are the following:

1) It should be valid for any kind of MESFET inde-
pendently of the technology of fabrication, i.e., epi-
taxial or ion-implanted active layer, planar or
recessed structure.

2) The input data should be basic geometrical or elec-
trical information readily available to circuit design-
ers.

3) It should provide an equivalent circuit for any bias
condition, including the “cold” FET case (V,s=0
V) in order to use it with a network analysis pro-
gram.

4y It should allow a good physical understanding of
device behavior. Then the model will also work as a
troubleshooting tool.

5) It has to be practical, easy to handle, and fast to run
as required for circuit design. Our goal was to
execute the model on a personal computer.
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TABLE 1
PROCESS VARIATIONS AFFECTING MMIC ELEMENT PERFORMANCE
Fabrication Affected Concerned
step parameter element
1 $.1. substrate, “o ’KGUB MESFET
Interface with N GahAs resistors
active zone
2 Doping of active N, X MESFET
D ED
zone, activation GaAs resistors
of donors
Ohmic contact Rg, RD MESFET,
realization : GaRs resistors
4 Etching of gate 3 MESFET
recess
5 Gate lithography L MESFET
B
€ Thin Film Deposition CS (p¥/mm ) MIM capacitors
Rg (ohm) Metallic resistors
7 surface Passivation XED MESFET
] Substrate thinning H Transmission lines
Spiral inductors

Kgug and Xgp, are explained in Section IL.

6) The accuracy of the results needs to be at least
better than what can be guaranteed on actual de-
vices by the manufacturer.

In fact there is little interest in developing a model whose
accuracy is far better than the reproducibility (from wafer
to wafer) and the uniformity (all over the wafer) of the
manufacturer’s technology [4]. The MESFET simulator
presented here fits these demands well.

1I. DrscriprTiON OF THE MESFET SIMULATOR
A. Preliminaries

The modeling of MESFET’s benefits from many years
of extensive effort in fabrication, measurement, and the-
ory, upon which the work presented here is based [5]-[13].
To fulfill the requirements presented above it is clear that
the model should be analytical or semianalytical, hence a
straightforward resolution of a set of analytical equations.

The main input data are the geometrical dimensions
(gate length and width, electrode spacing) and also the
saturation current I,¢c (taken at V;3=0 V) and the gate
pinch-off voltage V,. From these quantities, which are
easily available or measurable, an equivalent uniform dop-
ing (Np, A) is first extracted. It must be noted that A
represents the thickness of the active layer beneath the
gate; therefore it implicitly includes the recess depth (if the
case applies).

It is well known that the shape of the actual doping
profile has a certain influence on the MESFET parameters
[14]. For instance, it has been shown that the performance
of a MMIC amplifier is affected by the energy and the
dose of the active layer ion implantation [15]. In fact, the
two approaches are not really contradictory because differ-
ent implanted profiles, with the same pinch-off voltage,
also present-different values of equivalent N, and A.

Nevertheless in some specific applications, such as
buried-layer MESFET’s for improved linearity, our model
is certainly not valid. However this does not concern the
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Fig. 1. Cross section of GaAs MESFET operating i saturation,

transistors available from most MMIC foundries. Also, a
knowledge of the exact doping profile N,(Y) and the
exact recess depth is generally not available to the MMIC
designer.

B. Basic Parameters

After setting an initial value for N, the electron mobil-
ity is obtained, depending on the doping value, according
to [15]

n
= ——— 1
Mo 1+ \/ND (1)
where N, is expressed in (10" Xcm™?). The parameter
has been fixed at 6000 cm? V™! s7! for all the simulations.
A two-piece velocity—electric field characteristic is used
[9]:
v(E)=p,E/(1+E/E;) (2a)
v(E) =u, (2b)

where Eg is the GaAs saturation electric field and Ej is a
parameter giving the continuity of eqgs. (2).

The influence of velocity overshoot in submicrometer-
gate MESFET’s is taken into account using the approxi-
mate formula proposed in [16]:

v,(m/s) = 60x L0 (3)

where L is the gate length expressed in m. Next, the active
layer effective thickness under the gate is calculated de-
pending on the pinch-off voltage as follows:

2e
;Z—V;(Vbi_Vp)

it E<E;
if E>Eg

A= (4)
where € is the GaAs permittivity and ¥, the Schottky
built-in barrier. The saturation current for V=3 V and
V. =0V is computed (see Appendix I) and is compared
to the value of saturation current I, given as input data.
If they are equal the program continues; otherwise the
initial value of N,, is changed and the calculations begin
from (1) again.

C. Drain-Source Current and Depletion Charge Bias Model

The drain-source current [, and the total charge O
of the depleted zone are the two fundamental quantities on
which the calculations of many of the RF parameters are
based.

The cross section of the device is displayed on Fig. 1,
indicating the geomeiry of the depleted region and the
associated variables.
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for a 0.5 pm X200 pm gate MESFET.

The depleted depths y, and y,, the length L, of the
linear part of the channel (where v(E) <uv,), the length L,
of the saturated part (where v(E) = v,), and the length L,
of the extension of the saturated region towards the drain
are computed as well as I, for any couple of dc voltages
(Vs+ Vpg)- The calculations are detailed in Appendix 1.

The respective voltage drops across these parts of the
channel, V], V,, and ¥, are also obtained. The originality
of this model has to do with the calculation of the domain
parameter defined in [12] and [17] and is equal to

V2
K, = -
Vat+ Vs

(5)

K, is not empirical and constant, but varies smoothly with
Vs, as suggested in [17] (Fig. 2).

A comparison between calculated and measured values
of I, for a 0.5-pm-gate-length MESFET is given in Fig.
3. This device belongs to the MMIC technology presented
in Section IV. Even though it has an implanted doping
profile, the agreement with the simulation is satisfactory.
The observed differences are discussed in subsection III-B.

The total charge Q, is the sum of the charges corre-
sponding to the different regions under the gate, Q, (0 <x
< L)) and Q, (L, <x<L,), with the extensions of the

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL 37, NO 9, SEPTEMBER 1989

Cgd  Rrf
GATE = NV l AN M 5 DRAIN
Rg 1 I Rd
Cgs
-
Tay Rds Cds—

SOURCE
Fig. 4 MESFET equivalent circuit.

depleted zone towards the source Q, and towards the
drain Q,. The extension towards the source is assumed to
be a quarter arc with a radius equal to y;. and the area
towards the drain is considered as half a rectangle (L, X y,)
plus an arc of radius d,, [9] (see Fig. 1). However, the
reality of these “edge” effects can be different because:

i) Those geometric assumptions are somewhat ap-
proximative.

ii) The surface doping density might differ from the
constant N, used in the calculations.

iti) The presence of a surface potential which depletes
a thin region between the MESFET electrodes.
This potential is difficult to evaluate and may
depend on the quality of the dielectric passivation.

For these three reasons, @, and Q, are multiplied by an
empirical “edge” factor Xy as shown in the following
relation:

QT=Q1+Q2+XED(Q3+Q4)' (6)

A typical Xy, value for half-micron-gate MESFET’s from
different manufacturers is between 0.8 and 1.8.

D. FElements of the MESFET Equivalent Circuit

The simulator calculates an equivalent circuit with nine
elements among the 11 of Fig. 4.

The extrinsic transconductance G,,, is obtained by in-
crementing V. and calculating the change in I,;. Then
the intrinsic transconductance G, is derived with the
method described in Appendix II. There is no fitting
parameter for G, calculation.

It is well known that it is very difficult to determine
exactly the RF value of the output resistance R, which is
lower than the dc value. The reason comes probably from
effects of the substrate—active layer interface, which vary
from one manufacturer to an other. Thus, a parallel resis-
tance Ry is added to the intrinsic dc output resistance,
and R, becomes

—|p-1 -1 |71
Ry, —lesdc"’ Rgup

(7)

Ry accounts for a RF contribution of the saturated part
of the channel with a length equal to L, + L, and is given
by

Rgup = Ksup(Ly+ Ly)/Z (8)

where Z is the total width of the device and Kgp is a
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parameter having the dimension of a resistance per square.
Kgyp is held to fit the nominal value of R, of the
investigated device at a given bias condition. Then Ky is
assumed to be a material constant and does not vary with
doping, active layer thickness, gate length, or applied volt-
age. However since L, and L, change with those condi-
tions (Appendix I), Rqyp and finally R, will also change.

The variations of Q in response to the variations of
applied voltages Vg, Vps give the extrinsic values of Cgg
and C,. The intrinsic values are extracted as discussed in
Appendix II. One obtains

AQ;
Cos = (9)
£ AVgS Vg = constant
and
AQ;
= (10)
= AVdg Vg, = constant

With these definitions it can be verified that for a perfectly
symmetric device (Lg; = Lgp), C,, and C,, become equal
when Vs = 0 V (cold FET). The parameter Xgp,, included
in Q, is also assumed to be a material constant. It is
adjusted to fit the C, of a nominal device at a given bias
condition. Then only the four charge values (Q, to Q,) are
bias dependent and give a satisfactory capacitance—voltage
characteristic for the device. The same Xy, is used for C;
and C,, calculations. Finally a contribution of fringing
capacitances, totally bias-independent, is included in the
simulator (Appendix III).

Considering that the depletion capacitance C,; is in fact
distributed beneath the gate with a channel resistance, it is
possible to compute the input resistance R, of Fig. 4 [9],
[15].

The same method applied to C,, allows the determina-
tion of the feedback resistance Ry. The value of R, is
negligible when V¢ is above the knee voltage (i.e., Vg > 2
V) but is comparable to R, when V¢ is very small.
Therefore the equivalent circuit of Fig. 4 is symmetric and
valid for “cold” FET operation as required for many
switch, attenuator, and phase-shifter designs.

The experimental value of Cpg is generally found to be

bias independent. Then it should be considered as a para-

sitic element of the MESFET and is calculated as the
capacitance originating from the electrostatic coupling of
source and drain metallization lines [6]. It depends mainly
on the source—drain distance L, and also on the contact
size (See Appendix III).

The transit time associated with the transconductance is
assumed to be dependent on the length of the saturated
region only. Then Tau is read as

(Ly+ L)

12)

5

(1)

Tau =

The gate resistance is independent of applied voltages
and is given by [18]:

RosZ

¢ 3NZL

(12)
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where N is the number of gate fingers, Z the total width,
and R the resistance per square of the gate metalliza-
tion. These data are usually always available to the de-
signer.

The access resistances R and R, are not calculated by
the simulator because they are too dependent on the
technology of fabrication (i.e., planar or recessed structure).
Unless a close relationship exists between the manufac-
turer and the designer of the circuit, it is not possible to
forecast their values. Therefore the Rg and R, values of a
nominal device are entered in the program as input data.
The access resistance 1s the sum of a term due to ohmic
contact resistivity plus the resistance of the semiconductor
between the ohmic contact and the depletion region. This
last term is dependent on technological parameters such as
doping concentration, recess depth, and gate—source (or
drain) distance. Then any variation of those parameters
will change the nominal value of the access resistance.

E. Noise Parameters of the MESFET

It is often useful to predict the noise parameters of the
MESFET for, at least, a qualitative study. The approach
used here is based upon the FET noise theory developed in
[6] and [19].

The relationships between the four noise parameters and
equivalent circuit elements are

Fmin=1+2(wc‘gs/Gm)Pl +2(wcgs/Gm)2P2 (]33)

with

P, =\Kg(Kr+G,(Rs+R)) (13b)

P,=KgG,(Rg+ R+ KcR)) (13¢)
where

w=2X7mXf (finHz)

Rop = \/Gm(RS +Rg)+ Kr /(\/K_g X Cgsw) (14)

Xop = Kc/(CgSw) (15)
Rn=(Kc*Kg +G,,(Rg+ Rg) + Kr)
/(G X (1+ Kx%?)) (16)

Details of the derivation of factors Kg, Kr, and Kc are
given in [6]. The new parameter Kx has been introduced to
take into account the decrease of noise resistance Rn when
frequency increases. This behavior is always ascertained
experimentally for GaAs MESFET’s [20] and could not be
predicted with the original theory, which leads to a fre-
quency-independent expression for Rn.

The values of the four factors have been set to 2.53, (.01,
0.81, and 5.3 10712 for Kg, Kr, Kc, and Kx, respectively,
to fit the actual data of one particular manufacturer for
the MESFET and at the operating condition described in
Section IV. Therefore these factors may change from one
technology to another.
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TABLE 11
ERROR FUNCTION COEFFICIENT AND DIFFERENCES BETWEEN
THEORETICAL AND EXPERIMENTAL S PARAMETERS
(AT 15 GHz) FOoR FIVE DIFFERENT
(GaAs MANUFACTURERS

FOUNDRY A B c D B
e (%) 1.95 | 2.45 | 2.33 | 4.41 | 7.58

MAG(S ) L 9.4 | 0.1 | o.0s | 0.75 | 0.7
aB

MAG(S, ) ]

2 i ) ) 0.1 )

6522 1 o4 foa |03 0.5

MAG(S, ) 1 g3 | 0.1 o1 |o.a | o.ss
aB

ANG(S,;) | 4 7 5.7 | 8.2 | 1.5
deg

III. VERIFICATION AND LIMITATIONS OF THE
MESFET SIMULATOR

A. Comparison Between Simulation and Measurement

S parameters of MESFET’s from five different GaAs
foundries have been fitted to extract the experimental
values of the equivalent circuit detailed in Fig. 4. In every
case, the bias conditions are Vg =3 V and I, /2, and
the dimensions of the gate are L =0.5 pm and Z =300
pm. Using the nominal data provided by the manufacturer
(Lgp. number of gate fingers, Ipg, V), Rg, Rp, Rpg), a
theoretical equivalent circuit has been computed by the
simulator for each device. Only device C is epitaxial, i.e.,
having a uniform doping; the others are ion implanted.

Table II shows a comparison of error function coeffi-
cients calculated by the circuit analysis software TOUCH-
STONE [21] when starting a “MODEL optimization.” It
can roughly be described as the average divergence of the
square of theoretical S parameters from the square of
experimental S parameters. The averaging is done over the
frequency range (1-20 GHz) with a 200 MHz step. The
error function coefficient combines the results of the four
S parameters.

For sake of comparison, a variation of + 10 percent on
C,s and C,, together with —10 percent on G,, and R,
made on the experimental device E, gives € =9 percent.
For device E, which demonstrates the poorest agreement,
Fig. 5(a) and (b) shows the difference in the amplitude and
in the phase of the theoretical and experimental S parame-
ters. Over the four § parameters the disparities never
exceed 7° in phase, 1 dB in amplitude of S}, or S,,, and
1.5 dB in amplitude of S,,.

To go deeper in detail, Table II also gives the differences
found at 15 GHz between theory and experiment for the
magnitudes of S;;, S,,, and S,; and the phase of S,,. Even
at such a frequency these numbers are still very small for
all of the five devices investigated.

Because the simulations are very satisfactory, the MES-
FET model may now permit the investigation of the influ-
ence of deviations in the process of fabrication. To illus-
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ps =3

trate the breadth of these deviations, we have displayed in
Table III the range of variation for I,¢¢ and V), tolerated
on the PCM (process control monitor) by the five foundries.

B. Limitations of the Simulator

When presenting a model it is always advisable to
describe its limits.

* The phenomena intervening at large drain bias [22],
such as electron temperature effect, the presence of a
high electric field at the drain side of the depleted
region, or strong injection of carriers into the sub-
strate, have not been included in the simulator.
Therefore the simulator is not recommended for op-
erating with V¢ greater than 5 V, as with power
FET simulations.

® Because of the uniform doping approximation, the
model might not be valid for certain ion-implanted
devices operating near pinch-off where the channel
doping differs too much from the average value. This
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TABLE III
MAXIMAL ALLOWED ELECTRICAL DEVIATIONS
FOR FIVE GaAs FOUNDRIES

FOUNDRY A B C D E
1 * 33 47 25 40 28
DSS(%) : ‘
+
yp & 20 48 36 35 19
(%)

occurs approximately when I,¢ is lower than 10
‘ percent of I¢..

* The model does not account for a dc current leakage
through the substrate. Actually this seems to be the
case for some real devices and affects the characteris-
tics of the MESFET in two ways:

a) It shifts the value of V, when V¢ increases, and
gives resistive I,,¢(V)s) characteristics when Vg
approaches the pinch-off. For these reasons also
our model is not fully valid when I, is lower
than 10 percent of I.

b) It changes the value of the dc R, term in (7).
Therefore the simulation of R, is correct when
simulating around specific bias conditions but is
not perfectly suitable to describe R, versus V
or Vg characteristics. (In fact according to this
model, R, should increase when Vg is more
negative and it is indeed the case for foundries D
and E. However for foundries B and C, R
decreases and it starts decreasing and then in-
creases for foundry A.)

An implementation is perhaps to add a dc leakage

current in the substrate I, as in [23]. This imple-

mentation is the object of investigation.

IV. APPLICATION TO THE DESIGN OF A LOow-NOISE
MMIC AMPLIFIER

A. Process-Dependent WCA

The goal was to design a 15 dB gain cascadable module
having a relatively broad band around 4 GHz with low-
noise performance. The specifications are summarized as
follows: ‘

Bandwidth: 3.5-4.5 GHz.
Gain: 15 dB.

Gain flatness: 1dB,,.
Return losses: < —15 dB.
Noise figure: <3.5dB.

The circuit was fabricated by the THOMSON-DAG GaAs
foundry using a double ion implantation for the formation
of the active layer. The gate metal is deposited onto the
active layer after a recessing of the top highly doped
region. E-beam lithography is used for gate length defini-
tion (0.5 pm). The manufacturer allows I, to vary from
9 to 21 mA and ¥V, from —0.7 to —13 V [24]. The
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MESFET simulator indicates that this corresponds to a
combination of +10, 6, and 6 percent arbitrary deviations
on L, N, and A, respectively. A

Combining those dispersions a best case and a worst
case (in terms of gain) can be determined. Then an equiva-
lent circuit is computed for each situation and the ele-
ments are reported on Table IV for a 0.5 pm MESFET
with two fingers of 75 pm.

It must be emphasized that all parameters are computed
values only. A process sensitivity can now be performed on
the MMIC using the S parameters and noise parameters
corresponding to each case of Table IV.

The amplifier is a two-stage configuration. The chip
includes LC matching and dc biasing networks. The chip
size is 1.5 mm X 2.5 mm. A photograph of the fabricated
circuit is shown in Fig. 6.

The simulated results obtained using TOUCHSTONE
[21] are displayed for the nominal and the two extreme
cases for the gain, noise figure, and input and output
return losses in Fig. 7(a), (b), (c), and (d) respectively. The
worst case in terms of gain corresponds also to poor noise
performance. Return losses are not significantly affected
by the MESFET parameter since they depend mainly on
the matching networks. '

It can be seen that, as far as the gain and the return
losses are concerned, even the worst cases meet the specifi-
cations. This was made possible by the following method:

1) Tighten the specifications for the nominal case de-
sign.

i1) Adopt a very conservative design always using the
foundry’s standard elements, which are well charac-
terized.

Ranges of possible variation of each element of the MES-
FET (G,.C,,, Ry, C,ys etc) are given in the foundry’s
data book. Using these data in our circuit analysis soft- .
ware [21], a WCA has been achieved.

The results, also displayed on Fig. 7, are pessimistic and
probably not realistic because they correspond to an un-
lucky combination of interdependent parameters taken
without correlation. This demonstrates the superiority of

the process-dependent WCA.
B. Experimental MMIC Results

Fig. 7 also shows for comparison typical results obtained
from realized circuits. They are well inside the predicted
window for gain and noise performance. The input and the
output matching of the amplifier are excellent. Two wafers
were processed. Of 66 chips, 43 were good after dc testing
(65 percent yield) and among them 28 passed the RF
testing, leading to a 42 percent overall yield.

Fig. 8 presents a histogram of the distribution of the
small-signal gain (dB |S,,) taken at the lowest useful
frequency (3.5 GHz) where the gain is the smallest. Most
of the measured gains are between 15 and 16 dB.

Fig. 9 shows the measured values of the noise figure at
the extreme and center frequencies for six devices. The
result is satisfactory.
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TABLE 1V
COMPUTED VARIATIONS OF MESFET PARAMETERS FOR NOMINAL,
BEST, AND WORST CASES

C C R F
IDSS VP RS * RD Gm Tau Rds cgs Ri gd Ds G min
mA v ohms mS ms johms fF ohms fF fF ohms daB
Nominal
case 15 -1 5.4 15.6 4 381 | 103 14.3 23.1 36.5 1.7 ] 0.51
Best
case 21 -1.3 4.2 17.2 3.6 | 322 | 100.5 4.6 23 36.5 1.3 | 0.45
Worst
case 9.7 | -0.7 6.6 14.4 4.3 1391 | 106.5 1§ 29.5 22.5 36.5 1.6 § 0.58

‘Equivalent circuit elements are calculated at V3 =3V,

Ipss/2; Fui, at 4 GHz.

i

V. CONCLUSION

Cost reduction is the major concern of designers willing
to insert MMIC’s in large projects such as phased array
antennas. Therefore a worst-case analysis of the envisaged
circuit becomes as important as the electrical design itself.
A rteliable WCA has to be carried out using process-
dependent parameter dispersions rather than uncorrelated
electrical deviations, which implies the use of physical
models of the MMIC elements.

The simulator presented here for the MESFET is very
convenient, easy to handle, and fast to run as required for
circuit analysis. The calculations of static characteristics,
clements of the equivalent circuit, and noise parameters
have been detailed. The simulator has also been verified by
recomputing the data from five different GaAs foundries.

Fig, 6. Fabricated MMIC C-band amplifier. Chip size: 1.5 x 2.5 mnr.

.

.Obviously, this MESFET model is a tool which can find
other applications. For example, it can predict the influ-
ence of aging of dc supplies on circuit performarnice. It has
been successfully used for a MMIC amplifier design. The
high value of the overall RF yield (42 percent) is evidence
of the process quality, and also accounts for the conserva-
tive method adopted in designing practice.

APPENDIX 1
I, CALCULATION

A subroutine in the program computes /g giVen the dc
bias (Vj, Vis)- The saturated regime corresponds to a Vg
large enough to obtain either:

dy=A4 (d,, defined below)
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Ips > qu.ZNp(A—d,y).

In this case, I, should satisfy the following set of equa-

tions.

Depleted depths (see Fig. 1):

2e
= _r_(Vl’)l —Vgs t+ RS[DS) (Al)
gNp
h=A- IDS/(quZND)' (AZ)

Depth of maximal extension towards the drain:

2¢
dy = \/ N (VDS_Vbl - VGS_RDIDS) . (A3)
diNp

Channel extension towards the drain:

L% = sz - 'sz. (A4)
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Voltage drop in regions 1, 2, and 3:

qNp ,
= —2:()'2““)/12) (AS)
2y, oL
V,= y'ESsinh(—z) [5].[9]. [23] (A6)
° o7 2y,
7L,
Vy= LyEgcosh| — [25]. (A7)
2y
Current in the linear region:
C oy o ezeNs| Gian) Od -
s\ E, € 2 3 '
(A8)

For the linear regime (low V) only (Al), (A3), (AS), and
(A8) apply with L=L,, y,=d,;, and V,=V;=0.

APPENDIX 11
RELATIONSHIPS BETWEEN EXTRINSIC AND INTRINSIC
PARAMETERS

1) The relationships between extrinsic (V), Vi) and
intrinsic (V,, V) voltages are

Vps =
Vos = Vg + Rlpg

Uygs + (Rs + RD)IDS

Voo = Vye T R,I,.

2) By differentiating I, with respect to extrinsic and
intrinsic voltages and identifying the different terms, one
obtains [26]

G AIDS Gme
" AUgs vgs N RSGme - (RS + RD)Ga'e
and
G AIDS Gde
‘ Avds v N 1_RSGme_(RS+RD)Gde
where
G, = ‘ A and G ‘ED—S
| s |, “ ] Mps |,

are the extrinsic values.
3) With a comparable operation concerning the total
depletion charge Q one finds

AQ;
o= = Cos + (Gt Gy)(CosRs + CopR )
85 luvyg
and
AQr
= =Cop+Gy(CosRs+ CopRp)
Aoy, |,
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where

AQ
AVgs

AQ;
AV

Cos =

and CGD=‘

Voo Vgs

are the extrinsic values.

APPENDIX III
CALCULATION OF FRINGING CAPACITANCES
The fringing capacitance is equal to [6]
Cr= (e, +€)CrZ
where Z is the total width of the device, and ¢, and € are

the absolute permittivity of air and GaAs respectively. The
parameter Cy is computed as follows:

CR=%ln!2(1+ CK,,)/(l—\/E,;)l if C, <1/y2

CR=%1n[2(1+¢c7)/(1—@)‘_
with
Cep=1-CF.

The factor Cy is different for the C, case and for the Cg;
and C,, cases [6].
Cpg case:

Cx= \/(2Wo + LSD)LSD/(VVO + LSD)2

where W, represents the width of the MESFET ohmic
contact.
Cgs and Cgj, case:

Cx= VLSG/(L + LSG) .
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