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A Large-Signal Switching MESFET Model for
Intermodulation Distortion Analysis

Kohei Fuijii, Yasuhiko Hara, Toshiyuki Yakapklember, IEEEand Hatsuo Yaheviember, IEEE

Abstract—This paper describes an improved large-signal model  To overcome this problem, this paper presents a different ap-
for predicting an intermodulation distortion (IMD) power char-  proach in large-signal modeling. First, we focus on a voltage-de-
acteristic of MESFET's in switching applications. The model is pendent drain conductane®;,, not on thels, to describe the

S S

capable of modeling the voltage-dependent drain current and its drai t's d. the Tavl . fficient
derivatives, including gate—source and gate—drain capacitors. The rain current. Second, the aylor Series coetlicients are numer-

drain current and its derivatives are described by a function of a  ically extracted from the measur€d(Vys, Vas) data. Finally,
voltage-dependent drain conductance. The model parameters are we propose a fully symmetrical equivalent circuit and an im-
extracted from a measured drain conductance versus gate voltage proved modeling function.

characteristic of an MESFET. This paper also presents a new - Thg paner is organized as follows. Section Il begins with a
fully symmetric equivalent circuit for switching MESFET's. The l drai £ f itching MESEET's. Section II]
IMD power characteristics calculated with the use of the proposed nonlinear drain current for _SW' ching . S. wec |or_1
method are compared with experimenta| data taken from a shows pI‘OblemS of conventional models. Section IV continues
monolithic-microwave integrated-circuit single-pole double-throw  with design of modeling functions. Section V shows an appli-

switch. Good agreements over the large gate voltages and input cation example for predicting the IMD power performances of

power levels are observed. an MMIC single-pole double-throw (SPDT) switch.
Index Terms—Harmonic distortion, MESFET'’s, nonlinear
model, nonlinearities. Il. V OLTAGE-DEPENDENTDRAIN CURRENT FORSWITCHING
MESFET’s
I. INTRODUCTION In switching applications, an MESFET is controlled by a con-

HERE IS A growing need for high-performance monotro! dc gate voltagé,,, and a small-signal voltage:; applies
lithic-microwave integrated-circuit (MMIC) control 0 the drain at the zero drain bias voltage. Under the condi-
circuits such as switches, attenuators, phase shifters, &8 the small-signal drain curren, is described as a function
resistive mixers. These MMIC’s have been realized by the uSkthe voltage-dependent drain conductance and its derivatives
of MESFET's as switching elements. The intermodulation .
st(‘/gsy Vds + Uds)

distortion (IMD) generated by MESFET's is one of the im-
(MD) g y 1 0Ga(Vis, Vas)

portant performance characteristics that must be addressed in = Gas(Vie, Va)vgs + = 2
. . . . gs) 2 avds s
many switching applications. Therefore, to analyze the IMD )
power characteristics of MESFET's, a large-signal model for 18°Gas(Ves: Vas) 3 L
switching MESFET's must be developed. For this purpose, a 6 vz ds
simple model was proposed [1]; however, the model neglects = 91 (Vigs, Va)vas + 92 (Vigs, V)3,
a drain voltage dependency of the drain currépt It was + g3(Vigs, Vas)tde + -+ 1)

shown recently that not only the voltage-dependgpt but

also their derivatives have to be modeled correctly, especiallyrifhe G, can be extracted accurately from measuSeparame-
the model is supposed to predict the IMD power characteristigrs [4]. To extract equivalent element values of an MESFET
[2], [3]. In those papers, théy, and its derivatives are accu-from the S-parameters, we then propose a fully symmetrical
rately represented by the Taylor series expansion. Numeriggge-signal equivalent circuit based on the physical configu-
calculation of the derivatives from the measuiigd( V., Vas) rations of switching MESFET’s. Schematic cross sections at
data is impractical because the MESFET’s drain current ‘i6n” and “off” states can be written by Fig. 1(a) and (b), re-
very small and its nonlinearity is often lost within measuregpectively. The symmetrical equivalent circuit proposed here is
tolerances. Therefore, the method requires a very complicatgfbwn in Fig. 2. The drain current is represented by a modeling
measurement procedure to extract the Taylor-series expangi@fttion of theGq,(Vys, Vas). Since the drain is unbiased, and
coefficients. the MESFET is physically symmetrical, both a gate—source ca-
pacitorC,s and a gate—drain capacito,, have identical gate
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" 7 Fig. 4. Comparison of the measured and modglgdcharacteristics for an
N Rs N s Rd 800m MESFET. The parameters of the Curtice’s modeling functiomare
A 0.647, 3 = 0.096, A = —0.259, andV,, = —3.55 V.
Gds,min
[l

I I1l. PROBLEMS OFCONVENTIONAL MODELING FUNCTIONS
S.I. GaAs Cds

Many modeling functions for the large-signal model cur-
(b) rently being used are mainly derived from the Curtice’s
modeling function [6]-[10]. The Curtice’s modeling function

Fig. 1. Schematic cross section of a MESFET.Y @) = 0 V. (b) Vs < V5. is described by formulas

Lis(Vigs, Vas) = B(Vis — V)2 (1 + MWVys) tanh(aVys)  (2)

+Vgd - Lo . .
Gate L9 R Cgd(Vgd) Ri Rd Ld Drain vv_hereV}gs andVy, are the intrinsic terminal voltages,, is the
o—MN— A—MA — WM pinchoff voltage, andx, 3, andA are the model parameters. For

switching applications, (2) can be described as the voltage-de-

+ Cgs(Vgs) =
Vgs pendent drain conductance

- ZRi '\

Rs Gds(Vgs,Vds)

L+
Cds Vds

Gds (Vgs ’ Vds)
aIds(Vgsa Vds)

Ls OVas
Source
= B(Vie — V,)2(1 + )\Vds){a /[ cosh?(ava)] }
Fig. 2. Symmetrical equivalent circuit for a switching MESFET.

+ B(Vigs — V)2 X tanh(aVy,). (3)

Equation (3) models the MESFET{,; adequately to obtain
switch’s isolation; however, (3) often fails the IMD power cal-
culation. This shortage is clarified by a comparison of ghe
coefficients of a real device with those of the modeling func-
tion, as shown in Fig. 4. The comparison results show that the
measured MESFET’s coefficients vary witl, in progressively
more complex manner asncreases; however, those of the Cur-
tice’s modeling function become simpler. From this compar-
ison, it is considered that the large-signal simulation using the
Curtice’s modeling function causes the error of the IMD power.
More sophisticated models [9], [10] also fail to represenighe
coefficients because those models were developed to represent
thel-V characteristics and those partial derivatives with respect

! ) . to the gate voltag/.
Fig. 3. A three-dimensional plot of the measured voltage dependent drain

conductance for an 800m MESFET.

Gds (S)

IV. IMPROVED MODELING FUNCTION

Conventional modeling functions being currently used

rameter measurements for the MESFET with atewidth
go0g @T[lo] are expressed as

were done from 1-21-GHz frequencies, and the measurem
repeated the gate vol'_[ages oves t0+0.6 V, and the drain volt- Gas(Vis, Vi) = Fi (Vi) - Fo (V). 4)
ages over 0-0.5 V. Fig. 3 shows measuféd(V,,, Vi) data.

From theGys(Vgs, Vus) data, theg,, n = 1, 2, 3, --- coeffi- However, from the Fig. 3, th€,, versusV, slope varies with
cients are numerically derived by using (1). the V. In order to improve the modeling accuracy, we propose
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10 5 TABLE |
9 o 20 W 0 EXTRACTED PARAMETERS FOR THE
8 )( u. .5 IMPROVED (G4, MODELING FUNCTION
7 // -10
N g 7 7 ;g - Parameters F, parameters A, parameters | A, parameters
= .
4 : / 25 = F, 0.561[S] 2.969 -23.655
\ Modeled
3 e Extracted | 30 P 0.449 [S/V] -0.858 -1.425
2 e -35
] VAN 40 P, 0.127[s/v*2] | 0.051 -0.413
IR
0 Treees | 45 L) 0.112 [S/V*3] 0.016 -2.466
- 4 2 -1 1
° Var V) 0 Vo 0457 [V] 3.049 [V] 2.694 V]
A - - 0.051
Fig. 5. The extracted; andA; coefficients as functions df,.
an improved modeling function including th¢, dependency 1 miroved modei : 0.1
of the F; as gz wos= Measured 01(Vgs,Vds=0) j/’F ggg
. . 7 .
Gds(‘/:gsa Vds) = Fl(V:gsa 0) . FQ(V:gsa Vds)- (5) g; g3(Vgs,Vds=0 \ gg;
N . (v}
. . a o
For theF1, the hyperbolic tangent function representsithe 505 ¢ \\ f’;{ o= 0 N
dependency of thél,, and its derivatives [10] well aty, = 0 g'g Dy :g'gi
V. The F} is shown by 02 N | A2(Vgs Vds=0) 006
0.1 NG W e
: A= Y :
F1 (V) & Foge - [1 +tanh(¢)] 6) 0 M o1
5 4 3 2 A 0 1
Vgs (V)

wherel',; is a modeled value at the center of the linear potion
of the modeled value versitg, slopef; — V., and théV value
atthef,,; is V.. The) is a power series function centered
Fouy with Vi, as a variable, and is shown by

Fig. 6. Comparison of the measured and modelgccharacteristics for an
a8004m MESFET.

The voltage dependencies of gate capacitdys and Cyq
play animportant role in determining the high-frequency perfor-
mance of MESFET’s. Since the drain is unbiased in switching
whereP,,n = 1, 2, 3, -- - are the fitting parameters. applications, these gate capacitors have identical gate voltage
The F; represents th&,; dependencies of th€s and its dependencies, and this phenomena can be represented by a mod-

derivatives at each individual gate voltage, and is represented89 function. In the many modeling functions including the
Curtice model [6]-[8], the gate capacitors are represented as the

capacitor of the Scottky diodes [11] as follows:

Cyo

ﬁ
Vii

z/}:Pl'(VéS_V:tnt)+P2'(VéS_V:tnt)2

Py (Vs = Vou)* +--- (7)

FQ(V;gsa Vds) ~1- [Al(‘/gs) . |Vds| + A?(‘/gs)

. |Vds|2+A3(vas) . |Vds|3+] (8)

where, A, (Vgs), n = 1, 2, 3, --- are Vg-dependent fitting
coefficients. The extractedl; and A coefficients from the
800y:m MESFET are shown in Fig. $, and higher terms where C, is the zero-bias junction capacitandé, is the

Ay, A5, -~ became almost zero; hence, we neglected thepm.. .. . . -
From the figure, thed, (V,,) can be represented by (6). The[)nu"t in potential of the Schottky gate, is a fitting parameter,

) - ) .andV is the intrinsic channel voltage. A conventional modeling
As(Vg) is also represented by a modified modeling functio . . . o
: unction for the gate capacitors, shown in (10), is inadequate
of (6), and is shown by

for gate voltages smaller than the pinchoff voltage since the
9) conducting channel is totally depleted [12]. In order to improve
the modeling accuracy, we propose an improved modeling

where) is a modulation parameter &f, and is the same asfunction. Due to the similarity ofGqs(V,s) and the gate

the Curtice model. The modelet{ and A3 parameters are alsocapacitors, a modified modeling function of (6) was applied

shown in Fig. 5. to represent the dependency on the gate voltage of the gate
The measureg,, of the 800xm MESFET were representedCapacitors as

by the improved modeling function. In order to obtain accurate

representations of thg,, we fitted the improved modeling func-

tion to the all higher terms of the measurgdby adjusting the

model parameters. The extracted parameters for the model‘fwbere

Cos(Ves) = Cga(Visa) = (10)

A3(Vigs) = Fong - [(1 + AVgs) + tanh(z/))}

CaaVr) = CaalVat) & Feng + [1+Cy - tanh(y)| (1)

function are shown in Table |. The measured and the modeled
grare shown in Fig. 6, and excellent agreements are achieved.

Cr=1-

Cg min

cnt

12)
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Fig. 7. Measured and modeled responses of the gate capacitors for am800- (@)
MESFET. The parameters for the improved modeling functionfasg =
0.438 pF,Cy min = 0.219 pF, V_p = —2.748 V, P, = 1.217, P, = 0.364, 20
andP; = 0.049. The parameters for the conventional modeling function are ‘ a ’
Cyo = 0.63 pF,V3; = 0.8V, andm = 0.40. = 0 o
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Fig. 8. Equivalent circuit of the MMIC SPDT switch. Fig. 9. IMD power of the MMIC SPDT switchf'l = 10.0 GHz andF2 =

10.1 GHz. (a) Transfer state. (b) Isolate state.

andCy min is the Cy, value atV,, < V..

Fig. 7 shows the comparison between the extracted and repre-
sented gate capacitors for the 800 MESFET. From the com- 50 ~—
parison, we recognize that the improved modeling function rep- £ 40
resents the gate voltage dependency over the large gate voltages § ,, -
with good accuracy. o) g

9 v 2 /
noooo Measured \ /
V. VERIFICATION OF THEIMPROVED LARGE-SIGNAL MODEL 10 Calculated e/
. . [
To verify the improved model’s performance for the IMD 0 . . . » o

power characteristic analyses, the characteristics calculated
with the use of the improved model are compared with
the experimental data taken from an MMIC SPDT switchsy 10 Measured and simulated TOI point as a functiorhof at the
Small-signal simulation results are also compared with th@nsfer statel(,;, = 0V, V,2 = —7 to —1 V). The TOI was measured by
experimental data to verify the performance of wide-barige refationship from 10.0 to 10.1 GHz.
frequency applications. The MMIC SPDT switch was fabri-
cated from a GaAs MMIC process optimized for switchinghe relationship from 10.0 to 10.1 GHz. The predicted results of
applications. Fig. 8 shows an equivalent circuit of the MMIGhe improved model agree well with the measured data. How-
SPDT switch. For large- and small-signal measurements, an &Fer, the predicted results using the Curtice model show signif-
signal was applied to the portN,” and RF performance mea-icant discrepancies between the measurements and predictions.
surements were done at the papiST1.” The port “ouT2” was To verify the accuracy of the model at different gate voltages,
terminated by a 50} termination. The control voltages werethird-order intercept (TOI) points were measured as a function
Va1 =0V, Vo = =5V for an isolate state, and,; = —5V, of the control voltagd’,, and compared with the predicted per-
V,2 = 0V for a transfer state. formance from the improved model. Fig. 10 shows a comparison
result, and very good agreement is achieved.

Vg2

A. Verification of the IMD Power Characteristic Analyses

Fig. 9(a) and (b) show the measured transfer and isolate sBteVerification of the Small-Signal Analysis
IMD power characteristics of the MMIC SPDT switch and the The predicted small-signal performances from the improved
predicted IMD power characteristics for the improved and Cumodel agree well with the measured performances. Fig. 11(a)
tice models. The IMD power characteristics were measured agd (b) show the measured transfer and isolation state small-
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