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Abstract—A simple way to determine a small-signal equivalent
circuit of High Electron Mobility Transistors (HEMT’s) is pro-
posed. Intrinsic elements determined by a conventional analytical
parameter transformation technique are described as functions of
extrinsic elements. Assuming that the equivalent circuit composed
of lumped elements is valid over the whole frequency range of the
measurements, the extrinsic elements are iteratively determined
using the variance of the intrinsic elements as an optimization
criterion. Measurements of S-parameters up to 62.5 GHz at
more than 100 different bias points confirmed that the HEMT
equivalent circuit is consistent for all bias points.

1. INTRODUCTION

ESIGNING nonlinear components such as high power
amplifiers requires accurate nonlinear characteristics of
active devices [1], [2].

Empirical methods like load-pull [3], [4] can be used at
relatively low frequencies, but the equivalent circuit approach
is ‘better suited at millimeter wave frequencies because it is
free from experimental problems. Conventionally, values of
equivalent circuit elements are determined using optirhizers
which come with commercially available software. These
optimizers do not, however, check whether a circuit is valid,
and are not therefore consistent over all operating bias points.
The choice of the initial values for optimization also affects
the results [2], [5], [6]. o

Improvements have been proposed for GaAs MESFET’s,
but they commonly need extra measurements at DC, very low
frequencies, and in a cold state to determine extrinsic elements
[6]-(9].

In this paper, we describe a technique to determine a HEMT
equivalent circuit which requires no additional measurements.
Our technique is the first step towards developing a nonlin-
ear model for HEMT’s. Intrinsic elements determined by a
conventional analytical parameter transformation technique are
expressed as functions of extrinsic elements. Assuming that the
equivalent circuit composed of lumped elements is valid over
the whole frequency range of the measurements, the extrinsic
elements are iteratively determined using the variance of the
intrinsic elements-as an optimization criterion. The extrinsic
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Fig. 1. Equivalent%ircuit of GaAs MESFET. Inside the dashed-line denotes
the intrinsic part, and outside is the extrinisic part: g}, = gm €xp (—jwt).

elements  are strongly constrained by the variance, and the
choice of the initial values for optimization little affects the
results.

We measured S-parameters of a HEMT up to 62.5 GHz,
at more than 100 different bias settings, and determined
the intrinsic . elements at each bias point. We checked the
consistency of the resulting HEMT equivalent circuit for all
bias points using the frequency characteristics of the intrinsic
elements.

II. EQUIVALENT CIRCUIT

Many equivalent circuits have been proposed for HEMT’s,
but the simple conventional equivalent circuit for MESFET’s
(Fig. 1) is still one of the most useful.

The intrinsic part of the device (surrounded by the dashed-
line in Fig. 1) is described by a Y matrix as:

- _|¥Yu Yz
Yine = [Ym Yzz]
JwClys

|14 jwCysR;
T gme T

1+ jwCyR;

+ ijgd —ijgd

— ijgd 9ds + jw(ogd + Cds)
’ 1)

At millimeter wave frequencies, measured data tend to suf-
fer from unpredictable parasitic elements. RF wafer probe
measurements using TRL (Thru-Reflection-Line) calibration
reduces the extrinsic elements as shown in Fig. 1.

The extrinsic part is then described by a Z matrix (2), shown
at the bottom of the next page.
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Complete device Z-parameters, Zy, are the sum of Z.u:
and the reciprocal of Y.,
Zt = Zext + Y_l (3)

int *
III. ANALYTICAL DETERMINATION OF EQUIVALENT CIRCUIT

A. Intrinsic Elements

With the equivalent circuit in Fig. 1, we can determine
its intrinsic elements analytically. From (3), the measured
S-parameters are converted to Z-parameters and the extrin-
sic elements subtracted. Then the remaining Z-parameters
are converted to Y-parameters, and using (1), the intrinsic
elements are determined at each frequency point as follows:

Re (Y11(wi) + Y12 (wi))

4
Im (Y11 (w;) + Yi2(w;)) @

d(wi)

i

c(ws) = (Yar(wi) = Yig(wi))(1 + jw; d(w.)) ®)

Cs(wy) = w Im (Y11 (w,) + Y1z(wi))  (6)
_ dz(wi)

Ri(w,) = (1+ d?(wi) Re (Y11 (w,) + Yi2(wr)) @

Cyali) = T 1al) ®

Im(w,) = v/ c(w;) ®

r(w) == tan™" (Im (c(wy)), Re(e(wr)) (10)

K3

9das(w,) =Re (Yoo (w;i) + Y12(w,)) 1y
2 Y; 7
Cds(wz‘) - Im (}GQ(W ) + 12((‘) )) (12)
ws
where w is the angular frequency and ¢ (= 0, ---, N— 1) is

the number of sampling points.

B. Effect of Extrinsic Elements on
Determining Intrinsic Elements

As the previous section described, once extrinsic elements
are obtained, intrinsic elements can be determined analytically.
Though impedances of extrinsic elements are small compared
with those of intrinsic elements at relatively low frequencies,
conventional optimizer programs assume all elements have the
same accuracy and the resulting extrinsic elements fluctuate
widely against their initial values.

At millimeter wave frequencies, extrinsic elements play a
more important role in the overall characteristics. For example,
0.1 pF of Cy, and 20 pH of L, have impedances of 1591 Q
and 0.126 Q) at 1 GHz, but 26.5 2 and 7.56 2 at 60 GHz. The
extrinsic elements therefore heavily affect the values of the
intrinsic elements determined by solving (6) to (12), at high
frequencies. And the intrinsic elements can be represented as
the functions of the extrinsic elements as well as frequency.
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Fig. 2. Frequency characteristics of Cgys,. (a) L, = 0 pH, (b) Ly = 20 pH,
() Ly =40 pH, (d) Ly = 60 pH, (e) L, = 80 pH, (f) Ly = 100 pH.

That is:

Cys = Cys(Wi, Zeat) = folwi, Zext)
R; :Rz(wu Zeact) =f (wza Ze;ct)
Cyd = Coa(wy, Zewt) = fo(wiy, Zewt)
9m = Im(Wis Zewt) = f3(wis Zeas)
T =T(Wi, Zewt) = falwi, Zeat)
9ds :gds(wi; Zeact) = fS(wu Zea:t)

Cas = Cds(wza Zemt) = f6(wi7 Zemt)‘ (13)

We used function names fy to fg for convenience in the
following discussion.

C. Criterion of Circuit Validity

We can plot the frequency characteristics of the intrinsic
elements as determined by (6) to (12) with extrinsic elements
as parameters, as shown in Fig. 2 for an example. Clearly,
the frequency dependence of the intrinsic elements is affected
by the value of extrinsic elements. If the equivalent circuit
composed of lumped elements is valid at every measurement
frequency, these elements must be independent of frequency.

Conventional CAD optimizers, however, do not check cir-
cuit validity and determine extrinsic and intrinsic elements
simultaneously. Extrinsic elements determined in this way
often invalidate the circuit when the operating bias is changed,
and some techniques have been proposed for determining ex-
trinsic elements using additional measurements. The additional
measurements are performed at DC, low frequency, and in a
cold state.

Assuming that the equivalent circuit is valid for all fre-
quency points of measurements and making use of the in-
trinsic elements for optimization criteria, we can determine
appropriate values for extrinsic elements by iteration without
complicated additional measurements.

The first candidates for criteria are the derivatives of intrin-
sic elements with respect to frequency, but they sometimes
suffer from numerical error and measurement error. We there-

Dest = R, + jwL,

(Rg + R;) +jw(Lg + Ls)

R; + jwL, @
(Rq+ Rs)+ jw(Lag+ Ly) |
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Fig. 3. Dependence of the variance on extrinsic resistances. Solid-line:
Rg-variance, dashed-line: R;-variance, dotted-line: Rg-variance.
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Fig. 4. Dependence of the variance on extrinsic inductances. Solid-line:
L g-variance, dashed-line: L-variance, dotted-line: L z-variance.

fore chose variances as criteria. That is:

1 N-1
et (Zewt) = 57—
=0
2
N-1
. fk(wivzewt) - Z fk(wi,Zext)
=0
(k=0717"'76)‘ (14)

Fig. 3 shows the variance as a function of the extrinsic re-
sistances, and Fig. 4 as a function of the extrinsic inductances.
Moreover, for stable calculation, the discrepancy between
the measured and calculated S-parameters (15) is considered
as a loose constraint. The mean values of intrinsic elements
are used for calculating S-parameters.
2 2 N-1
52(Zea:t) = ZZ Z
p=1g=1 =0
. qu|5’;q(wi, Zezt) - Sg}l(wi)iz. (15)
Superscript ¢ denotes the calculated S-parameters using (1) to
(3), and m is the measured S-parameters. W, (fixed at 0.5)
are the weighting factors. The extended error vector is then
composed as follows.

(16)

IV. EXTRACTION PROCESS

A flowchart of the iterative process is shown in Fig. 5. First,
the initial extrinsic resistances and inductances are subtracted
from HEMT Z-parameters. The reduced Z-parameters are then
converted to Y -parameters and the values of intrinsic elements

1. Convert measured S-parameters
to Z-parameters

!

2. Set initial values of Rg, Rs, Rd,
Lg, Ls, and Ld

Y

3. Subtract series impedance from -
Z-parameters

4. Convert Z-parameters to
Y-parameters

Y

Calculate € and update
Rg, Rs, Rd, Lg, Ls, and Ld

|

5. Defermine intrinsic elements

Y

6. Estimate criterion €

No

E<E0

Yes

Print results

Fig. 5. Algorithm.
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Fig. 6. Frequency characteristics of Cys, Vgs = 0.4 Vp, Vg, =2 V.

are determined using (6)—(12). Next, the extended error vector
€ is estimated from (16).

The values of R,, L, --- are updated to reduce e using
the Levenberg-Marquart method. If ¢ is not small enough,
processes three to six in Fig. 5 are repeated. The program is
written in the object oriented style of C + 4, and is easy
to modify for a particular equivalent circuit structure. Fig. 6
shows the obtained frequency characteristics of Cgys as an
example.

This technique is based on iterative calculation, but eliminat-
ing additional measurements is a big advantage for example
in yield estimation.
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TABLE 1
EXTRINSIC ELEMENTS

Elements Initial Values Obtained Values
Rg(Q 0.0 0.0157148
Lg (nH) 0.0 0028674
Rs (Q) 0.0 0.70738
Ls (nH) 00 0.00423901
Rd () 0.0 1.56885
Ld (nH) 0.0 0.0291425
Rg () 2.0 0.0161380
Lg (nH) 0.05 0.028656
Rs (Q) 20 0.71358
Ls (nH) 0.05 0.00425271
Rd () 2.0 154451
Ld (nH) 0.05 0.0291478

Fig. 7. HEMT S-parameters. Wy = 100 pm, L, = 0.35 pum. Frequency:
0.5-62.5 GHz. Bias: Vs = 0.4 V), V3; = 2 V. Crosses indicate measured
values and lines indicate values calculated using the equivalent circuit in
Fig. 1.

V. MULTIPLE BIAS EXTRACTION

To devise a nonlinear model of HEMT’s, intrinsic elements
must be described as functions of bias voltages.

We therefore measured S-parameters at various bias set-
tings, and determined extrinsic elements using the above
technique on S-parameters at V3 = 0.4 Vp, Vg, = 2.0 V.
Around this bias point, the intrinsic elements of a HEMT
have impedances similar to those of extrinsic elements at 60
GHz. The optimizer program then converges easily. Table I
shows the extrinsic elements we obtained. Regardless of the
difference of the initial values, our technique leads to a stable
result. We compared values calculated from the equivalent
circuit, using the extrinsic elements in Table I, with HEMT
S-parameters measured up to 62.5 GHz (Fig. 7). There was
good agreement between the results,

Once the extrinsic elements are known, it is easy to deter-
mine the intrinsic elements for all bias points. As an example,
Fig. 8 shows the Uy, dependence on the gate and drain bias.
We know the validity of the circuit is guaranteed by the

020
0.18
016
0.14 .
012
0.10
008 -
0.06 [—g=—wr—w—w
004
002

° 00O.O 0.5 LO 15 20 25 30

Vas (V)

Cgs (pF)

Fig. 8. Determined values of Cg;. —O—: Vs = 04 V. —[— 1}, =
02V, —A— Vg =00 V. —x— V4o = 02 V. —@— V, = 04 V.
—m— Ve =06V. —A— V,, =08 V.

020
o1i8
016
014
ol2
010
008
006
004
002
0.00

i

Cgs (PF)

(d)

o] 10 20 30 40 50 60
Frequency (GHz)
Fig. 9. Frequency characteristics of Cys (Vgs = —02 V). (a) V4, =3V,
® Vis =2V, Vgs =1V, (d) Vg, =0 V.

020
ol8
o.16

(a) |(b) (¢)

oi4 / /

012
010
008 (d)
006 Vi
0.04 (e)
002
0.00

Cgs (pF)
N
y
i

o 10 20 30 40 50 60
Frequency (GHz)

Fig. 10. Frequency characteristics of Cgs (Vg, = 2.0 V). (a) V45 =02V,
(b) Vgs = 0.0V, (©) Vygs = =02V, (d) Vys = =04V, (e) Vyys = —0.6 V.

intrinsic elements’ independence of frequency. The frequency
characteristics of Uy, (Figs. 9, 10), corresponding to Fig. 8,
show that the circuit seems to be valid for all bias points.

VI. CONCLUSION

We proposed a technique to determine a HEMT equivalent
circuit as the first step towards a nonlinear model. Intrinsic
elements determined by a conventional analytical parameter
transformation technique are described as functions of ex-
trinsic elements, and the extrinsic elements are iteratively
determined using the variance of the intrinsic elements as an
optimization criterion.

We measured the S-parameters of a HEMT up to 62.5 GHz
for more than 100 different bias settings, and determined the
intrinsic elements at each bias point.

We are now considering a nonlinear HEMT model which
we will present at a later date.
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