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IMPLEMENTATION OF HEMT MODELS AND
COMPARISON WITH THE MEASURED DATA FROM MOTOROLA

I. INTRODUCTION

Four HEMT models have been implemented in HarPE [1] and OSA90/hope [2]. They include
the Curtice HEMT model (HEMTC) [3], the advanced Curtice HEMT model (HEMTAC) [3], the
high order beta degradation HEMT model (HEMTG1) [4] and the double parabolic HEMT model
(HEMTG?2) [4].

In this report we describe the details of the implementation of each HEMT model. HEMTGI
and HEMTG2 were compared with the same models from Motorola [4,5] against the measured DC
and S parameters at several bias points [5]. Reasonable DC agreement and S-parameter match
between the model responses and the measurements are observed by using the model parameter
values provided in [4] and [5].

In order to improve the models we performed optimization by taking the parameter values
given in [4] and [5] as the starting point. The match between the model responses and the
measurements was significantly improved after optimization.

Parameter extraction was carried out for HEMTAC and HEMTC by fitting the model
responses including DC and S parameters at several bias points to the measurements. A good

agreement between the model responses and measurements was obtained.

II. MODEL EQUATIONS
The HEMT models are implemented according to the model equations given in [3] and [4].
The intrinsic circuit of the models consists of two nonlinear capacitors, two diodes and one
nonlinear current source as shown in Fig. 1.

The following HEMT capacitance equations proposed by Golio in [3] are used to compute the

nonlinear capacitances for all four models.
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Fig. 1 The intrinsic equivalent circuit of the HEMT models.
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The following diode equations are used to compute the nonlinear currents of the two diodes

in the intrinsic circuit for all four models.

\/
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TH
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TH
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where

VTH = -k—;: (6)

is the thermal voltage. Gy, I, N, T (temperature) and Vgp are model parameters.
The equations for calculating the nonlinear currents of each model are as follows [3,4].

A. The Curtice HEMT Model (HEMTC)

IDSFET for vgs < Vpr
ips = | ¢ @)
IDSFET ~ . (vgs - Vep)¥ * 1 f(ps) for vgs > Vpp
where
0 for vgg < Vg
IpSFET = ®)
ﬂ(VGS - VTo)zf(VDS) for VGs > Vm
f(VDs) = tanh(aVDs)(l + AVDS) (9)

a, B, A, &, ¥, Vpr and Vpy are model parameters.




B. The Advanced Curtice HEMT Model (HEMTAC)
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a, B, 1, A Berms & ¥ Vgexps Vpr and Vy, are model parameters.

C. The High Order Beta Degradation HEMT Model (HEMTG1)

0 for Vgs < VT

ips =
7
Besy(Vasr) = f(vps) for vgg > Vr

where

By = d
of Guexp
1 + pepr(Vest)

Vest = vgs - V1

Vi =V + Vps

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)



a, B, 7, GyEexps A Berms Veexp and Vo are model parameters.

D. The Double Parabolic HEMT Model (HEMTG?2)

' 0 for vgg < Vr
ing = | 50Gs = o5 = Vo) fOops) for Vr<vos <Ver (a1

5|0 - Vm)Z(sz - Vpr) _ (s - W_fs - Ve)? [0ne)  for ves > Vor

{
where

Ver = -Vn;;—Vﬁ *+ Vps (22)
Vr=Vr + Vs (23)
f(vps) = tanh(avpg)(1 + Avpg) (24)

a, B, 1, A, V¢ and Vpy are model parameters.

III. MODEL VERIFICATION
The HEMT models implemented are verified by comparing the model responses with the
measured data. Two HEMT models: HEMTG1 and HEMTG2 are tested using the parameter values
given in [4] and [5]. The measured data from Motorola [5] including DC I-V characteristics at 21
points and S parameters under 6 bias points (gate bias: -1.25V, -1.0 V, -0.75V, -0.5V, -025V
and 0 V, drain bias: 1 V) are used for the test.

The built-in linear subcircuit EXTRINSIC1 shown in Fig. 2 is used for modeling the parasitic

elements in the extrinsic circuits of the models for verification.
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Fig. 2 The extrinsic circuit used for HEMT model verification.




A. Verification of HEMTGI

The parameter values of the model are listed in Table I.

TABLE 1

PARAMETER VALUES FOR HEMTG!

Intrinsic Extrinsic
a 4.046 LG(nH) 0.134
B 0.018 LD(nH) 0.066
'7 -0.082 LS(nH) 0.0
Grexp 4.582 RG(0) 27.1
A 0.054 RD(Q) 9.6
BeRiT 0.457 RS(0) 8.1
V GExp 4.236 CDS(pF) 0.02868
Vo(V) -1.533 CGE(pF) 0.0
Cgpo(PF)  0.0034" CDE(pF) 0.0
CosoF)  0.064 GDS(1/Q) 0.0
Cyo(0F)  1.81E-6"
X 0.042"

Vpso(V) 0.575"
Gym(1/9)  1.0E-12°

I(A) 1.0E-14"
N 1.0°
Vpr(V) 30"

' parameter values, not given in [4] or [5], are
extracted by DC and S-parameter matching.

Temperature T is set to room temperature: 298°K




The DC match between the HEMTGI1 and the measured data is shown in Fig. 3. The S-

parameter match between the HEMTGI1 and measurements at two bias points are plotted in Figs.

4 and 5.
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Fig. 3 DC I-V characteristics from HEMTG]1 (solid line) and measurements (circles).
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Fig. 4 S-parameter match between HEMTGI1 and the measured data at gate bias: -0.5 V and drain
bias: 1 V, (a) magnitudes and (b) phases.
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Fig. 5 S-parameter match between HEMTG]1 and the measured data at gate bias: -0.75 V and drain
bias: 1 V, (a) magnitudes and (b) phases.




B. Verification of HEMTG2

The parameter values of the model are listed in Table II.

TABLE II

PARAMETER VALUES FOR HEMTG?2

Intrinsic Extrinsic
a 4.294 LG(nH) 0.134
B 0.090 LD(nH) 0.066
v -0.117 LS(nH) 0.0
A -0.016 RG(Q?) 27.1
Ve -0.525 RD(12) 9.6
Vro(V) -1.338 RS(Q) 8.1
CepoPF)  0.0042° CDS(pF) 0.02868
CgsoPF)  0.063 CGE(pF) 0.0
Cyo(PF)  1.28E-6" CDE(pF) 0.0
X 0.026" GDS(1/©) 0.0

Vpso(V) 0.499"
Gy(1/9)  1.0E-12°

*

I«A) 1.0E-14
N 1.0"
Ver(V) 30"

* parameter values, not given in [4] or [5], are
extracted by DC and S-parameter matching.

Temperature T is set to room temperature: 298°K




The DC match between the HEMTG?2 and the measured data is shown in Fig. 6. The S-

parameter match between the HEMTG?2 and measurements at two bias points are plotted in Figs.

7 and 8.
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Fig. 6 DC I-V characteristics from HEMTG2 (solid line) and measurements (circles).




SMALL-SIGNAL USER-DEFINED RESPONSE

3
25 00006
OO has(C 00 0le's') )oOoooooooOOOoo 06

20000

§ 2 St

MS21

§ 1.5

S MS11

<

PESITIOIOOO P A IXTCOCECOGEX: Gsccseseesggesgaeeege’

000006 SSSSSSE POCOCOCTOSO JUUUUUOOOOOOC
0.5 MS22
MS12
0 SOO00CAANNINNNNN00 000000TOTDOOOOOCO00C
0.68°° 5054 10.02 15.01 20
Frequency (GHZ)
(a)
SMALL-SIGNAL USER-DEFINED RESPONSE
191
SCocese
GX;@QQQS .
CQ00000,
141 PS21 QOO
PS12
Y
009 Poog
E 00C0000 20000000000 000
< OOOOOOOOO
3 (O¢
5 4
<
PS22
9 Pocoee N
JO%UOVWUOUQOOCDOOOOOO
m@@ ?OOOOOOOOQ: o
QBG‘OB ______________
o0 OGS
PS11
-59
0.045 5.034 10.02 15.01 20
Frequency (GHZ)
(b)

Fig. 7 S-parameter match between HEMTG?2 and the measured data at gate bias: -0.5 V and drain
bias: 1 V, (a) magnitudes and (b) phases.
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Fig. 8 S-parameter match between HEMTG?2 and the measured data at gate bias: -0.75 V and drain
bias: 1 V, (a) magnitudes and (b) phases.




IV. MODEL OPTIMIZATION

From the comparison between the model responses and measurements in Section III we
observed that with the parameter values given in [4] and [5] there are some discrepancies between
the simulated and measured responses. In order to improve the match we performed optimization
starting from the values provided in [4] and [5]. All parameters including intrinsic and extrinsic
elements are defined as variables. The match is significantly improved after optimization. The
results are shown as follows.

A. Optimization of HEMTG1

The model parameter values after optimization are listed in Table III.

TABLE III
PARAMETER VALUES FOR HEMTG1 AFTER OPTIMIZATION

Intrinsic Extrinsic
a 3.385 LG(nH) 0.0077
B 0.0004 LD(nH) 0.0850
v -0.079 LS(nH) 1.69E-4
GuEexp 10.594 RG(Q) 8.597
A 0.0026 RD(Q2) 0.764
BCRIT 0.014 RS(Q2) 15.542
VGExp 10.583 CDS(pF) 2.05E-4
Vo(V) -2.118 CGE(pF) 1.44E-4
C:spo(pF) 0.0026 CDE(pF) 0.0309
Cgso(PF) 0.088 GDS(1/0Q) 8.94E-5
Cuo(pF) 1.90E-6

X 0.109
VpsoV)  0.525

Gyn(1/9)  1.321E-12

I(A) 3.186E-14
N 0.319
Vr(V) 79.83

Temperature T is set to room temperature: 298°K




The DC match between the HEMTG]1 after optimization and the measured data is shown in

Fig. 9. The S-parameter match between the HEMTGI] after optimization and measurements at two

bias points are plotted in Figs. 10 and 11.
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Fig. 9 DC I-V characteristics from HEMTG]I after optimization (solid line) and measurements
(circles).
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S-parameter match between HEMTG] after optimization and the measured data at gate
bias: -0.75 V and drain bias: 1 V, (a) magnitudes and (b) phases.



B. Optimization of HEMTG?2

The model parameter values after optimization are listed in Table IV.

TABLE IV
PARAMETER VALUES FOR HEMTG2 AFTER OPTIMIZATION

Intrinsic Extrinsic

a 3.688 LG(nH) 0.0040
B 0.080 LD(nH) 0.0667
o] -0.085 LS(nH) 2.98E-4
A -0.030 RG(Q) 19.66
Ve -0.436 RD(Q) 15.31
VoY) -1.334 RS(Q) 1.746
C:spo(PF) 0.0058 CDS(pF) 8.55E-4
Cgso(PF) 0.0590 CGE(pF) 5.96E-4
Cuo(PF) 4.8E-7 CDE(pF) 0.0352
X 0.0307 GDS(1/0) 1.31E-4

Vpso(V)  3.885
Gy(1/9)  0.8E-12

I(A) 0.3E-14
N 3.752
V5r(V) 26.15

Temperature T is set to room temperature: 298°K




The DC match between the HEMTG2 after optimization and the measured data is shown in

Fig. 12. The S-parameter match between the HEMTG?2 after optimization and measurements at

two bias points are plotted in Figs. 13 and 14.
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Fig. 12 DC I-V characteristics from HEMTG?2 after optimization (solid line) and measurements
(circles).
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Fig. 13 S-parameter match between HEMTG?2 after optimization and the measured data at gate
bias: -0.5 V and drain bias: 1 V, (a) magnitudes and (b) phases.
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Fig. 14 S-parameter match between HEMTG2 after optimization and the measured data at gate
bias: -0.75 V and drain bias: 1 V, (a) magnitudes and (b) phases.




V. PARAMETER EXTRACTION FOR HEMTAC AND HEMTC

There are no comparisons between HEMTAC, HEMTC and the measurements given in [4]
or [5]. In order to test these two models we perform parameter extraction by fitting the DC and
S parameters from models to the corresponding measurements. The same measurement data used
in Section IIT and IV are applied here. A good match between the model responses and the
measurements is observed.

A. Parameter Extraction for HEMTAC

The model parameter values extracted are listed in Table V.

TABLE V
THE EXTRACTED PARAMETER VALUES FOR HEMTAC

Intrinsic Extrinsic

a 11.26 LG(nH) 0.005

B 0.032 LD(nH) 0.003

q -0.050 LS(nH) 8.18E-4
A 0.205 RG(0) 32.73
BeriT 0.827 RD(Q2) 24.23

£ -0.397 RS(Q2) 10.05

Y 0918 CDS(pF) 0.0012
VeExp 2.169 CGE(pF) 7.17E-4
Vp(V) -0.878 CDE(pF) 0.032
VoY) -1.263 GDS(1/9) 7.60E-4

CGSO(pF) 0.054
CyoPF)  S.7E-4

X 0.016
Vpso(V) 0.188

Gyn(1/9)  0.823E-12

I(A) 0.995E-14
N 1.067
Var(V) 27.42

Temperature T is set to room temperature: 298°K




The DC match between the extracted HEMTAC and the measured data is shown in Fig. 15.

The S-parameter match between the extracted HEMTAC and measurements at two bias points are

plotted in Figs. 16 and 17.
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Fig. 15 DC I-V characteristics from the extracted HEMTAC (solid line) and measurements
(circles).




SMALL-SIGNAL USER-DEFINED RESPONSE

25 QOORCNOCREEG

1.5

All User-Defined Labels

MS11

POOOOOOCTOOO wmwwcmw@@@wwm. o

(00010000182 AAIAA AT A A ATA A AN a'a alaa'a e A e OO

05
MS2 MS12
0 a'alata'a'a) 0/0'070'0'0.0/0/0010:0.0.0) 0000000000 00000CC
0.6885° 5.034 10.02 15.01 20
Frequency (GHZ)
(a)
SMALL-SIGNAL USER-DEFINED RESPONSE
191

151 %%Cm%m‘m‘-_

ps21 ©O00SGEaE5:
111
2 PS12
3 0
} o 9
g 7 RS oy s S
; 000990@993600\
o
8 OOOOOO o
3
31
PS22
) S8880eses //]
OCO00 OS0cage g
000 v®g@@ S
PS11 9000000600,
49
0.045 5.034 10.02 15.01 20
Frequency (GHZ)

(b)

Fig. 16 S-parameter match between the extracted HEMTAC and the measured data at gate bias:
-0.5 V and drain bias: 1 V, (a) magnitudes and (b) phases.
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S-parameter match between the extracted HEMTAC and the measured data at gate bias:
-0.75 V and drain bias: 1 V, (a) magnitudes and (b) phases.



B. Parameter Extraction for HEMTC

The model parameter values extracted are listed in Table VI.

TABLE VI
EXTRACTED PARAMETER VALUES FOR HEMTC

Intrinsic Extrinsic
a 8.054 LG(nH) 0.0044
B 0.037 LD(nH) 0.114
A 0.653 LS(nH) 1.54E-4
I3 -0.396 RG(Q) 2.523
¥ 4.172 RD(0) 3.827
VpV) -0.145 RS(Q) 22.826
VoY) -1.281 CDS(pF) 1.8E-4
C:spo(PF) 0.074 CGE(pF) 5.2E-4
Cgso(PF) 0.101 CDE(pF) 0.0282
Curo(PF) 3.6E-4 GDS(1/9Q) 3.4E-4
X 0.0834

VpsoV)  2.646
Gyn(1/9)  0.812E-12

I(A) 0.987E-14
N 1.054
Ver(Y) 27.74

Temperature T is set to room temperature: 298°K




The DC match between the extracted HEMTC and the measured data is shown in Fig. 18.

The S-parameter match between the extracted HEMTC and measurements at two bias points are

plotted in Figs. 19 and 20.
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Fig. 18 DCI-V characteristics from the extracted HEMTC (solid line) and measurements (circles).
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Fig. 19

S-parameter match between the extracted HEMTC and the measured data at gate bias:
-0.5 V and drain bias: 1 V, (a) magnitudes and (b) phases.
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S-parameter match between the extracted HEMTC and the measured data at gate bias:
-0.75 V and drain bias: 1 V, (a) magnitudes and (b) phases.




VI. CONCLUSIONS

We have described the details of implementation of HEMT models in HarPE and
OSA90/hope. The models, including HEMTGI1 and HEMTG?2, have been verified by comparing
the model responses with the measured data containing DC I-V characteristics and S parameters
taken at several bias points.

There are some discrepancies between the model responses and the measured data with the
parameter values provided in [4] and [5]. These discrepancies may due to the following two reasons.
First, the models for the intrinsic nonlinear capacitors used by Motorola may be different from
those used in our models since there is no description given in [4]. Secondly, the extrinsic circuit
for the model may also be different.

We have performed optimizations starting from the parameter values given in [4] and [5]. The
match between the model responses and the measured data is significantly improved after
optimization.

We have also carried out parameter extraction for HEMTAC and HEMTC. The extracted
models give good DC and S-parameter match to the measurements.

From our experiments we noticed that, for this particular case, HEMTGI] and HEMTG?2 can

provide better fit to the measurements than HEMTAC and HEMTC.
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