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Abstract— A fully physical transient thermal model is

used to investigate the effects of temperature on the in-

termodulation distortion performance of microwave de-

vices. A 24mm, 60 finger pHEMT is used to compare

measurements with predictions from the model. Results

are in very good agreement and are a strong indication

of thermally induced intermodulation distortion.

I. Introduction

With the recent interest in mobile communication,
where channel separation can be as low as 25KHz, lin-
earity is becoming a very essential asset in amplifiers.
Thermal non-linearity has received very little atten-
tion, when compared to transconductance and gate ca-
pacitance induced dispersion, and the effects of ther-
mal transients on spectral regrowth are very often ne-
glected. It has been previously argued that in the
HBT, the second order intermodulation product, or
IM2, could fall well within the range of the transient
thermal response of a device [1]. This would result in
an oscillating temperature within the active channel of
the device, which will affect both its DC and RF perfor-
mance, leading to deteriorated third order intermodu-
lation products, IM3. This dynamic thermal response
is dependent on the physical dimensions of the device,
with cut-off frequencies ranging from a few KHz to 10
MHz. As the dimensions of solid-state microwave ac-
tive components are further reduced, and their power
dissipation remains unchanged, ever increasing peak
operating temperatures and dynamic response have to
be expected. There is, therefore, a need to fully under-
stand the mechanism by which the thermal response
of a device or a MMIC is going to affect the inter-
modulation products. This paper presents the first
reported fully physical dynamic thermal model suit-
able for describing accurately MMIC structures. A
thermal impedance matrix approach is used to cou-
ple this model very efficiently to the Leeds Physical
Model (LPM), [2] [3], a fast physically based microwave
transistor model. This is used to investigate the influ-
ence of temperature variation under normal operating

conditions on the IMD performance of microwave de-
vices. Experimental data as well as simulation indi-
cate a strong interaction between the device thermal
response and its intermodulation distortion character-
istics.

II. Transient thermal modelling

The transient thermal model solves the time depen-
dent heat diffusion equation, in an isotropic solid, given
in Eq. (1),

∇. [K(T )∇T ] + q̇ =
1

ρc

∂T

∂t
. (1)

Here T is temperature, t is time, q̇ the heat generation
term and K(T ) is the temperature dependent thermal

conductivity. The diffusivity κ is equal to K(T )
ρc

, where
c is specific heat and ρ is density.

This equation is linearised by a relatively simple
change of variable on T as described in [4]. The tran-
sient thermal model is coupled to the LPM by thermal
impedance matrix expression,

∆Ti(t) =
∑

j=1..N

PjRthi,j(t), (2)

which gives the averaged temperature rise over the dis-
cretised element i as a function of the power dissipated
by all N elements. This method is very efficient as
the expression for Rth is only required for the areas of
interest, and as the matrix is precomputed, the temper-
ature in a coupled electro-thermal simulation is given
directly by a simple matrix multiplication. As the
temperature dependence of the thermal conductivity
has been removed, Rth is independent of temperature
and therefore independent of dissipated power. Pj is
however strongly dependent on temperature through
the expression for the electron mobility in the physical
electrical model. Eq. (2) is therefore generalised to ac-
count for time varying power dissipation, and give the
following expression,
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∆Ti(t) =
∑

p

Pp,j

[

U(t− tp−1)Rthi,j(t− tp−1)

−U(t− tp)Rthi,j(t− tp)
]

,

(3)

where Pp,j is the constant power dissipated at element
j over the time step p, and U is the unit step function.

The Green’s function approach is chosen here,
to obtain the analytical expression for the thermal
impedance matrix, as the temperature rise in the time
domain at any point in the 3-dimensional solid can be
obtained by multiplying three 1-dimensional solutions,
as shown in [5] and [6]. The expression for Rth can
also be derived in the complex frequency domain, as
described in [7]. The boundary conditions imposed on
the volume are the same that have been used previously
by other authors, and can be described as follows:

∂T

∂x

∣

∣

∣

x=0,L
=

∂T

∂z

∣

∣

∣

y=0,D
=

∂T

∂y

∣

∣

∣

z=0
= 0, (4)

and

∆T (t) = 0|z=H . (5)

L,D and H are the dimensions of the substrate in the
x,y and z direction respectively.

The Green’s function solution for the thermal resis-
tance matrix gives an expression of the form:

Rthi,j(t) = 2
KLDH

×
∑

∞

mnl=0
4

(1+δm0)(1+δn0)

Ii
mnlI

j

mnl

Vi

×
(

1− exp(−κt(n2π2

L2 + m2π2

D2 +
β2

l

H2 ))
)

×
[

n2π2

L2 + m2π2

D2 +
β2

l

H2

]

−1

.

(6)

Here, Vi is the volume of the ith heat source, L, D
and H are the dimensions of the MMIC, δmn is the
Kronecker delta function, βl = π(l + 1/2) and I i

mnl is
the volume integral over the heating element Vi

∫

Vi

cos
nπx

L
cos

mπy

D
cos

βlz

H
dxdydz. (7)

This is based on the large time Green’s function solu-
tion.

Via holes, surface metallisation and airbridges can
be described following the USE method, as indicated
in [8] and [9]. This model was previously validated in
part, using a balanced amplifier MMIC and duroid test
structures [10].
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Fig. 1. Simulated results of ‘pulsed’ IV characteristics using
different pulse duration.

III. Electro-thermal coupling

A multi-variable Newton-Raphson scheme is used to
couple the thermal impedance matrix to the electrical
model. This robust method allows self-consistent so-
lution for individual discretised gate fingers. Eq. (8)
describes the vector F̄ equal to the difference between
the channel temperature Xi and the temperature Tj

that is obtained from the power dissipation of all ac-
tive elements Pj .

fn(Xn) = Xn − Tn(P1, P2, ..., PN ) (8)

F (x) =









f1(X1)
f2(X2)

...
fN(XN )









Electrical and thermal models are solved self-
consistently when the vector F̄ (x) is null. This algo-
rithm converges rapidly within a few iterations.

The coupled electro-thermal model is being validated
using ‘pulsed’ IV characteristics for a 24mm power
HEMT. Fig. (1) presents the simulated results, where
different pulse durations have been used to characterise
the device with the gate voltage equal to 0V. The cur-
rent drop due to the increased temperature is clearly
visible.

IV. Thermal contribution to

Intermodulation distortion

This model is used to investigate the effects of ther-
mal transients on intermodulation distortion. Calcula-
tion of the time dependent thermal resistance matrix,
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shown in Fig. (2) for the 24mm device mentioned pre-
viously, is very suggestive of the thermal response of
the device to relatively low frequency excitation. The
matrix was computed for a single heating element, un-
der one of the 60 gate fingers of the pHEMT, represent-
ing an area 2 micron wide and 400 micron long. The
figure of 8000 K/W per finger is in good agreement
with the experimental results. It has to be noted that
using an averaged thermal impedance over the whole
device surface would shift the time response by sev-
eral decades and would not be representative of the
physical dimensions of the heat dissipating area. The
matrix was used to obtain the dynamic temperature
response of the device, with different excitation fre-
quencies, computed self-consistently with the electrical
model for a similar device.

Results are shown in Fig. (3). This Bode plot shows
that for different electrical frequencies, different val-
ues of thermal response are to be expected. It can
be seen from this plot that the substrate behaves as
a low pass thermal filter. The active region clearly
shows significant temperature variations at frequencies
of the order of a few hundreds of KHz. This tem-
perature rise is however considerably reduced by the
relatively large size of the simulated device, and would
be significantly increased in a smaller size device, or
a device structure less able to dissipate heat, such as
an HBT. Fig. (4) shows the self-consistently computed
channel temperature due to a 125KHz electrical exci-
tation. The total dissipated power in the device, at
the thermal frequency is just under 1W. The resulting
temperature swing in the channel area spans over 22
K. Even though 1W of power at 125KHz is extreme,
2-tone simulations have shown that a figure of 60mW
at the difference frequency, is possible. Depending on
the frequency spacing, this could lead to temperature
swings in the channel of the order of 10K or more. The
effects of such a variation on the linearity of the device
still has to be investigated.

Experiments were conducted to verify the validity of
these results. 2-tone measurements were performed on
the pHEMT. The results are shown in Fig. (5). This
plot shows the amplitude of the third order intermod-
ulation product, IM3, as a function of the frequency
separation between the two tones. The response is
flat below 50 KHz and above 2MHz. A sharp rise in
the amplitude of IM3 is observed for frequency sepa-
ration of around 400 KHz. This value falls within the
computed thermal response for this particular device,
as illustrated by Figs. (2) and (3), and though not
conclusive, it is highly suggestive of the influence of
thermal transients on the intermodulation distortion
performance of the pHEMT. A low power AC sweep
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Fig. 2. Computed time dependent thermal resistance matrix,
under one gate finger.
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Fig. 3. Relative dynamic response of the substrate with fre-
quency of excitation. The thermal low-pass characteristic of
the substrate is clearly visible.

was also performed on the test fixture of the device,
to check for any electrical feature in its low frequency
response. None was found.

The power dissipated at the difference frequency is
the key factor determining temperature variation. Ob-
taining an accurate measure of those power compo-
nents is difficult in typical devices, as out of band in-
termodulation products are usually filtered out. How-
ever, filtering the output of amplifier to achieve high re-
jection of in-band intermodulation distortion products
would not prevent the impact of the lower frequency
component in the amplifier, leading to thermally stim-
ulated intermodulation distortion products.

V. conclusion

This is the first time a fully physical electro-thermal
model has been used to investigate thermally induced

0-7803-6540-2/01/$10.00 (C) 2001 IEEE



0 5 10 15 20 25 30 35 40
300

320

340

360

380

Time in microseconds

T
em

pe
ra

tu
re

 in
 K

0 5 10 15 20 25 30 35 40
1

2

3

4

5

Time in microseconds

V
ds

 in
 V

Fig. 4. Temperature time domain response, for electrical exci-
tation at 125 KHz. The mean temperature rises slowly to a
steady state value due to substrate heating.
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Fig. 5. Measure of IM3 as a function of the 2-tone frequency
spacing. Input signal power is 7dBm for both tones.

intermodulation distortion. This model was used
to characterise thermally a 24 mm, 60 gate finger
pHEMT. The results are highly indicative of a strong
thermal response at frequencies of the order of hun-
dreds of KHz. Measurements of IM3 against frequency
spacing between two tones were in very good agreement
with results from the thermal model. The temperature
variation simulated under an excitation of 1W at 125
KHz reached over 20 K. Realistic estimates from simu-
lations have shown that thermal oscillations of the or-
der of a few K are possible. Such an order of magnitude
in temperature swing would most probably become an
important source of nonlinearity in the device.
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