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Abstract—

This paper presents a simple procedure to extract an electro-
thermal model for MMIC power amplifiers. The model accounts
for the DC and RF performance of MMIC complex structures for-
med by multiple transistors combined in different amplifying sta-
ges. All the steps taken to perform the thermal and electrical expe-
rimental characterization to obtain the model are explained. The
extracted model was validated by comparing measured and simu-
lated data of a commercial GaAs FET MMIC power amplifier. It
was also used to predict the hot spot temperature and position over
a wide range of working conditions.

I. INTRODUCTION

The thermal and electrical performance of microwave po-
wer amplifiers is known to depend strongly on the materials
involved in their mounting structure [1]. Thermal models are
usually limited to the determination of the hot spot transistor
temperature on the amplifier while assuming constant electrical
properties under different temperature conditions [2]. On the
other hand, models employed to assess the electrical characte-
ristics of a given transistor cannot normally account for thermal
interactions between neighboring devices on the same die for-
ming a single amplifier. Moreover, electro-thermal models as
in [3] and [4] intended for complex MMIC structures (formed
by the combination of multiple transistors) are difficult to apply
to commercial devices unless the amplifier design, its proper-
ties (electrical as well as thermal) and its mounting structure
are precisely known.

In this paper it is presented an experimental procedure to de-
rive a simplified electro-thermal model proposed for complex
commercial MMIC power amplifiers. The model is build up
through a straight forward thermal and electrical experimental
characterization, requiring basic instrumentation and avoiding
the use of unsafe operating conditions. The thermal behavior
of the device under test is obtained making use of the proce-
dure proposed in [5], as this non-invasive method is capable
of including the effects of the mounting structure. The current
model presented in [6] is used to match the DC characteristics
of the transistor devices that form the amplifier under varying
ambient temperatures. The coupling between the thermal and
the electrical characteristics is done following the matrix ther-
mal resistance approach suggested in [7]. The electro-thermal
static model derived in this way is able to evaluate the thermal
impact of the solder employed to attach the amplifier to its ca-
rrier. The internal temperature of the different transistor devices
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Fig. . Drawing of a commercial MMIC power amplifier formed by N tran-
sistor devices in two independent amplifying stages.

that form the MMIC amplifier can be also obtained accounting
for the thermal interactions between them under a wide range
of bias and ambient temperature conditions. The dynamic RF
behavior of the MMIC amplifier is also introduced to provide
the internal temperature change experimented by the transistors
in the MMIC amplifier for different RF output power levels.

The technique suggested in this paper, which is described in
sections II through V, was tested on a commercial GaAs FET
MMIC X band power amplifier. The results obtained as well as
the comparison between experimental and simulated data are
given in section VL.

II. MODEL EXTRACTION OVERVIEW

The proposed extraction method gives a simple way of ob-
taining a model useful for commercial MMIC amplifiers as the
one depicted in fig. (1), formed by multiple temperature depen-
dent and thermally coupled heat sources.

The process of obtaining an electro-thermal model for MMIC
power amplifiers is divided into five steps:

1) Firstly, a thermal characterization of the amplifier is
performed to measure the thermal coupling between
amplifying stages. This allows the precise determina-
tion of the geometrical unknowns in the MMIC moun-
ting structure (such as the solder height in fig. (1)).

2) Next, the thermal resistance matrix is calculated.

3) A current model for the single transistor device for-
ming the complete MMIC amplifier is determined
from DC measurements.
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4) An iterative calculation follows, establishing the inter-
nal temperature and currents on the different transistor
devices.

5) Finally the RF performance of the MMIC amplifier
is included to give the dynamic internal temperature
behavior of every transistor in the MMIC amplifier.

III. THERMAL CHARACTERIZATION

MMIC power amplifiers are formed by N transistor devices
combined to provide the required gain and output power. The
amplifiers electrical performance is dependent on the internal
temperature of the different devices. In turn, this temperature is
determined by the thermal interaction between the transistors,
and by the thermal properties of the solder employed to mount
the amplifier. Thus, a thermal model characterization accoun-
ting for these effects is necessary to provide accurate results.

A. Thermal Model Extraction

In a MMIC amplifier formed by two separate independent
amplifying stages, 51 and So, the average internal temperature
on each stage can be calculated using the expression

5 _ Rg s, Rs,s, Pils
<T52> - (R5251 R5252> . (Pjsii) + Tamy (1)
where Rg, s, and Rg,s, are the thermal coupling terms bet-
ween amplifying stages, and Pfig and Pdszi their corresponding
dissipated power.

The thermal characterization of the MMIC amplifier is per-
formed following the indirect electrical method proposed in [5].
The electrical method presented in [5] is a non-invasive proce-
dure which requires the amplifier to operate under typical bias
points and ambient temperatures. The use of this method is
limited to MMIC amplifiers that allow independent bias condi-
tions for different amplifying stages within the same amplifier.
It uses the drain current consumption of one of the amplifying
stages as an internal temperature sensor to experimentally de-
termine the thermal coupling term between different amplifying
stages, Rg,s,. This term is dependent on the thermal and geo-
metrical properties of the layers involved in the mounting struc-
ture of the device being modelled.

The analytical simulation approach suggested in [2] can be
employed to obtain the unknown height of the material used
to sold the MMIC amplifier, so that a similar thermal coupling
term Rg, s, (as the one resulted from the thermal characteri-
zation performed) can be simulated. This guarantees a precise
knowledge of the MMIC amplifier mounting structure characte-
ristics from a thermal point of view. It also makes possible the
determination of the self thermal resistance terms Rg, s, and
Rs,s, through

1 % a:j‘f+lf y;’chlg
Rg g = — / / T (z,y)dzdy (2)
YL Ngy gl = Jay v

where Ty, = 0°C, Pffs = OW, T (z,y) is the internal tempe-
rature on the top surface of the MMIC amplifier, Ng, the num-
ber of transistor devices combined to form the stage S, 4 and

l; the gate’s length and width, and (w?, y}) the coordinates of
each S transistor i.
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B. Thermal Resistance Matrix

The internal temperature of every transistor device on a
MMIC amplifier can be related to their corresponding dissipa-
ted power by a thermal resistance matrix as reported in [7]. This
temperature can be obtained using (3).

Tt pr Ri1 Rap Rin Pjis
Tipr Ro1 R Ran Py, LT

. = . . . . amb
TN Ryn1 Rne Ryn Py 4

The elements in the N x N matrix are calculated with (4)
by means of thermal simulations performed using the MMIC
mounting structure previously determined.

Pl =1.0W
Pk —ow
71amb =0°C

Rij = Thpr with VE£7 %)

IV. FET CURRENT MODEL

The single transistor device DC current model is obtained by
fitting the parameters of the model used, [6], to the measure-
ments performed on a single MMIC amplifying stage (under
different ambient temperatures for a wide range of bias con-
ditions, Igl = f(Vp,Va,Tums)). Before fitting the model
parameters, the transformation

I3
Ng,

®)

IprerT =

is used to obtain the current of a single transistor device, while
the transformation given by

Trpr =T = Tumy + Rs, s, P, (6)

is employed to determine the internal temperature of a single
transistor device for each bias and ambient temperature condi-
tion.

V. ITERATIVE PROCESS

The thermal characterization described in section III is per-
formed assuming an equal dissipated power for all the transis-
tors that form an amplifying stage. On the other hand, the DC
current model for a single transistor device derived in section
IV is obtained assuming the same internal temperature for all
the transistors that form a single amplifying stage. Neverthe-
less, neither the DC current consumption profile is constant for
all the transistors nor is their internal temperature uniform.

In order to correctly solve the electro-thermal problem as in-
dicated by

Thpr = f (Péis (TfVET)) ) @)

the iterative process shown in fig. (2) is followed to finally ob-
tain, for some given static bias and ambient temperature condi-
tions, the non-uniform internal temperature for each transistor
device and their corresponding non-uniform dissipated power.
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Fig. 2. Electro-thermal simulation process description.

VI. MEASUREMENTS AND RESULTS

The procedure described in previous sections was used to de-
rive an electro-thermal model for a commercial X band MMIC
power amplifier. The amplifier is formed, as shown in fig. (1),
by two different independent amplifying stages. The input stage
is formed by Ng, = 12 FETs in parallel, while the second stage
is formed by two separate sets of Ng, /2 = 14 FET devices.

The thermal conductivity and height of the layers in the
MMIC mounting structure are given in table L.

TABLE I
MMIC MOUNTING STRUCTURE CHARACTERISTICS

[ Layer |[ 0 (W/em/K) |[ Heigth (um) |
AsGa 0.44 100
Epoxy 0.016 unknown
Carrier 3.9 3000

A. Thermal Characterization

Fig. (3) shows the thermal resistance coupling term Rg, g,
between the input and output stages measured employing the
method suggested in [5].

From the thermal measurements performed, the thermal cou-
pling term was estimated to be Rg, s, ~ 5.12°C/W. This value
was used to determine a height of the epoxy attachment layer
of h, = 85.2um.

B. Static Conditions

The internal temperature on the top surface of the MMIC
amplifier was obtained for the following working conditions:
VDM]\/[]C = 8.05\7, IDMMIC = 272mA and Tamb = 25.0°C.
Two different kind of simulation were performed: constant
dissipated power for the transistors that form the amplifier
and non-uniform current consumption when the electro-thermal
model is used.

The temperature of the coldest and hottest FET devices as
well as their corresponding drain current consumption are gi-
ven in table II for both sets of simulations. Fig. (4) shows the
internal temperature profile for the MMIC input and output sta-
ges provided by the electro-thermal simulation.
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Fig. 3. Thermal resistance coupling term between amplifying stages measured
for Tymp = —10.0°C and PJL ~ 1.2W@Vp, = 8.0V.

TABLE II
MMIC TRANSISTORS INTERNAL TEMPERATURE

Simulation Coldest FET Hottest FET
TCCO) | Ip mA) || TCC) | Ip (mA)
Uniform drain current 75.45 6.8 96.71 6.8
Electro-thermal 77.54 7.36 95.03 6.59

The electro-thermal model was validated by simulating and
measuring the complete MMIC drain current consumption for
different bias and ambient temperature conditions. The results
given in fig. (5) show good agreement between measurements
and simulations.

C. RF Operation

RF measurements, such as those depicted in figure 6.a, can be
easily included in the electro-thermal model to give additional
insight to the thermal behavior of the MMIC amplifier under
dynamic conditions. Fig. 6.b shows that the minimum hot spot
internal temperature is not met for maximum efficiency of the
complete MMIC amplifier.

VII. CONCLUSIONS

This paper proposes a complete procedure to obtain an
electro-thermal model for MMIC power amplifiers (formed by
multiple temperature dependent heat sources). The experimen-
tal thermal characterization is performed following an indirect
electrical method that permits the estimation of geometrical
unknowns in the MMIC mounting structure. The proposed met-
hod is used to accurately predict the static behavior of a com-
mercial X-band MMIC amplifier. RF measurements are used to
determine the MMIC internal temperature variation under dy-
namic conditions.

ACKNOWLEDGMENT

This work was supported by project TIC2002-04569-C02-01 of
the Spanish Ministry of Science and Technology.

399



100

40 C I I I T=-
0 0.05 0.1 0.15 0.2
y (mm)
Fig. 4. Internal temperature on the MMIC transistor heat sources for

VDJW]WIC = 8.05V, ID]WJW]C = 272mA and Tamb = 25.0°C.
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Fig. 5. MMIC power amplifier drain current consumption measured (circles)
and simulated for different bias and ambient temperature conditions.
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