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Abstract: In this paper, the thermal stability of GaAs heterojunction bipolar transistor (HBT) power
amplifier (PA) in a sub-6G band has been improved by a multi-source co-simulation method. To
reduce the parameter errors caused by the variations of thermal resistances, a co-simulation method
for the multiple heat sources of fully-integrated PA is proposed. Specifically, an adjustable bias
circuit is applied on the PA for temperature compensation using a zero-to-absolute-temperature
(ZTAT) current. To verify the proposed method, a sub-6G PA is realized in the GaAs HBT process.
The experimental results show that the variations in power added efficiency and output power is
stabilized due to the 3.5% error ZTAT current. The errors between simulation and measurement
are reduced from 6% to 1%. According to the thermal factor defined in co-simulation, the working
temperature decreases 10 ◦C, while the area only increases 27%. The above results prove that that
thermal stability and the simulation reliability can be co-designed with the minimal area cost.

Keywords: sub-6G Power amplifier; GaAs HBT; thermal stability; ZTAT current; co-simulation

1. Introduction

Benefiting from the high-power density and process yield, GaAs heterojunction bipo-
lar transistor (HBT) process becomes the most promising candidate of power amplifiers
(PAs) for mobile terminals [1–4]. With the growth of frequency and integration of sub-6G
technology, requirements in thermal stability and electrical-parameter accuracy on PAs
keep increasing to guarantee high performance [5–7], making it very challenging for the
GaAs HBT PAs. First of all, comparing the temperature characteristics of Si, GaAs and
GaN, the thermal conductivity of GaAs is the worst. The narrow bandgap, low material-
preparation temperature and insufficient toughness make the thermal conductivity of
GaAs only one-third and one-quarter of that of silicon and GaN, respectively. The thermal
coupling the inside chip becomes stronger and the operating temperature easily exceeds
80 ◦C [8,9]. Secondly, at the high temperature, the thermal resistances of HBT are added to
simulate the electrical parameters, which are shifted because of the self-heating of GaAs.
However, since the simulation accuracy decreases with the increase in temperature, the
variations in the thermal resistances of HBT tend to increase the errors between simulation
and measurement (ESMs).

To improve the thermal stability, many advanced techniques have been proposed
in the current literature [10–13]. The temperature compensation technique is one of the
most efficient methods. Figure 1 is a functional diagram of PA in which the bandgap (BG)
independent current source is employed. The proportional-to-absolute-temperature (PTAT)
current compensates the complementary-to-absolute-temperature (CTAT) current so as to
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make the current independent from temperature [14,15]. With the help of an operational
amplifier (op-amp), the bias current can be independent from the supply voltage as long as
the open-loop gain of op-amp is sufficiently high. In order to make the current adjustable,
several trimming bits, which are issued from the digital interface MIPI of mobile terminals,
are used [16–18]. However, the complicated schematic, which requires the perfect matching,
is still affected by the temperature coefficient (TC) of the resistor. The resistors can be
replaced by diode-connected transistors to generate zero TC bias currents [19,20], enabling
no-resistor BG schemes to perform quite well in-line regulation. However, the TCs of
currents are still large due to the non-linear thermal property voltages of diode-connected
transistors. Additionally, as it is limited by the single-npn-device process, the advantage of
a BG current source is prominent in the CMOS process [21,22].
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Figure 1. Functional diagram of PA with different temperature compensation techniques.

The thermal stability can also be improved by the accurate thermal modeling [23],
which is capable of simulating the parameters as close to the measured results as possible.
Several electro-thermal techniques have been proposed to optimize the accuracy of thermal
modeling, in terms of the device models [24,25], thermal systems [26,27], simulators [28,29]
and algorithms [11,30]. However, even if particular efforts have been made on the thermal
analyses, which have been studied quite comprehensively in various HBT devices or
CMOS Pas, little attention has been paid in the fully integrated HBT PAs [31]. The ESM,
temperature and area cannot be reduced simultaneously in traditional techniques, which
do not include the layout and package.

In this paper, an adjustable current bias scheme to bias the PA with a zero-to-absolute-
temperature (ZTAT) current for improving the thermal stability is presented, and a co-
simulation method for multiple heating sources to minimize the ESM is proposed. In the
current bias scheme, the positive TC of HBT current is compensated by the equal-but-opposite
TC of voltage. The ZTAT current is independent from the temperature as long as the area
of diode and HBT are set properly. The proposed bias circuit has no requirement for match
and no limitation to the temperature coefficient of resistor. Therefore, it is able to reduce
parasitic parameters and process requirements, while applying stable bias current. In the
co-simulation method, with the feedback of exact thermal resistances of each amplifier
cells, the ESM and the temperatures of amplifier cells can be reduced with an area-saving
layout. Differing from the existing methods, the proposed method, which focuses on the
circuit and layout of fully integrated HBT PA, solves the problem that thermal simulation
and electrical simulation cannot effectively feedback parameters to each other. Moreover,
the multi-heat source temperature distribution and chip area are specially introduced to
improve the accuracy and practicality of co-simulation. In the design and pre-simulation
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stage, the electrical parameters under real working conditions can be obtained. The ZTAT
current source and co-simulation thermal modeling are presented in Sections 2 and 3,
respectively. The experimental results of an implementation of a class-AB PA in the sub-6G
band fabricated in the GaAs HBT process are analyzed in Section 4.

2. Principle of the Proposed Bias Circuit for ZTAT Current

In a typical independent current source, resistors are used to convert the supply
voltage to current, which is then mirrored to amplifier cells by a current mirror (CM).
However, because of that resistor, the current is proportional to the temperature and unable
to suppress the variation in supply voltage. Although this problem can be solved by BG
by generating the PTAT current and the CTAT current from a pair of substrate BJTs, the
complexity of the circuit significantly increases the footprint. Therefore, this work proposes
the bias circuit that is able to address the above problems by employing a diode and HBT to
generate the equal-but-opposite TC of voltage to compensate the TC of current. As shown
in Figure 2, the proposed bias circuit is composed of a DRH scheme and a CM scheme.
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Figure 2. Simplified scheme of the proposed adjustable ZTAT bias circuit.

The DRH scheme, which consists of a diode D1, a resistor R1 and a branch of HBTs,
generates a set of temperature-sensing voltages VCi with different TCs. Assuming the
currents of the diode and HBTs are ID and IH, respectively, the collector voltage VC3 of the
top HBT is given by

VC3 = (ID − IH)R1 (1)

Since the diode and diode-connected HBT have the similar PN junction structure, the
TCs of ID and IH can be calculated by the same equation. Under forward bias, the diode
current can be written as [32]

ID = Is exp(
V
VT

) (2)

The effect of temperature on ID is produced mainly through the reverse saturation
current IS and the thermal voltage VT. The IS is given by

Is = qAD(
Dp

LpNd
+

Dn

LnNa
)n2

i (3)
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where AD is the junction area and ni is the intrinsic carrier concentration. The parameters
in parentheses have little relationship with temperature, so the effect of temperature is
produced mainly through ni

2, which can be estimated as

Is ∝ ADn2
i ∝ ADT3 exp(−

Eg0

kT
) (4)

where T is the ambient temperature, k is the Boltzmann constant, q is the electron charge
and Eg0 is the band gap at 0 K of GaAs. Taking the derivative of Equation (4), the TC of IS
is estimated by

TCIS ∝ qAD
Eg0

kT2 (5)

Substituted VT = kT/q and Equation (5) into the derivative of Equation (2), the TC of
ID is estimated as

dID

dT

∣∣∣∣
VD

∝ q
(

ADEg0 −VD

kT2 ) (6)

According to Equation (6), the TC of ID is only related to AD at a certain voltage VD of
diode. The TC of the current of diode-connected HBT is similar to that of the diode. At a
certain base-to-emitter voltage Vbe of HBT, the TC of IH can be deduced from Equation (6)
with the HBT area AH. Combining Equation (1) and Equation (6), the TC of VC3 can be
simply estimated as

TCVC3 ∝
(

TCID

∣∣VD − TCIH

∣∣
Vbe

)
× TCR1

∝ (ID AD
Eg0
kT2

∣∣∣VD − IH AH
Eg0
kT2

∣∣∣Vbe)× TCR1

(7)

Since the resistor R1 in the circuit is single GaAs resistor, the TC of R1 is a positive
constant. Based on Equation (7), the TC of VC3 is only related to the TC of the current
ID-IH, which is proportional to the area AD and AH under the certain voltage VD and Vbe.
Setting the value of AD and AH so that the TC of ID is less than the TC of IH, the TC of VC3
is inversely proportional to temperature. The other collector voltages VCi are calculated
based on resistances as

VCi =
∑i

i=1 RHi

RH1 + RH2 + RH3

VC3 (8)

Then, the TCs of VCi can be expressed as

TCVCi =
d

dT (
∑i

i=1 RHi
RH1+RH2+RH3

VC3)

= TC(
∑i

i=1 RHi
RH1+RH2+RH3

)VC3 +
∑i

i=1 RHi
RH1+RH2+RH3

TCVC3

(9)

In the first part of Equation (9), the TCs of the ratio of resistances are constant, so it has
little effect on the TC of VCi. The second part of Equation (9) is proportional to VC3 with
different slopes. The slopes decreasing from top to bottom provide multiple TCs of voltages
to compensate different currents in multistage-PAs or stack-PAs. Furthermore, considering
the accuracy and availability, the adjustable resistor RA is designed to be modified by the
trimming bits D [0: n].

In the CM scheme, the ZTAT current calculated by VC3 and RA is mirrored to the
amplifier cells through a pair of HBTs with a 1: m ratio. When the temperature increases,
the quiescent currents of HBTs have a positive slope. The compensation for the positive
TCs can be gained by the VCi with the equal-but-opposite TCs. Thus, the ZTAT current is as
independent from temperature as possible.
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3. Principle of Co-Simulation Method for Differential Heat Sources

The thermal simulation plays an important role in correcting the parameter variations
over temperature. With the help of electrical and thermal co-simulation, the ESM can
be corrected as accurately as possible. However, the temperature variations of different
heat sources make the results of traditional co-simulations unreliable. In addition, the
thermal modeling without concerning the area cost will hardly be adopted. Figure 3 is
the procedure of the proposed co-simulation method. The parameters of the electrical and
thermal simulations are employed to improve the accuracy and reduce the ESM.
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3.1. Circuit Design

The HBT PA is designed for sub-6G handset products with the parameters of the
output power PO, power added efficiency (PAE), power gain (PG) and supply voltage VD.
The PA is functionally divided into three schemes: impedance matching, bias control and
HBT amplifier cells. In practice, the impedance matching with passive devices is normally
off-chip for flexibility. The bias control, which consists of the bias circuit and switch array,
has little effect on the thermal consumption. Therefore, the HBT amplifier cells release most
of the thermal power H0 as follows,

H0 = VD IZ − PO = VD IZ(1− PAE) (10)

3.2. Layout Design

Considering the area of HBT amplifier cells, the layout is optimized following the
principle: the amplifier cells are divided into an I× j amplifier-cell array with the individual
area Si,j, separated by a distance D(x, y) from cell to cell, and marginalized to the edge of
chip. The simplified layout is shown in Figure 4.
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3.3. Thermal Modeling

The modeling focused on the heat sources and dissipations can be built by the follow-
ing the steps.

1. Modeling the heat sources as plates. Because the heat sources are thinner, the heat
dissipation is concentrated on the upper surface.

2. Modeling two primary materials for heat dissipating differently. One is the copper
heat sinks at the bottom of chip, which connect the emitter of HBTs with the COB
substrate. Those copper sinks release the majority of heat because of the good thermal
conductivity. The other is the bonding wires at the top of chip, which can be simplified
due to the limited area.

3.4. Thermal Analysis

In thermal analysis, to guarantee the effective convergence of meshing, parameters
such as the material definitions, boundary conditions and thermal parameters are used.
The temperature distribution Ti,j can be calculated as

Fi,j =
Hi,j

Si,j
= h(Ti,j − T0) (11)

where h is heat convection, T0 is initial temperature, Fi,j and Hi,j are the heat flux and the
heat power of each amplifier cell, respectively.

3.5. Parameter Iteration

The thermal resistances ri,j calculated by the temperature distribution Ti,j are fed back
into the electrical simulation. The parameter errors of the electrical simulation caused by
the temperature variations will be corrected after several iterations. The ri,j is calculated as

Ti,j = T0 + ri,j × Hi,j (12)

The co-simulation also illustrates the relationship between the chip area and the
temperature distribution. With the help of a thermal factor K, the layout can be optimized
to improve the thermal stability with minimal area cost.

4. Experimental Results and Analysis Conclusions

In this section, a PA working at 3.5 GHz is fabricated in GaAs HBT process to verify the
proposed method. The schematic and die photo are shown in Figures 5 and 6, respectively.
To minimize the influence of other components on thermal power, the PA is designed as
the single-stage and the impedance matching is out of the chip. In the bias control, the RA
is controlled by three trimming bits D [0:2]. The resistance can be adjusted from 0.8 kΩ to
0.98 kΩ with a 3.5% error to improve the accuracy and flexibility. Usually, the resistance is
adjusted by the trimming bits provided by the interface MIPI in handsets. In the proposed
PA, the combined resistors are simply shorted to obtain a 0.85 kΩ RA for the required
current. In the HBT amplifier cells, a ballast resistor RB is added at the base of HBT to
prevent current collapse.

4.1. The Experimental Results of PAs

To satisfy the 30 dBm PO and 50% PAE of the PA for the sub-6G handsets, the bias
circuit needs to generate 1.4 × 10−3 A current to the HBT amplifier cells with an area of
3840 µm2 under a 5 V supply at 25 ◦C. The parameters of the bias control scheme are listed
in Figure 5 and Table 1. The TCs of R1, ID-IH and VC3 of the bias circuit are shown in
Figure 7. The TC of R1 and differential current ID-IH are 5.65 Ω/◦C and −8.03 µA/◦C,
respectively. They generate the −2.68 mV/◦C VC3 with 4.02 V to supply the current
mirror. The simulated and measured ZTAT currents from −15 ◦C to 85 ◦C are compared
in Figure 8. At 25 ◦C, the measured current 1.38 × 10−3 A meets the design requirement
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with a 1.4% error due to the over-ideal simulation model. When the temperature changes,
the current error is stabilized within 3.5% over a 100-degree range. The comparison of
current references is presented in Table 1. The implement area of 0.035 mm2 is acceptable
based on the 0.5 µm GaAs HBT process. As a well-designed product of Maxim, the current
error of [18] is the best, but the number of pins and area are considerable. Compared
with other complicated current bias circuits whose areas are 1~2 times larger, the current
error of the proposed circuit is still competitive, even smaller than the errors of other
adjustable references.
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Table 1. Comparison of the proposed bias circuit with current references.

This Work [14] [15] [16] [17] [18]

Current (A) 1.4 m 99.7 µ 0.338 µ 20 µ 16.6 µ 2.5
∆T (◦C) −15~85 −40~125 0~80 −40~80 −20~100 −20~70

Accuracy (%) 3.5% 3.5% 3.1% 10% 4% 2%

Process 0.5µm
GaAs

65 nm
CMOS

0.18 µm
CMOS

0.35 µm
CMOS

0.35 µm
CMOS

N/A
CMOS

Area (mm2) 0.035 0.04 0.00075 0.139 0.0576 9(package)
Trimming bits 3 No No 5 18 7
Devices (µm) D1:2 × 4; HBT:2 × 20 × 2
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The measured PAE, PO and PG at −15 ◦C, 25 ◦C and 85 ◦C from 14 dBm to 23 dBm
RFin are compared in Figure 9. It is demonstrated that the variations between 25 and 85 ◦C
are much smaller than the variations between −15 and 25 ◦C. Moreover, it is seen that the
higher temperature has greater influence on the parameters. The variations between 25
and 85 ◦C at each input power are also shown at the top of the figures. The error of PAE
between 25 ◦C and 85 ◦C is 7% when RFin is small and becomes stable at 3.7% after FRin
larger than 19 dBm. The error of PO between 25 ◦C and 85 ◦C is 0.7 dBm at beginning and
then stabilized at 0.1 dBm after RFin larger than 19 dBm. The error of PG between 25 ◦C
and 85 ◦C starts at 1dB and then stabilized at 0.2 dB. Since the PAE represents the heat loss
of the PA, the increase in temperature results in the decrease in PAE and PO. However, the
variations of PAE and PO cannot increase continuously with the temperature when RFin
is larger than 19 dBm. Different from PAE and PO, the PG decreases with the increasing
input power. The variations of PG are also much smaller and tend to be stable after 19 dB.
However, the stabilizing effect of the proposed bias circuit on PG is not as good as the effect
on PAE and PO. The reason is that the PG is closely related to the impedance matching
and thermal performance of devices. In summary, the designed PA can be stabilized by the
proposed circuit when the heat loss goes higher.
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The measured ACPR and EVM at different temperatures are summarized in Table 2.
At 25 ◦C, the lower ACPR and upper ACPR are −50.28 dBc and −51.07 dBc, respectively.
The results become better by 5 dBc at −15 ◦C and become worse by 4 dBc at 85 ◦C. The
EVM is about 3.1% at 25 ◦C. It increases about 0.5% at −15 ◦C and decrease 0.4% at
85 ◦C, respectively. The variations in ACPR and EVM are mainly caused by the thermal
parameters of devices. It is verified that the designed PA can perform well to meet the
requirements of mobile terminals over the temperature range of −15 to 85 ◦C.

Table 2. Comparison of the measured ACPR and EVM results over temperature.

Parameters
Measured Condition

−15 ◦C 25 ◦C 85 ◦C

−ACPR (dBc) −55.01 −50.28 −46.12
+ACPR (dBc) −56.13 −51.07 −46.90

EVM (%) 2.6 3.1 3.7

4.2. The Experimental Results of Co-Simulation

The model of the PA in Figure 10 is built strictly following the layout. Figure 10a
presents the temperature distribution of each part of the chip, while Figure 10b presents
the trend of temperature over time of Figure 10a. The HBT amplifier cells are divided into
4 × 4 cells with equal heat area

{
Si,j

}4
i=1}

4
j=1 = 40× 30 µm2, separated each other with

equal distance {D0(x, y)}3
x=1}3

y=1 = (200, 75) µm, and marginalized to the upper edge of
chip. The 3 × 3 copper cylinders (Φ40 µm) are the thermal sinks to dissipate heat power
through two-layer substrates. In this model, some unimportant structures are simplified
because they have little contribution to the thermal analysis.

The thermal power H0 = 1.303 W is released at the surface of HBTs, and the heat flux
F0 = 2.5 × 108 W/m2 is then assigned to each amplifier cell. After the thermal analysis,
the temperature distribution and the thermal resistances are shown in Figure 11. The
temperatures range from T0(3, 2) = 88 ◦C to T0(1, 1) = 70 ◦C. It is worthy of concern
that the maximum temperature T0max = 88 ◦C is beyond the recommended operating
temperature (85 ◦C) and the temperature variation ∆T0 = 17 ◦C is considerable enough
to affect simulation. The thermal resistances r0(i, j) calculated by T0(i, j) are subject to a
variation of 217 ◦C/W. Table 3 is the comparison of the experimental results with different
thermal resistances. In the electrical simulation without thermal modeling, the values of
r0(i, j) for all the amplifier cells are 0 at 25 ◦C and 740 Ω/W at 85 ◦C, respectively. The ESMs
are up to 6%. In the co-simulation, the exact r0(i, j) are assigned to the amplifier cells and
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the ESMs decrease to 1%. Taking the advantage of co-simulation, the simulation errors can
be eliminated effectively before tapeout.
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Figure 10. (a)Thermal modeling of proposed bias PA; (b)Temperature distribution of thermal simulation.
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Figure 11. Temperature distribution and thermal resistances of amplifier cells.

Table 3. Comparison of the measured results and simulated results.

No. Condition PG (dB) PAE (%) PO (dBm) Error(%)

Measured
results

1 −15 ◦C 9.735 51.017 31.73
2 25 ◦C 8. 83 48.10 30.85
3 85 ◦C 8.45 44.38 30.45

Simulation
results without
thermal model

4 −15 ◦C, r = 491 Ω/W 9.96 53.53 31.96
5 25 ◦C, r = 0 9.30 50.73 31.39
6 85 ◦C, r = 740 Ω/W 7.95 43.75 29.95

5.91% 1.45% 1.64% (3−6)/3

Co-simulation
results

7 85 ◦C, r0(i, j) 8.46 44.41 30.46
0.73% 0.97% 0.20% (3–7)/3

The proposed co-simulation cannot only improve the simulation accuracy, but also
optimize the heat distribution, so as to reduce the temperature variations in the chip.
Usually, increasing the distance between the heat sources is the preferred solution to reduce
the temperature. Once the area cost is considered, increasing distance may not be acceptable.
With the help of co-simulation, the temperature can be reduced with minimal area. To find
the relationship between temperature and area, the proposed method defines the thermal
factor K that consists of three normalized indicators as

K =
Sn

S0
× Tmax n

Tmax 0
× ∆Tn

∆T0
(13)
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where Sn, Tmaxn and ∆Tn are area, maximal temperature and temperature variation of the
n-th modeling. The smaller the K, the better the performance. Figure 12 shows the results
of eight models when gradually increasing the distance. The details of the program are:

1. The temperatures of upper-central amplifier cells are higher than that of the lower-
outer ones, so the D(x) and D(y) are gradually increased by 25 µm from center to
outside and by 50 µm from top to bottom, respectively.

2. The K6 = 0.62 is minimal in the 6th modeling where Tmax6 = 76.5 ◦C and ∆T6 = 9 ◦C. The
area is S6 = 0.31 mm2 with a 40% increase. Figure 13 is the results of the 6th modeling.

3. The maximal temperature Tmax stops falling after the 6th modeling. Continuing to
increase the distance will be useless to reduce the temperature. There are two reasons:
no matter how wide the spacing is, there must be 50% thermal power according to
PAE; the heat dissipation is limited by the thermal conductivity of the heat sinks.

4. Using the thermal factor K, the PA can be customized according to the specific require-
ments. For example, if the area cost is the first priority, the K3 = 0.68 is a considerable
result in the 3rd modeling where Tmax3 = 79.4 ◦C ∆T3 = 10.7 ◦C and S3 = 0.28 mm2

with only 27% increase.
5. For every 27% increases in area, the temperature reduces 10 ◦C and temperature

variation reduces 7 ◦C.
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Figure 13. (a) 6th thermal model; (b) Temperature distribution of 6th thermal model.

It is seen that the proposed co-simulation provides a “design-simulation-modeling”
optimization method that can improve the performance of electrical parameters and thermal
performance of the PA at the same time. The working temperature and temperature
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difference between multi-heat sources on the chip can be uniformly reduced with minimum
area cost. Compared to the existing electro-thermal co-simulation methods, the proposed
method can provide an effective link to different co-optimization methods by feeding back
parameters from thermal simulation to electrical simulation.

5. Conclusions

The techniques for the thermal stability of GaAs HBT PA operating in a sub-6G band
are illustrated to improve the performance in high temperature. For the PA with the
proposed adjustable bias circuit, the error of the PAE and PO decrease to 3.1% and 0.6 dBm
since the temperature is compensated by the 3.5% error ZTAT current. With the multi-
source co-simulation, the errors between simulation and measurement decrease to 1% since
the thermal resistance of amplifier cells can be calculated accurately. More importantly, a
thermal factor K is defined to help reducing the temperature, while saving the area cost.
According to the results of iterative modeling, the internal working temperature can be
reduced by 10 ◦C with an increase of 27% in area. It is verified that the proposed methods
form an effective co-design model for improving the thermal stability of sub-6G PA.
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