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The Voltage-Dependent IP3 Performance of a
35-GHz InAlAs/InGaAs-InP HBT Amplifier

K. W. Kobayashi, A. K. Oki, J. Cowles, L. T. Tran, P. C. Grossman, T. R. Block, and D. C. Streit

Abstract—Here we report on the first IP3 results of a 35-GHz
Ka-band amplifier based on InAlAs/InGaAs-InP heterojunction
bipolar transistors (HBT’s). The amplifier combines four 1� 10

�m2 Quad-emitter HBT devices for a total emitter area of 160
�m2 to achieve a gain of 5 dB and an IP3 of 26.5 dBm at 35 GHz.
IP3 was characterized over collector bias voltage and indicates
that there is an optimum Vce corresponding to a maximum
IP3 to dc power ratio, which is related to the HBT nonlinear
voltage-dependent collector-base capacitance. A maximum IP3-
to-dc power linearity figure of merit (LFOM) of 4.1 is achieved
at a total collector current of 48 mA and a low Vce of 2.25 V.
This LFOM is comparable to HEMT’s at these frequencies and
is expected to improve with the maturity of InAlAs/InGaAs-InP
HBT technology.

Index Terms—Amplifier, HBT, InP, IP3.

I. INTRODUCTION

H ETEROJUNCTION bipolar transistors (HBT’s) have
been regarded as a potential technology for high-IP3

amplifiers used in wide dynamic range receivers. Previous
work has demonstrated AlGaAs/GaAs HBT devices with
phenomenal IP3-to-dc power ratios of44 at 12 GHz, which
is a factor of 7–10 better than conventional MESFET and
HEMT devices at these frequencies [1]. These results indicate
that high linearity is achieved from HBT devices inspite of
their highly nonlinear base-emitter diode I–V characteristics. A
study of the HBT two-tone IM3 characteristics has suggested
that the high linearity performance is strongly dependent on
the base and emitter device resistances, which provide negative
feedback, as well as the voltage modulation immunity of
the collector-base capacitance as the collector goes through
its output voltage excursion along a given load-line [2].
The nonlinear characteristics of the HBT capacitance is
heavily dependent on the HBT’s collector epitaxy structure.
III–V-based HBT’s inherently possess an advantage in volt-
age immunity characteristics, which can result in less
output distortion and higher IP3 performance. The rationale
behind this statement is that the fundamentally higher electron
mobility attained in GaAs and InP-based HBT’s allows very
low HBT collector doping concentrations to be employed
without incurring device performance penalties due to the
“base pushout” effects commonly observed in silicon bipolar
junction transistors (BJT’s). The lightly doped collector region
of the HBT’s can provide a very linear fixed capacitance
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at a low voltage bias in a region where the collector is fully
depleted of carriers. In this low voltage reverse bias region,
the collector-base junction behaves like a reversed-biased p-
i-n diode whose microwave linearity characteristics improve
the output linearity of the HBT device. In fact, IP3’s as high
as 35 dBm have been demonstrated for an X-band single-
pole two-throw p-i-n diode switch fabricated from the inherent
collector-base junction of a GaAs HBT device [3].

Previously, high-IP3 performance of a 5–11 GHz Al-
GaAs/GaAs HBT high intercept amplifier has been reported
that achieves IP3’s exceeding 32 dBm and a LFOM of 13.5
[4]. More recently, a millimeter-wave frequency Q-band
AlGaAs/GaAs HBT balanced amplifier was reported that
obtains a LFOM of 3–3.7 at 35 GHz and a record LFOM
of 11.6 at 44 GHz [5]. This Q-band work demonstrates the
feasibility of HBT’s for high-IP3 amplifier applications at
millimeter-wave frequencies. Upcoming InP-based HBT’s
possessing higher intrinsic electron mobility can offer higher
frequency capability, but these have been relatively unexplored
for millimeter-wave amplifier applications. In this work,
we report on the first IP3 characteristics of a Ka-band
InAlAs/InGaAs-InP-based HBT amplifier that demonstrates
comparable IP3 performance at 35 GHz and indicates strong
promise for high linearity front-end applications in the
millimeter-wave range. In addition, a discussion on the
voltage-dependent IP3 characteristics of the amplifier is
provided, as well as suggested modifications that can be made
to the HBT device in order to achieve higher IP3 performance
per dc power.

II. InAlAs/InGaAs-InP HBT TECHNOLOGY

The Ka-band amplifier was fabricated using
InAlAs/InGaAs-InP HBT device MBE technology. The
InAlAs/InGaAs HBT device structure is grown by molecular
beam epitaxy (MBE) on a semi-insulating 2-in InP substrate.
Be and Si are used as- and -type dopants for the base
and emitter/collector, respectively. The emitter incorporates
an 800-̊A InGaAs cap, which is highly doped to obtain low
emitter contact resistance. The intrinsic emitter region is
1200Å thick and doped to 5 10 cm . The base-emitter
junction is compositionally graded from InGaAs to InAlAs
to form HBT’s with very repeatable beta and low
characteristics. The base-collector epitaxial structure consists
of a base thickness of 800̊A uniformly doped to 3 10
cm , a 7000-̊A-thick -type collector lightly doped to 1
\ 10 cm , and an sub-collector doped to 1 10
cm . The HBT dc beta across the wafers are typically
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Fig. 1. Microphotograph of the 35-GHz Ka-band HBT amplifier. Chip size
is 2.4 � 1.8 mm2.

at a current density of kA/cm . The breakdown
voltage is 8 V and the is 13 V.

A fully self-aligned HBT process is used to produce 1-m
emitter width HBT’s and which features a new HBT base-
undercut profile for reducing the collector-base capacitance
and improving the device and performance. The 1-

m emitter width HBT devices have achieved peak’s and
’s of 80 and 200 GHz (from unilateral gain), respectively.

These numbers were obtained from a 110 m quad-emitter
HBT’s biased at a current density of 50–60 kA/cm and a

V and is the same device cell used in the amplifier
design of this work.

III. Ka-BAND InAlAs/InGaAs-InP
HBT AMPLIFIER DESIGN AND RESULTS

Fig. 1 shows a microphotograph of the 35-GHz Ka-band
HBT amplifier. The amplifier combines four 1 10 m
Quad-emitter HBT devices, which comprise a total emitter
area of 160 m . Each of the four transistors are prematched to
an intermediate real impedance and then four-way combined
to 50 at both the input and the output. Shorted quarter-
wave transmission lines comprise the base and collector dc
bias networks. Each of the four HBT devices is biased at
an mA. The total monolithic microwave integrated
circuit (MMIC) is 2.4 1.8 mm in area.

Fig. 2 gives the broadband gain, IP3, and input return-loss
response of the HBT amplifier at a total mA and a

V. A gain of 5 dB was obtained at 35 GHz. The
input return-loss is 12 dB at this frequency. The IP3 varies
from 24–26.5 dBm and is reasonably flat across a 30–40-GHz
band with a peak IP3 of 26.5 dBm at 35 GHz.

The IP3 was also characterized at 35 GHz and a nominal
current of 48 mA as a function of bias voltages. Fig. 3
gives both the IP3 and calculated linearity figure of merit
ratio defined by IP3 (in milliwatts)/dc power (milliwatts). This
figure shows that as the voltage is increased, the IP3 also
increases. At a voltage of 2.25 V, the amplifier achieves
a maximum IP3 of 26.5 dBm while consuming only 106 mW
of dc power. For higher voltages, the IP3 levels off. A plot of

Fig. 2. Broadband Gain, IP3, and input return-loss response of the HBT
amplifier at a totalIce = 48 mA and aVce = 2:25 V.

Fig. 3. IP3 and calculated LFOM ratio defined by IP3 (in milliwatts)/dc
power (milliwatts).

the IP3/P LFOM ratio illustrates a peak ratio of 4.1 at a
of about 2.25 V. The IP3 data of Fig. 2 suggests that there is
a voltage above which IP3 does not significantly improve,
and that a maximum IP3/P ratio occurs around this voltage.

The voltage-dependent IP3 performance is believed to be
heavily related to the nonlinear collector-base capacitance
characteristics as suggested in [2]. This nonlinear char-
acteristic is illustrated in Fig. 4, which shows the capac-
itance as a function of HBT voltage. The collector-base
capacitance characteristic was derived from-parameters as
well as physical calculations of the capacitance for a 1

10 m Quad-emitter HBT device. The voltage-dependent
characteristic is comprised of a combination of piece-wise

linear and nonlinear functions. At low bias, the collector-
base junction can be modeled by the following nonlinear
relation:

(1)
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Fig. 4. Collector-base capacitance versusVce for a 1 � 10 �m2

Quad-emitter HBT.

where the zero-bias base-collector junction is 50 fF, the
junction potential V, the base-emitter turn-on
voltage V, and the exponent characterizing an
abrupt collector-base junction is 0.5. As the voltage is
increased, the collector-base junction becomes fully depleted
and is characterized by a fixed linear capacitance. Thus, as
the voltage is increased, the capacitance approaches a
more linear capacitance region where high amplifier IP3 is
observed (see Fig. 3). As one reaches a voltage where full
depletion occurs, the IP3 is expected to level off, as indicated
by Fig. 3. The onset where full depletion occurs is demarked
by a voltage , where the two piece-wise capacitance
functions intersect. The for these InP-based HBT’s is
approximately 2.7 V, as indicated by Fig. 4, which is slightly
higher than is suggested by the amplifier IP3 performance
of Fig 3. In order to achieve maximum IP3 per dc power
LFOM, , where the onset of full depletion occurs
can be lowered, which reduces the operating voltage and dc
power consumption at maximum IP3. This can be achieved by

either reducing the thickness of the type collector region,
which moves up the fixed full-depleted capacitance asymptote
of Fig. 4, or by reducing the n type collector doping from 1

10 cm down to 5 10 cm ( intrinsic background
doping), which creates a wider collector depletion region for
a given voltage. Employing both modifications will lower
the voltage required to achieve a given IP3 and should
result in higher HBT IP3 performance under lower power
operation without significantly impacting the gain response.
Further experimental investigation is underway to verify these
ideas.

IV. CONCLUSION

The first IP3 results of a 35-GHz Ka-band amplifier based
on InAlAs/InGaAs-InP HBT’s has been reported. The ampli-
fier achieves a gain of 5 dB and an output IP3 of 26.5 dBm
at 35 GHz while consuming only 106 mW of dc power. A
maximum IP3-to-dc power LFOM of 4.1 is achieved at a
total collector current of 48 mA and a low of 2.25 V.
IP3 voltage-dependent characteristics have been related to the
voltage-dependent nonlinear HBT collector-base capacitance.
Suggestions on how the HBT collector epitaxy structure can
be redesigned to improve the linearity characteristics at
lower operating voltages has been given, which is expected to
result in higher IP3 performance per dc power consumption
for the InAlAs/InGaAs-InP HBT’s.
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