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Abstract

Here we report on what is believed to be the first
Q-band IP3 results of an INAIAYINGaAs-InP based HBT
MMIC linear amplifier. The 3-stage amplifier uniquely
combines a “double-balanced” design topology that
incorporates a “current re-use’” bias scheme. The
amplifier MMIC achieves 15.4 dB of gain, 28.3 dBm o
IP3, and a Py of 162 dBm a 44 GHz. The
corresponding output-stage | P3/Pq ratio is 5.3 which is
the best reported for INP-HBTs at Q-band. The MMIC is
a high complexity chip which integrates 15 HBTs and 18
Lange couplers in a 6.2x3.5 mm” area, and is salf-hiased
through 5V while consuming 108 mA. The “current re-
use” enables easier system integration while the “double-
balanced” design produces wideband I1P3, gain and return-
loss performance. Thiswork demonstrates the promising
linearity performance of InP-HBTs and its practica
biasing capability which is attractive for Q-band receiver
applications such as mm-wave digital radio.

Introduction

High IP3 amplifiers are needed in mm-wave
receiver systems such as Ka and Q-band digital radio
applications. For frequencies below 18 GHz, GaAsHBTs
[1] aswell as spiked and pulsed -doped MESFETS [2],[3]
have demonstrated record circuit Linearity Figure o
Merits (LFOM=IP3/Py) which are an order of magnitude
better than conventional MESFET amplifiers. However
for the mm-wave regime, little has been published on the
circuit linearity merits of these technologies. One reason
is that there are more considerations at these frequencies
such as gain or # of gain stages, bandwidth performance,
and practicad bias implementation. At  mm-wave
frequencies HBT technology can provide practica
monolithic self-bias as well as high 1P3 performance.

Recently a GaAgAlGaAs HBT amplifier was
reported which achieved an IP3 of 24-30 dBm and an
LFOM of 3-11.6 in aband from 38-44 GHz [4]. An InP-
HBT amplifier has also been reported which achieved an
IP3 of 26.5 dBm and an LFOM of 4.1 at 35 GHz [5].
InP-HBTs can ultimately provide higher gain and
frequency performance per unit dc current and power
consumption than GaAs-HBTs due to their higher current
density and low voltage (bandgap) operation.
Furthermore, their lower V. operation is better suited for
“current re-use” biasing techniques. In this work, we
report the first amplifier 1P3 results of an InP HBT

double-balanced amplifier with “current re-use’ biasing
which achieves IP3's of 25-28.8 dBm from 34-48 GHz.
The output-stage linearity figure of merit (LFOM) is 5.3
at 44 GHz and is the highest reported for InP-HBTs at
this frequency.

InAlIAS/INGaAs-InP HBT Device Technology

The MMICs reported in this work ae based on
INAIAY/INGaAsInP HBT device technology. Fig. 1
shows a cross section of TRW's InAlAgInGaAs HBT
device dtructure.  The InAlAgInGaAs HBT device
epitaxy structure is grown by molecular beam epitaxy
(MBE) on a semi-insulating 3-inch InP substrate. Be and
S are used as p- and n-type dopants for the base and
emitter/collector, respectively. The emitter incorporates a
750A InGaAs cap which is highly doped to obtain low
emitter contact resistance. The intrinsic emitter region is
1900A thick and doped to 5x10" cm™. The base-emitter
junction is compositionally graded from InGaAs to
InAlAsto form HBTs with very repeatable beta and low
Ve Characteristics. The base-collector epitaxial structure
consists of a base thickness of 800A uniformly doped to
3x10™ cm™, a 7000A thick n-type collector lightly doped
to 1x10"® cm™®, and an N+ sub-collector doped to 5x10'
cm”®. The HBT dc beta across the wafers are typicaly >
25 at a current density of J=40 kA/cm?. The breakdown
voltage BV is 8V and the BV is 13 V which is
more than adequate for most RF applications.

InAlAs/InGaAs-InP HBT Technology
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Fig. 1 A cross section of the InAIAs/InGaAs HBT device
structure.

A fully sdf-aligned HBT process is used to
produce 1 pm emitter-width HBTs. The HBTs aso
feature a base-mesa undercut profile that enables a 30-40%
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reduction in Cg capacitance, and results in improved
device ;. and fme, as well as mm-wave circuit performance
[6].[7]. The 1-um emitter width base-undercut HBTS
used in the amplifier design of this work have peak f,'s
and fna's of 80 GHz and 200 GHz (from unilateral gain),

respectlvely These numbers were achieved from a 1x10
pm?® quad-emitter HBT biased at a current density of J

50-60 kA/cm’ and aV = 2.0V. The high fmx and low

V. operation of these InP HBTs make them well suited
for the 44 GHz high linearity current share amplifier
topology of this work.

High Intercept Amplifier Design

Fig. 2 shows a block diagram and gain-1P3
budget of the 3-stage 44 GHz InP HBT amplifier. A three
stage amplifier design is needed to obtain a practical gain
of 15.3 dB at 44 GHz. Because of the low gain per stage
of 5.1 dB, the first two stages must have a relatively
high 1P3 with respect to the output stage in order to
minimize IP3 degradation through the amplifier chain in
accordance with the cascaded IP3 equations. In this
design the 1st and 2nd stages are identical to the high 1P3
output stage in order to obtain a cumulative 1P3 of 28.3
dBm. The overal IP3 is only degraded by 1.5 dB by
cascading the three stages. It should be noted that cascode
stages were considered for obtaining more gain per stage,
however, simulations indicate that this configuration is
detrimental to 1P3 and also would have precluded the use
of the “current share” bias approach in afixed 5V system.

44 GHz 3-stage InP-HBT Double-balanced Amplifier with
"Current Re-Use Biasing"

VCC Vcc VCC
RF input RF output
Parameter| Stage 1 Stage 2 Stage 3 Total
Gain (dB) 5.1 5.1 5.1 15.3dB
IP3 (dBm) 29.8 29.8 29.8 28.3dBm
lcc (MA) 36 36 36 108 mA

Fig. 2 Block diagram and gain-1P3 budget of the 3-stage
44 GHz InP-HBT amplifier.

Fig. 3 shows a detailed schematic of the single-
stage “double balanced” amplifier with “current re-use”.
Bias current is shared between adjacent pre-matched 1x10pm?
x four-emitter-finger (1x10QEC) HBT transistor cells. This
reduces the overall amplifier current consumption by 40%
for a standard 5V supply. The current sharing between
adjacent matched transistor cells is done by a totem pole
connection where the emitter of the top cell is fed to the
collector of the bottom cell. A bypass capacitor on the
emitter of the top cell is used to provide an RF-ground for
common-emitter operation. It should be noted that the value
of this capacitor must be chosen very carefully in order to
maintain the stability performance of the amplifier. A series
damping resistor was found to help the stability performance

in the simulations, but was not required. A V potential of
5V was equally split across the top and bottom 1x10QEC
HBT pre-matched cells which have V¢'s of 25V each. The
current share is well suited with the single stage “double-
balanced” amplifier topology which integrates the four pre-
matched HBT cells using 6 Lange couplers. The Lange
coupler balanced design enables high [P3-bandwidth
performance with excellent return-loss.

Single-stage Double Balanced Amplifier with Consolidated current bias
»
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Fig. 3 Detailed schematic of the single-stage “double
balanced” amplifier with “current re-use”.
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Fig. 4 Detailed schematic of the pre-matched 1x10pm?* x
4-finger HBT cell

Fig. 4 shows the detailed schematic of the pre-
matched 1x10um? x 4-finger HBT cell ( 1x10QEC) which
is biased to an le= 16 MA and a V= 25V. The
topology consists of simple series-shunt microstrip
matching networks for the input and output which is
centered at 44 GHz. Harmonic balance based on a
previously reported HBT IP3 model [8] was used to tune
for IP3 at 44 GHz. The model was fit to scattering
parameters and 1P3 data for both HBT device and matched
amplifier test structures across a broad frequency range.
Fig. 5 gives the simulated single-ended matched
1x10um’ x4-finger HBT cell IP3, IP2, gain and optimum
output load match using the model. 1P3 load-pull
simulations were useful in obtaining a3 dB improvement
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in IP3 performance over the conventional gain matching
approach.
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Fig. 5 Simulated pre-matched 1x10pm® x4-finger HBT
cell 1P3, IP2, gain and optimum output load match.

Fig. 6 shows a microphotograph of the 3-stage
double-balanced amplifier MMIC. The InP HBT MMIC
chip is 6.2x3.5 mm” in area and integrates 15 HBTs and
18 Lange couplers and is fully sdlf-biased through a 5V
supply.

Single-balanced Double-balanced

Pre-matched cell current share stage stage \

Fig. 8 gives the measured versus simulated IP3 under the
nominal design bias. The measured IP3's are 28.3 and
28.8 dBm at 44 and 46 GHz, respectively. At 44 GHz,
the calculated IP3/Py linearity figure-of-merit for the
output stage is 5.3:1 and is believed to be the highest
reported for an InP-based HBT amplifier in the 44 GHz
frequency regime. This number is calculated from the
single stage IP3 of 29.8 dBm which is the extracted
output stage IP3 given in the gain-1P3 chain analysis o
Fig. 2. Note that the 1P3 matches reasonable well across
a 35-48 GHz band with the exception of a dip in the
measured |P3 at around 40 GHz. This correlates to a dip
in the gain response which was aso evident in the
scattering parameter measurements. This dip is believed
to be caused by internal RF coupling between the current
shared pre-matched stages, however, this discrepancy
occursin aregion outside of the 44 GHz band of interest.
Fig. 9 aso gives the measured IP3 and gain at low,
medium and high bias current. It is shown that as the
current is increased from 81 mA to 135 mA through the
MMIC, the gain improves by as much as 5 dB. However
IP3 appearsto be optimal at the nominal design current
of 108 mA and is probably due to the optimal 1P3
matching conditions at this bias level. Fig. 10 is aplot
of the output characteristics. The saturated output power,
Ps, of this amplifier is 16.2 dBm.
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Fig. 6 Microphotograph of the 3-stage “double-balanced”
InP-HBT amplifier with “current reuse’. Chip
area=6.2x3.5 mm~.

Measured Results

Fig. 7 gives the measured gain and return-loss
performance. The simulated gain is aso shown for
comparison. A gain of 15.4 dB is achieved at 44 GHz
with input and output return-losses better than -15 dB
across a 25-50 GHz band. The excellent return-loss is
due to the use of the balanced Lange coupler amplifier
topology. The simulated gain matches the data to within
1 dB a 44 GHz, however, the simulation is more
optimistic at lower frequencies. This is believed to be
due to the proximity effects of the layout which was not
simulated using electro-magnetic simulation tools.

25 30 35 40 45 50
Frequency (GHz)

Fig. 7 Measured gain and return-loss performance vs.
simulated gain.
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Fig. 8 Measured vs. simulated 1P3 at the nominal design
bias (5V, 108 mA).
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Fig. 9 Measured IP3 and gain at low, medium and high
current bias

8 Output Characteristics at 44 GHz
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Fig. 10 Measured output power characteristics at 44 GHz

Conclusion

The high IP3 performance and practica bias
feasihility of an InP-HBT based 44 GHz amplifier was
demonstrated. A single stage |P3/Py ratio of 5.3:1 was
achieved at 44 GHz and is believed to be the highest
reported for an InP HBT amplifier at this frequency. An
HBT IP3 model and load-pull simulations were used in
designing a 3 dB improvement in IP3 of the pre-matched
cell. In addition, a practical current share bias approach
was employed with the double-balanced HBT amplifier
design topology which resulted in a 40% reduction in
current consumption through a standard 5V supply. The
high IP3, mm-wave frequency and low voltage
perfformance of InP HBTs make them attractive for
commercial digital radio receiver applications.
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