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Abstract—This paper will discuss the practical design of an InP-
based heterojunction bipolar transistor (HBT) @-band high IP3
monolithic microwave integrated circuit (MMIC) amplifier. The
amplifier features a novel “double-balanced” design approach
that incorporates a practical “current reuse” biasing scheme.
The current reuse biasing results in a 40% reduction in current
consumption through a standard 5-V supply and simplifies the
MMIC’s system integration while the double-balanced design
produces wide-band IP3, gain, and excellent out-of-band return-
loss performance required for practical applications. The three-
stage MMIC amplifier achieves 15.4 dB of gain, 28.3 dBm of
IP3, and a P..; of 16.2 dBm at 44 GHz. An output-stage IP3F;.
ratio linearity-figure-of-merit of 5.3 is obtained and is believed to
be among the best reported for an InP-HBT amplifier operating
at @-band frequencies. The IP3 performance was optimized
using load—pull simulations based on a custom HBT IP3 model.
Different device cell configurations such as the common-emitter,

performance. For practical millimeter-wave applications there
are more design considerations such as gain or number of
gain stages, bandwidth performance, and practical on-chip bias
implementation. For example, having wide-band gain, IP3, and
excellent return-loss performance can minimize the amplifier's
performance degradation when it is inserted into a system
with other components such as a mixer and voltage-controlled
oscillator (VCO), even when the application only requires a
narrow operating bandwidth. In addition to the desensitized
insertion performance, it is also desirable to employ monolithic
self-bias which can result in a significant reduction in size and
part count by eliminating the discrete off-chip bias regulators
which are often required to accommodate the lower monolitic
microwave integrated circuit (MMIC) supply voltages of 2—3

Common-bage, and cascode were also considered. The Commonv. The reduced mi”imeter'WaVe assembly Size haS the added

emitter amplifier results of this paper demonstrate the promising
linearity performance of InP-HBT'’s and its practical bias and
integration capability which is attractive for @-band receiver
applications.

Index Terms— HBT,
MMIC amplifier.

InP, IP3, linearity, millimeter-wave,

I. INTRODUCTION

IGH IP3 amplifiers are needed in millimeter-wave re-

ceiver systems such a&«- and -band digital radio

applications. For frequencies below 18 GHz, GaAs heterg-
junction bipolar transistors (HBT’s) [1] as well as spiked anﬁ
pulsed-doped MESFET's [2], [3] have demonstrated record

circuit linearity figure of merits (LFOM= IP3/Py.) which

are an order of magnitude better than conventional ME
FET amplifiers. However, for the millimeter-wave regime

little has been published on the circuit linearity merits

o)

benefit of minimizing the chance of cavity mode effects
as well. At millimeter-wave frequencies, HBT technology
can provide high performance and facilitate practical system
insertion.

Recently, a GaAs/AlGaAs HBT amplifier was reported
which achieved an IP3 of 24-30 dBm and an LFOM of
3-11.6 in a band 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-based HBT's,
while not as mature as GaAs HBT’s, can ultimately provide
higher gain and frequency performance for less dc power
onsumption due to their higher peak electron velocity and
ower voltage (bandgap) operation [6]. Furthermore, their
ower V.. operation is better suited for “current reuse” biasing
Eej_chniques in which the transistors of different amplifier stages
Share the same current through a dc totem-pole or stacked
(;evice configuration with a standard fixed supply voltage such
as 5 V.

these technologies due to their modest frequency and gr:ur?n this paper, we describe the design and IP3 performance

of a Q-band InP-HBT MMIC amplifier which features a
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Fig. 1. Cross section of TRW's InAlAs/InGaAs—InP HBT device technology.
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Fig. 2. Comparison of HBT (af; and (b) fmax capability for both AlGaAs/GaAs and InAlAs/InGaAs—InP HBT device technologies.

II. InAlAs/InGaAs-InP HBT DevICE TECHNOLOGY A fully self-aligned HBT process is used to produce:i-

The @-band MMIC amplifier reported in this paper is base§Mitter-width HBT’S. The HBT's also feature a base-mesa
on an InAlAs/InGaAs—InP HBT device technology. Fig. indercut profile that enables a 30-40% reductionCin
shows a cross section of TRW's InAlAs/InGaAs HBT devic&apacitance and results in improved devjgeand fumax, as
structure. The InAlAs/InGaAs HBT device epitaxy is growryvell as millimeter-wave circuit performance [6], [7]. The 1-
by molecular beam epitaxy (MBE) on a 3-in semi-insulating™ emitter width base-undercut HBT's used in the amplifier
InP substrate. Be and Si are used as p- and n-type dop&8ign of this work have peaj’s and fiax's of 75 and 200
for the base and emitter/collector, respectively. The emittefiz (from unilateral gain), respectively. These numbers were
incorporates a 756 InGaAs cap which is highly doped to achieved from a 1x 10 ym?* quad-emitter HBT biased at a
obtain low emitter contact resistance. The intrinsic emitt@tirrent density o/, ~ 40-50 kA/cm? and aVe, = 2.0 V.
region is 19004 thick and doped to 5 10'7 cm 3. The base- ~ One key feature of InP-based HBT's which makes them
emitter junction is compositionally graded from InGaAs t@ttractive for millimeter-wave applications is that their peak
InAlAs to form HBT’s with very repeatable beta and Id.  €lectron velocities are higher than GaAs-based HBT's. Fig. 2
characteristics. The base-collector epitaxial structure consigf®ws a comparison in devicgr and fua.x capability for
of a base thickness of 808 uniformly doped to 3x 10'° both AlGaAs/GaAs and InAlAs/InGaAs—InP HBT's. While
cm—2, a 7000A thick n-type collector lightly doped to Xk  appreciable performance can be obtained by scaling the device
10'6 cm—3, and am* subcollector doped to & 10'® cm=3. geometry as illustrated by the 2- ang.ir emitter-width GaAs
The HBT dc beta across the wafers are typicall§5-35 at a HBT cases, a more dramatic performance improvement is
current density of/. = 40 kA/cm?. The breakdown voltage observed when employing the higher speed InP-based HBT's.
BV, is =8 V, and theBV,,, is =13 V which is more than = However, an even more profound advantage of InP- versus
adequate for most RF applications. GaAs-HBT's is its low dc voltage operation. Low device
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voltage operation is imperative to the “current share” bias Frequency (GHz)

approach of this paper and is particularly attractive in space _ o _
and satellite systems where minimizing the number of voltagé- 4. Comparsen of the#m. Characteristics of the common-emitter,

. . . . . . ._tommon-base, and cascode device configurations based onxth&0lm
regulation tiers results in a savings in dc power, size, weigltiad-emitter HBT unit cell (Ix 10 QE), biased at ad.. = 16 mA and
and cost. In particular, the low base-emitter turn-on voltagevee = 2.5 V.

of InAlAs/InGaAs—InP HBT’s which is 0.4-0.6 V is about

half that of AlGaAs/GaAs HBT's which is in the range ofterms of potential performance leverage and circuit function.
1.1-1.3 V. In fact, it is even lower than conventional silicont millimeter-wave frequencies, high electron mobility transis-
bipolar junction transistors (BJT’s), which is around 0.7-0.§) (HEMT) technology is the undisputed choice for the low
V. This is due in part to the lower intrinsic bandgap ofojse amplifier (LNA). However, for the high IP3 amplifier
the InGaAs base material as well as the gradual compogifja), Schottky diode mixer, local oscillator (LO) buffer
tional grading of the base-emitter heterojunction commongfnp”ﬁer, and VCO, InP-based HBT'’s have recently demon-
employed in Ill-V semiconductor HBT's. By using loW,. strated promising performance in the millimeter-wave regime.
turn-on voltage technology such as InP-HBT's, the desigthr example, several InP-HBT VCO's have been reported at
robustness of self-bias circuits operating from low supplyarious millimeter-wave frequencies at 23.8, 40, 46, and 62
voltages can be improved. However, it is not only this lowsHz and have demonstrated as much as a 23-dB improvement
turn-on voltage which allows lower operating power, buh phase noise over GaAs-based frequency sources [8]. It is
also the higher peak electron velocity of InGaAs/InP at loge inherent lowl/f noise and high frequency characteristics
electric fields compared to GaAs which enables higher devige |np-HBT’s which make them the preferred VCO solution
frequency performance under very Id#. voltage operation. at millimeter wave frequencies. InP-HBT technology has also
For example, HBT devicg¢;’s of >30 GHz can be maintained gemonstrated excellent Schottky diode mixer performance at
at a low V.. operating voltage of 0.5 V and a low curreniy_pand and, in fact, has been shown to require 4 dB less LO
density of 25 kA/ci. A direct consequence of both thesgyrive than an equivalent GaAs-based HEMT W-band Schottky
characteristics is that InP-based HBT's have demonstraigdde design while achieving similar conversion-loss perfor-
the highest amplifier gain-bandwidth product per dc powghance [9]. The low parasitic vertical MBE structure of the InP-
ratios for supply voltages below 3 V as compared WithgT Schottky diode enables this high frequency performance,
other technologies [6]. Furthermore, these inherent propertiggile the narrow bandgap property of the InGaAs-InP Schot-
enable them to achieve high performance while conservativ%y diode epitaxy material results in sub-0.4 V Schottky turn-
employing relaxed and highly reproducible dn emitter- op yoltages and is responsible for its low LO power operating
width process lithography amenable to large scale miIIimetq{apabi”ty_ In addition, InP-HBT’s have also demonstrated

wave commercial production. high IP3 performance at millimeter-wave frequencies [5].
However, more appealing from a system standpoint is that

[ll. DESIGN BACKGROUND AND REQUIREMENTS all of these functions except the HEMT LNA can be mono-

lithically combined on a single HBT MMIC, including the bias

A. The Design Motivation regulation for the HEMT LNA as recently proposed in [10].

The objective of this paper was to develop a 44-cHEhis would enable a tremendous reduction in size, integration

high intercept amplifier based on InP-HBT technology for gqmplexity, and cost, which has far-reaching implicat.ion's in
millimeter-wave receiver application. The motivation behin&pnllmeter-wave phased array systems for space applications.

choosing InP-HBT's for this application can be concluded b
inspecting Fig. 3 which gives the block diagram of a typic
44-GHz integrated receiver. Also illustrated is what we believe Since this paper focuses on the second-stage amplifier of
to be the preferred technology for each receiver componentriy. 3, IP3 and gain are significant parameters, whereas noise

. 44-GHz Amplifier Specification
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Fig. 5. Comparison of thé&;; and S22 impedance characteristics of the common-emitter, common-base, and cascode device configurations.

is secondary. The goal of this design was to develop a 44-GHary unstable at millimeter-wave frequencies where device
amplifier with >12-dB gain and output IP3 o&£30 dBm at and ground via parasitics can induce potential device insta-
44 GHz while operating at low dc power. Also for practicability and even oscillations. Because of the attractive gain
implementation, monolithic self-bias using a fixed 5-V supplgharacteristics exhibited by the cascode topology, an amplifier
was highly desirable and is discussed below. In order to obtalasign exercise was carried out on stabilized cascode

substantial gain at 44 GHz, it was determined that a plurality dévice cell which had resulted in higher matched gain, but
cascaded amplifier stages would be required. In order to obtedtatively poorer IP3 performance compared to an equivalent
high output IP3, both the gain and the IP3 of the output stagemmon-emitter narrow-band matched design at 44 GHz.
must be high. This is indicated by the cascaded amplifier IFBie higher gain but poorer IP3 of the cascode design are
equation [11] both attributed to regenerative feedback within the cascode
at millimeter-wave frequencies, and therefore the cascode

||:>1 —% ﬁ approach was abandoned. The_common-base configuration
total " no el 1 was also abandoned because it was not amenable to the
+ .- “current-sharing” bias approach and only offered a marginal
G - Gfi—l o Gro Py improvement of 1 dB over the common-emitter configuration.

1
T G Gur G IPy @

For the rest of the paper we therefore assume a common-
emitter configuration when referring to the HBT amplifier

wheren designates the output amplifier stagedesignates design.

an intermediate stage, a 1 designates the first amplifier stage

in the chain, and wheré&,, and IB, represent the gain and ) ) ) ) ) ]
IP3 of the output stage, respectively. Clearly the first twh- Practical Bias Implementation and Optimum Bias Selection
terms on the right hand side of (1) dominate the expressingCritical to space electronic applications is the size, weight,
which determines the total IP3 of the cascaded gain chaln power, and cost of the RF modules and subsystem assem-
and suggests that the output stage needs to be optimizedHiges. In addition, the hardware required to provide dc voltage
both high gain and IP3 simultaneously. In order to achiete the RF units such as the receivers and transmitters are
maximum gain from a unit HBT cell, we choose a currentery extensive, adding mass, size, dc power, and integration
density of J. ~ 40 kA/cm?, which is slightly less than the complexity to a system which ultimately translates into high
operating bias where the peak devifg.,. of =200 GHz is cost. Since MMIC components optimally operate at device
obtained. Fig. 4 compares th&,,., of a common-emitter, a voltages of around 2-3 V, there is a need for custom voltage
common-base, and a cascode device configuration basedremgulators and dc converters which step down the bus voltages

a1 x 10 ym? quad-emitter (QE) HBT unit cell (x 10
QE) with total emitter area of 4pm?. This figure illustrates
that a common-base HBT offers@,,.x of ~9 dB while the
cascode offers &7,,.. of ~22 dB where the 1x 10 QE
devices are biased at ah. of 16 mA and aV,. voltage

to the appropriate device voltage, and this would be done
indirectly through several tiers of regulation. However, it is
more desirable to obtain MMIC’s which operate from standard
supplies> +5 V and which are bias-current efficient in order
achieve dc power savings and eliminate the system complexity

of 2 V. This would lead us to conclude that the cascodnd size associated with employing additional dc regulator
is the best device configuration based on its available gdiars to accommodate the lower MMIC voltage.
per unit current. However, upon careful comparison of their In order to achieve this current-efficient MMIC operation,

S11 and Sa2 parameters given in Fig. 5, we can observe thate have adopted the current-share biasing approach shown
the common-base HBT configuration possesses a negaiiveé-ig. 6. In this approach the HBT'’s of different amplifier
input impedance while both common-base and cascode dedstages share the same current through a common regulated
configurations possess negative output impedances. Fromoltage supply, in this case 5 V. In this manner, the design
practical standpoint, these alternate configurations can becarae efficiently operate from a larger voltage supply through
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reusing the bias current throth multiple amplifier stages. IHfb 9. Gain at 44 GHz versus.. voltage for the varioug.. bias currents.
theory, the RF performance of each amplifier is isolated from

the dc biasing components and from each other by dc bypass . . ]
networks. However in practice, there is coupling betwedfyrents. Fig. 8 also plots the IP3 per unit dc power ratio or

amplifiers, especially at baseband frequencies where intdf2€arity figure of merit” for the various bias cases. From the
modulation beat-tone products reside. Having a low-frequen@ipts Of Figs. 7 and 8 it can be concluded that the optimum

active load impedance (such as the base of a common-emit@ﬁfd\mltage an?rcyrrent Wh'fCh maximizes the dev]iczeSIIz/S per

current mirror transistor can be employed to minimize thlénd (;}:)ow;arl(ze 'i'\er_}%{) per orm?ﬁcte oceurs %?O "' h

beat-tone interaction between the amplifier stages. and an‘e. 0 mA. ThIS means that we can optimafly share
the current of two amplifier stages on a fixed 5-V supply where

From a dc viewpoint, the transistors appear as though thegCh transistor stage operates witla of 2.5 V. Although
C ) S5 V.

e

€

are cascode connected, that is, the emitter of one transi 10 . e :
31 IP3 per unit dc power consumption is best at this low

IS conlg(_ected to tr;elzcollectors;a?otl(ﬂjer Fratmilsttr?r,tsharlng current of 12 mA, Fig. 9 illustrates that the gain at 44 GHz
same bias current. =rom an standpoint, both stages aphegqh s than 5 dB, but is better with a marginal increase in
as common-emitter amplifiers. It is obvious that the mor as current. As was shown from (1), the gain of the output
stages that share the same supply voltage, the more efficient, pge is very important in determining ,the effective output IP3.

MMIC dc operation. However, the §upply voltgge is uniforml;gy considering these bias-dependent gain characteristics, we
divided between each of the transistor amplifier stages wheje: o ot the compromised bias conditionéf, = 2.5 V and
the effectivel.. voltage across each HBT will decrease as the _ 16 mA for the 1 x 10 m? quad-emitter' unit cell in the

_numb_er of stages increases. This can result_in a degradagfgfr_IGHZ_Es_V current-share amplifier application.

in gain and IP3 performance for loW.. operating voltages.

Thus the performance of the HBT transistor as a function of

V.. must be known in order to optimize the “current-share” V- INP-HBT IP3 MODEL AND LOAD—PULL SIMULATIONS
design approach. Fig. 7 gives the 44-GHz IP3 performance ofThe InP-HBT IP3 model used in the 44-GHz amplifier
a narrow-band-matched & 10 ym? quad-emitter device (1 design of this work is based on the IP3 model developed
x 10 QE HBT) as a function of/.. and at varioud... bias by Maas et al. [12]. This model was very successful in
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Fig. 10. The small-signal hybrid-T HBT model.
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Fig. 11. (a) Model fit to the measured HB;; and S»o characteristics and (b) model fit to the measured HBT magnitude and angle characteristics.

predicting the gain, IP3, IP2, and IP2H performance of Gassnall-signal parameters of ax 10 pym? quad-emitter HBT
HBT's and amplifiers atX-band frequencies. Here, the samenit cell for the previously determined bias condition of
model and parameter extraction methodology was adopted qr = 2.5 V and .. = 16 mA. Fig. 11(a) illustrates the model
characterizing the InP-based HBT's, only at millimeter-wavfit to the measured HB15;; and S2» characteristics, while
frequencies. Fig. 11(b) illustrates the model fit to the measured HB:L

The HBT IP3 model is based on the small-signal hybrid-fhagnitude and angle characteristics. These figures show ex-
topology shown in Fig. 10. The small-signal model parametetsllent agreement between device model and the small-signal
were determined from a combination of both dc amd s-parameter characteristics over a 1-50 GHz frequency range.
parameter measurements. Low-frequency bias-dependent The complete nonlinear HBT model is given in Fig. 12.
parameters which were later converted:tparameters were This HBT model includes the nonlinear dynamic resistance
used to extract the emitter parasitic resistanceas described (nonlinear G,;,) of the exponential base-emitter junction, a
in [12]. An additional output resistance, has been added nonlinear base-emitter diffusion capacitan€g, and a non-
in order to model the finite early voltage observed in InRinear current source¢(.) as outlined in [12]. Each of
HBT's (for GaAs HBT's, this parameter is set to infinity).these nonlinearities are expressed as third-order polynomials
The nominal values of the parasitic resistandgs, R;2, as illustrated in Fig. 12 and describe their weakly nonlinear
and capacitance€’.;, C.., C,. Were determined through acharacteristics as discussed in great detail in [12]. The first
combination of dc measurements and physical calculatiomsefficients in each equation, «;, andc¢;, are fundamental
The model was then optimized over a 1-50 GHz frequentiyear coefficients which describe the device transconductance
range using reasonably constrained parameters. The left-hagd-= (¢ - I¢)/(nKT), the emitter to collector current gain
side table shown in Fig. 10 gives the resultant optimized = (3/1 + /), and the base-emitter diffusion capacitance
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Fig. 13. Detailed circuit schematic reflecting the modifications to the prematched HBT device output network as a result of simulated IP3 load tuning.

Cye = 7 - gm, respectively. Coefficientg, and gs can also to produced the best IP3 fit at 44 GHz. The measured and
be calculated while the second and third coefficients ofithe modeled value of IP3 at 44 GHz for the conjugate matched 1
andCj. polynomials which heavily determine the second- ang 10 QE HBT is 19.5 dBm.

third-order intermodulation characteristics of the HBT can be Since the model now accurately matches the measured IP3
found empirically by adjusting the coefficients to match thef the conjugate matched % 10 QE HBT at 44 GHz,
measured second harmonic and third-order intercept poitite output network was modified and tuned to obtain the
of the HBT. In particular, the second-order coefficients at@est combination of IP3 and gain using harmonic balance
adjusted to match the second harmonic characteristics whileulations. Fig. 13 gives a detailed schematic of the resulting
the third-order coefficients are adjusted to match the thirdP3-tuned” 1 x 10 QE HBT prematched structure. This
order characteristics of the HBT. This exercise was performémpology consists of simple series-shunt microstrip matching
on a 1x 10 ym? quad-emitter HBT unit cell (Ix 10 QE) networks for the conjugate-matched input and “IP3-tuned”
device over a broad frequency range from 30-50 GHz. Thatput. Compared to the original conjugate-matched output
resulting coefficients are given in the table of Fig. 12. Theetwork, a de-Qing network was removed as well as an
parameter; was adjusted for a “best fit” to measured devicadjustment in the length of a microstrip line directly connected
IP3 across this broad band. However, thecoefficient was to the device collector. It was also found that IP3 and gain
then readjusted to match the measured IP3 characteristicsvefe both sensitive to the series feedback transmission line
a 44-GHz conjugately matched: 10 QE HBT in order to connected to the emitter. By reducing the length of this
offer a more accurate IP3 fit at the 44-GHz design frequency.microstrip line, higher gain was achieved at little expense
value of 600x 10~12 pF/V2 for coefficientcs was determined to the IP3 and stability performance. Although these design
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this paper. Fig. 16 shows a detailed schematic of the single-
stage “double balanced” amplifier which incorporates current
reuse biasing. This topology employs four Lange couplers
to construct two identical single-balanced amplifiers which
are subsequently combined into a double-balanced amplifier
using two more Lange couplers. In this manner, four of the
prematched HBT devices described in the previous section are
combined in order to obtain an approximate 6 dB increase in
IP3. Bias current is shared between the adjacent prematched

1 x 10 zm?x four-emitter-finger (1x 10 QEC) HBT. This
reduces the overall amplifier current consumption~40%
for a standard 5-V supply. The 10% loss is due to the
nonreusable current mirror bias of the 4 10 SE HBT
transistor. However, this could be reduced to less than a 2%
loss if the area of the current mirror HBT transistor is reduced
Fig. 14. Simulations indicating a 3 dB improvement in IP3 performance &Y @ factor of five. The current sharing between adjacent
the prematched HBT amplifier. The resultant IP3 is now 22.5 dBm at 44 GHnatched transistor cells is done by a totem pole connection
where the emitter of the top cell is fed to the collector of
1 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. This is a nontrivial point and
should be carefully investigated. As shown in Fig. 17, a shunt
damping resistor,, incorporated in the schematic of Fig. 16
was found to help the out-of-band stability performance in the
simulations, but was not required. From this figure it can be
concluded that an,,;, of ~ 5 §2 would ensure unconditionally
stable amplifier operation.
The V.. potential of 5 V was equally split across adjacent 1
x 10 QEC HBT prematched device cells which ha¥g's
of 2.5 V each. The current share approach was found to
be well suited with the double-balanced amplifier topology
which integrates the four prematched HBT cells using the
Fig. 15. Simulated output impedance match looking out from the collect@jX Lange couplers. The Lange coupler two-way combining
as well as the impedance looking into the collector. approach has the benefits of increasing the IP3~3y dB
while preserving the gain and bandwidth performance of the

changes appear minor, it had a great impact on the |sHpgle-ended amplifi_er design blocks. In our design_ it was
performance of the amplifier. As indicated in Fig. 14, thfPund that the IP3 increased by 3.5 dB by balancing two
IP3 is now 22.5 dBm at 44 GHz as a result of the neRrématched stages while the overall combined gain incurred
output match which is a 3 dB improvement over the originQn!y @ 0.3-0.4 dB Lange coupler combining loss. The more
conjugate-matched design. Fig. 15 gives the resultant outfi@n 3 dB improvement might be explained by the resistive
impedance match looking out from the collector, as well &9 ¢ terminations which absorb the reflections due to poor
the impedance looking into the collector. The optimum |Put-of-band voltage standing wave ratio (VSWR) mismatch.
match appears to be very close to the conjugate matchl%_ffurther combining _two of these ba_lanced stages, we end up
the collector and is not greatly different; however, the outp¥fith & four-way combiner topology with another 3 dB increase
matching network configuration which was used to achiey 'P3. While the addition of another Lange combining stage
these characteristics is significantly different. This suggest tifgcreased the gain of the overall amplifier by another 0.3-0.4
the matching impedance at the beat-tone or other frequen(qgs clearly this approach benefits m_overall IP3 performanqe.
may play a significant role in the amplifier IP3. Nevertheless, The Lange coupler balanced design not only enables high
as will be confirmed later, a significant improvement ifP3-bandwidth performance, but also provides excellent out-
amplifier IP3 was obtained by load tuning the output matc®-band return-loss performance which improves its practical
based on this IP3 model and load—pull simulations. insertability with mixer components. Because of its excellent
input and output return-loss, three stages of these double-
balanced amplifiers were cascaded with negligible gain degra-
dation.

The 44-GHz IP3-matched HBT device described aboveFig. 18 gives the block diagram and gain-IP3 budget of
was used to construct th@-band high intercept amplifier of the resultant three-stage double-balanced InP-HBT ampilifier.

X
x
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Fig. 16. Detailed schematic of the single-stage double balanced amplifier with current reuse biasing.

DBIS,,] K degradation through the amplifier chain in accordance with
DBALAMP + DBALAMP 20 the cascaded IP3 (1). In this design the first and second stages

are identical to the high IP3 output stage in order to obtain a
cumulative IP3 of 28.3 dBm. As a consequence, the overall
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 indicated
that this configuration is detrimental to IP3, as discussed in
Section lll, and also would have precluded the use of the
current share bias approach in a fixed 5-V system.

Fig. 19 shows a microphotograph of the resultant three-stage
double-balanced amplifier MMIC. The InP-HBT MMIC chip
fits into a compact 6.% 3.5 mn? area, integrates 15 HBT'’s

and 18 Lange couplers, and represents one of the highest
0 10 20 30 20 50 30 complexity InP-HBT MMIC’s demonstrated at millimeter-
wave frequencies. Furthermore, the MMIC employs a fully

self-biased current-share approach which enables it to operate
Fig. 17. Simulated stability performance:(factor”) and the effects of using efficiently from a single 5-V supply.
a damping resistor,;, of &~ 5£2. The addition of this stability resistor ensures
unconditionally stable amplifier operation.
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VI. MEASURED RESULTS

P Vee Vee Fig. 20 gives the measured gain and return-loss perfor-
: mance. The simulated gain is also shown for comparison. A
RF input RF output ¢ gain of 15.4 dB is achieved at 44 GHz with input and output
return-losses better than15 dB across a 25-50 GHz band.

SaaaaTIRGAGIGGGGLL

; |Parameter| Stage1 | Stage2 | Stage3 | Total | ¢ The excellent return-loss is due to the use of the balanced
; | Gain (dB) 5.1 5.1 5.1 153dB | ¢ Lange coupler amplifier topology. The simulated gain matches
; | IP3(dBm) | 298 298 298 | 283dBm | the data to within 1 dB at 44 GHz, however, the simulation
;[ e (MA) 36 36 36 108mA | 7 is more optimistic at lower frequencies. This is believed to
00100 02000002100 000 z be due to the proximity effects of the layout which was not

Fig. 18. Block diagram and gain-IP3 budget of the three-stage dosimulated using electromagnetic simulation tools.

ble-balanced InP-HBT amplifier. Fig. 21 gives the measured versus simulated three-stage
amplifier 1IP3 under the nominal design bias condition. The

Three stages were chosen in order to provide a practical gaieasured IP3’s are 28.3 and 28.8 dBm at 44 and 46 GHz,

of 15.3 dB at 44 GHz. Because of the low gain per stagespectively. At 44 GHz, the calculated IP3{ linearity

of =~5.1 dB, the first two stages must have a relatively higligure-of-merit for the output stage is 5.3:1 and is believed

IP3 with respect to the output stage in order to minimize IR® be the highest reported for an InP-based HBT amplifier in
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Fig. 19. Microphotograph of the three-stage double-balanced amplifier MMIC. The InP-HBT MMIC chip fits into a compacB&2amn? area.
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Fig. 20. Measured gain and return-loss performance of the three-sta]
InP-HBT amplifier. The simulated gain is also shown for comparison.
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Fig. 21. Measured versus simulated amplifier IP3 performance under
nominal design bias.
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Fig. 22. Measured IP3 and gain at low, medium, and high bias current.
timum IP3 performance occurs at the nominal design current of 108 mA
e to the optimal IP3 matching conditions.

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 of Fig. 18. Note
that the IP3 matches reasonably well across a 35-48 GHz band
with the exception of a dip in the measured IP3 at around
40 GHz. This correlates to a dip in the gain response which
was also evident in the scattering parameter measurements.
This dip is believed to be caused by internal RF coupling
between the current shared prematched stages; however, this
discrepancy occurs in a region outside of the 44-GHz band of
interest. At the 44-GHz frequency of interest, however, the IP3
matches to within 1 dB. This not only validates our IP3 model,
but also validates the 3 dB design improvements obtained from
the IP3 load—pull simulations based on the model. Fig. 22 also
gives the measured IP3 and gain at low, medium, and high bias
current. It is shown that as the current is increased from 81
12,135 mA through the MMIC, the gain improves by as much
as 5 dB. However, IP3 appears to be optimal at the nominal
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design current of 108 mA and is probably due to the optim@l2] S. A. Maas, B. L. Nelson, and D. L. Tait, “Intermodulation in hetero-
IP3 matching conditions at this bias level. At this bias. the iunction bipolar transistors,JEEE Trans. Microwave Theory Techigl.

. ' 40, pp. 442-448, Mar. 1992.
measured saturated output powey,, is 16.2 dBm.
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