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Abstract— For the first time, a novel heterojunction bipolar
transistor (HBT) active-feedback circuit is employed with a high
electron mobility transistor (HEMT) low noise amplifier (LNA)
which improves the linearity or third-order intercept point (IP3)
and gain-bandwidth performance without significantly impacting
noise figure. The HEMT and HBT circuits are monolithically
integrated using selective molecular beam epitaxy (MBE). The
use of HBT active feedback provides several advantages over
field-effect transistor (FET) active feedback such as smaller size,
lower dc power consumption, active self-bias, and direct-coupled
performance. Applied to a 1-11 GHz HEMT LNA design, the
HBT active feedback has resulted in a 50 % improvement in gain-
bandwidth performance and a 4-10 dB improvement in IP3 with-
out degrading noise figure compared to an equivalent resistive-
feedback design. In addition, the HBT active feedback consumes
only 15% additional dc power and has provided as much as
a 20-dB reduction in third-order (two-tone) intermodulation
products (IM3’s) over a narrow band. This HBT active-feedback
linearization technique is a compact, cost-effective means of
improving the linearity of HEMT-based LNA/receiver monolithic
microwave/millimeter wave integrated circuits (MMIC’s) for use
in wireless multicarrier communications systems requiring a wide
dynamic range.

1. INTRODUCTION

N MANY commercial wireless communication systems

where multicarrier reception is involved, a low noise ampli-
fier (LNA) with high linearity performance is required. High
electron mobility transistors (HEMT’s) provide superior noise-
figure performance compared to other technologies, however,
they fall short of providing the best linearity performance.
Fabrication techniques for improving the linearity or IP3
of field-effect transistor (FET) devices have been developed
and have resulted in monolithic microwave/millimeter wave
integrated circuits (MMIC’s) with excellent IP3 performance
[1]-[3]. However, compact low-cost designs, such as feed-
back amplifiers often used at lower frequencies, can provide
only marginal improvement in linearity performance since the
feedback will tend to dominate the circuit performance.

Several circuit techniques using concepts such as feedfor-
ward linearization and predistortion are popular circuit means
for improving amplifier linearity performance [4]-[7]. How-
ever, these techniques involve complex methods or systems
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requiring precise control of phase, and amplitude characteris-
tics are usually limited to narrow band applications and may
require additional hardware that is not economically feasible
to employ on an MMIC.

Other MMIC linearization techniques employing active and
passive FET feedback have been developed to improve ampli-
fier IMD performance as well as provide gain control function

.[8]-[10]. However, in these applications, FET feedback is

used to improve the IMD performance under large-signal
compressed conditions, but this feedback degrades ampli-
fier noise-figure performance. Moreover, the FET feedback
implementations consume substantial dc power and require
de-blocking capacitors which limit the effectiveness of the
active feedback in suppressing the baseband intermodulation
(IM) beat tones and can significantly increase the circuit area.
On the other hand, employing heterojunction bipolar transistor
(HBT) bipolar active feedback can result in smaller size and
less dc power while providing active self-bias and direct-
coupled performance which allow more effective suppression
of the baseband IM beat tones. Therefore it is highly desirable
to implement the active feedback using high-speed bipolar
devices such as HBT’s.

Using a recently developed HEMT HBT selective molecular
beam epitaxy (MBE) multifunctional IC-integration technol-
ogy [11], a tunable HBT active-feedback circuit is integrated
with a HEMT LNA which improves both the small-signal
gain-bandwidth and linearity (IP3) performance without sacri-
ficing the noise-figure performance, or significantly increasing
chip size and dc power consumption. This work underscores
a prime example of the size and performance benefits which
can be obtained in an MMIC using HEMT HBT multifunction
selective MBE IC technology.

II. HEMT HBT SELECTIVE MBE IC TECHNOLOGY

The HEMT HBT MMIC of this work was fabricated using
selective MBE IC technology. This HEMT HBT technology
has previously been reported and described in detail [11], [12].
The selective MBE techniques used here are based on silicon
nitride definition and patterning of molecular beam epitaxial
layers, and they are similar in concept to the techniques we
have previously used to fabricate complementary npn-pnp
HBT circuits [13]-[16]. The GaAs-AlGaAs HBT structure is
grown first using our baseline process. This HBT MBE profile
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Fig. 1. Cross section of the HEMT HBT selective MBE IC technology.

is optimized for TRW’s high-linearity applications and has
shown excellent circuit reliability with a mean time to failure
>107 h at a junction temperature of 125° based on three
temperature life tests and operating under a maximum current
density of J. = 27 kA/em? [17]. The HBT wafer is patterned
with silicon nitride deposited by plasma-enhanced chemical
vapor deposition. The silicon nitride and HBT layers are
selectively etched to form HBT material islands. The patterned
wafer is then cleaned and reintroduced into the MBE system
for HEMT material growth. The pseudomorphic InGaAs-
GaAs HEMT layer is grown using our normal HEMT growth
procedures forming high-quality epitaxial material in areas
where the HBT material has been removed. A merged HEMT
HBT process technolégy was developed to allow a common
process to be used for both the HEMT and HBT devices. The
remainder of the process includes thin-film resistors, airbridges
within islands and between HEMT and HBT islands, wafer
thinning, and backside vias. Fig. 1 shows a cross section of
the resulting HBT PIN HEMT integrated circuit technology.

This technology integrates 0.2-um gate-length pseudomor-
phic InGaAs-GaAs HEMT’s and 2-pum emitter-width self-
aligned base-ohmic metal GaAs-AlGaAs HBT’s. The HEMT
and HBT devices produced by selective MBE and fabricated
using a merged HEMT HBT process exhibit dc and microwave
performance equivalent to devices fabricated using conven-
tional MBE and our baseline single-technology processes [11],
[12]. Using our baseline profiles with the: selective MBE
process, the 0.2-um HEMT devices achieved g,, = 600
mS/mm, fr = 80 GHz, and corresponding fi.x = 150 GHz.
The 2-pm HBT devices achieved 8 = 60 at J, = 20 kA /cm?,
fr = 22 GHz, and f,,.x = 50 GHz.

Using this process several HEMT HBT MMIC demonstra-
tions have previously been reported which illustrate various
combinations of monolithically integrated circuit functions
such as HBT bias-regulated HEMT LNA [11], [18], HEMT
switch with integrated HBT switch driver [19], and cascaded
HEMT LNA with HBT output driver [20] MMIC’s. These
MMIC’s demonstrate IC functions which would otherwise be
integrated discretely in a hybrid, and thus, reduce the size,
integration complexity, and cost of the integrated microwave
assembly while offering the performance benefits of both
HBT and HEMT device technologies. However, the linearized
HEMT LNA MMIC of this work along with a previously
reported common-gate (CG) HEMT actively matched HBT
amplifier MMIC [21] provide additional performance benefits
which arise from unique combinations of HEMT and HBT

circuit techniques. It is the exploitation of these complimentary
FET and bipolar circuit techniques that results in compounded
benefits. This makes the HEMT HBT integration technology
even more attractive and is the underlying theme embodied
in this work. .

II. HEMT LNA witH HBT ACTIVE-FEEDBACK DESIGN

Active-device techniques are useful for achieving enhanced
circuit performance without significantly impacting size or
cost. HBT active-feedback techniques have previously been
developed to economically implement regenerative feedback
in amplifiers [22}, [23]. Normally implemented as a spiral
inductor in the parallel feedback loop in microwave circuits,
regenerative feedback is used to extend the upper band gain
response. In HBT bipolar technology, active feedback can be
implemented with small 2 x 10-pm? emitter-area transistors
instead of large spiral inductors which are 10-20 times larger.
A previously reported HBT active-feedback technique has
been shown to increase the bandwidth of HBT amplifiers by
50% [22]. In recent literature, FET active feedback [9] has
been shown to improve the IMD performance of amplifiers
due to its unilateral feedback characteristics. However, it
consumes more circuit real estate and dc power compared to an
equivalent HBT bipolar implementation. Thus, by employing
HBT’s with HEMT’s on the same substrate, HBT active
feedback can be integrated with HEMT’s to improve their
linearity performance with minimal impact on chip size and
dc power consumption. In this manner, the potential benefits
which each device technology offers can be fully exploited.

Using our HEMT HBT selective MBE integration tech-

nology, a novel HBT active-feedback network [22], [23]

was integrated with a low-noise HEMT device to create a
high-linearity LNA. Fig. 2 gives a schematic of the HEMT
LNA which incorporates HBT-tunable active feedback. Ac-
tive feedback constructed using bipolar or HBT transistors
is preferred over FET or HEMT transistor implementations
because they offer lower dc current and power consumption,
are easier to self-bias, require no dc-blocking capacitors,
and can be implemented in a smaller area. The low noise-
figure performance of the amplifier is provided by a 0.2 X
200-ym? gate-arcea HEMT device M1, which is nominally
biased at Iz, = 20 mA and Vi, = 2 V. A load resistor,
Rjyag, provides an ac load at the drain of M1 as well as
a means of setting up the quiescent dc bias of M1 through
supply voltage V;4. The supply voltage is 5 V and consumes
between 20-25 mA depending on the active-feedback tuning
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Fig. 2. Schematic of the HEMT LNA which integrates HBT-tunable active
feedback.
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Fig. 3. Simulated (10 MHz-16 GHz) normalized loop gain and phase
response of the amplifier for various feedback bias current Iy, = 0.5, 1,
2, 4, 6 mA.

bias condition. The tunable HBT active-feedback network
is comprised of cascode connected HBT transistors ¢J; and
Q)-, regenerative-feedback tuning resistor R, dc bias resistor
Rg4., and ac-feedback capacitor Cy;. The HBT devices are
2 x 10-pm? four-finger (quad) emitter devices biased at an
I,. (Iss) of between 0.5-4 mA. In a previous demonstration,
this cascode HBT active-feedback topology was shown to be
more effective in achieving regenerative feedback than a single
HBT transistor active-feedback employment [23]. However, its
electronic tunability and linearity enhancement has not been
reported until now. The active HBT feedback is in series with
a feedback resistor Ry, which provides a nominal amount
of resistive feedback. Resistor Rj; can be set to achieve
regenerative feedback from the HBT active-feedback network
as has been previously demonstrated [22].

The bias current of the active-feedback circuit Iy, can be
adjusted by varying the supply voltage V,, from —1 V to —5
V. This range in tuning voltage corresponds to an adjustment
of active-feedback current Iz, from 0.5-3.6 mA. By adjusting
Vss, various degrees of positive feedback can be induced by
the resultant change in phase and amplitude characteristics of
the active-feedback network. This is illustrated in Fig. 3 which
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Fig. 5. Simulated amplifier noise-figure response for various feedback bias
current Ipp, = 0.5, 1, 2, 4, 6 mA.

gives the broadband (10 MHz-16 GHz) normalized loop gain
and phase response of the amplifier for various feedback bias
currents Iy,. This figure illustrates relative changes in loop
gain and phase response and shows a total loop phase of almost
360° (0°) at 16 GHz for higher I, currents, demonstrating the
onset of positive feedback through electronic tuning. Figs. 4
and 5 give the corresponding simulated amplifier gain and
noise-figure response over active-feedback bias tuning. Fig. 4
shows a typical gain of 9 dB at low frequencies and illustrates
gain peaking at the upper band edge for higher Ir,. A gain-
bandwidth enhancement of 28% is predicted from this figure
with as much as 1.5 dB of controlled gain peaking. Under these
conditions, the simulated response was unconditionally stable.
Fig. 5 shows the corresponding noise-figure dependence on
active-feedback bias tuning. In the practical band of interest,
usually below the gain-peaking frequency, the noise figure
is 2.5 dB and seems to be insensitive to active-feedback
bias. At the upper band edge under the conditions where
regenerative feedback is pronounced, the noise figure degrades
corresponding to noise regeneration. However, it is outside the
frequency band of interest.

Fig. 6 shows a microphotograph of the fabricated HEMT
HBT LNA MMIC. The HEMT LNA and HBT active feedback
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High Linearity - Low Noise HEMT-HBT MMIC

Fig. 6. Microphotograph of the fabricated high—linearity low-noise HEMT
HBT MMIC.

consume as little as 300 pm x 300 pm without bond pads and
transmission lines. Note the compact size of the HBT active-
feedback network which requires no dc-blocking capacitors,
and it is much smaller than a spiral inductor implementation.
Moreover, the HBT active feedback offers direct-coupled
performance as opposed to an FET implementation. This
broadband (down to dc) feedback performance is believed to
reduce intermodulation distortion (IMD) by allowing negative
feedback at baseband frequencies which suppresses the IM
beat tones that are generated. In conventional hybrid designs,
these baseband beat products are normally bypassed to ground
at the input and output of the amplifier using large off-chip
bypass capacitors. The employment of HBT direct-coupled
active feedback provides a completely monolithic solution to
this problem.

IV. MEASURED PERFORMANCE -

Fig. 7 gives the measured gain response for different HBT
active-feedback bias currents Iy, and also a typical input
and output return-loss response for the maximally flat-gain
feedback bias condition (Iy, = 2 mA). The nominal gain
is 9 dB with 3-dB bandwidths greater than 11 GHz. This
is consistent with the simulated performance. As the volt-
age supply V., is decreased from —1 V to —5 V, the
feedback bias current increases: This changes the amplitude
and phase characteristics through the HBT active-feedback
network such that more positive feedback is employed at
the higher frequencies as already discussed. Fig. 7 illustrates
the resultant gain peaking which was measured over various

" feedback bias currents. At one extreme (V,; = —5 V and

I+ = 3.6 mA) you get excessive gain peaking; at the other
extreme (Vi = —1 V and Iy, = 0.5 mA), the gain has a
_pronounced rolloff. At V; = —3 V and a feedback current
of 2 mA, the gain has a maximally flat response up to
11 GHz with about 0.5-dB gain peaking at 13 GHz. The
corresponding input and output return losses at this tuning
voltage are greater than 10 dB across the band. Fig. 8 gives
a plot of the measured and simulated 3-dB bandwidth versus
active-feedback current Iy,. In general, the measured tuning
bandwidth characteristics show that less current is actually
required to achieve positive feedback than what was simulated.
However, it should be noted that the 3-dB bandwidth (BW) is
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Fig. 7. Measured gain response for different HBT active-feedback bias
currents I7, and typical input and output return losses at the maximally
flat-gain bias (Izp = 2 mA).
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sensitive to device performance and that the general concept
of tunable-regenerative active feedback was demonstrated and
is consistent with the simulated performance. This figure also
illustrates that the measured 3-dB BW was improved from 11
GHz to greater than 16 GHz by adjusting the active-feedback
bias. The net result is a 50% BW enhancement using this

‘technique.

A radical improvement in measured IP3 was also achieved
by bias-tuning the HBT active feedback. Fig. 9 shows the
measured two-tone IP3 response as a function of active-
feedback bias (V;; and Iy). Also shown for reference is the
IP3 response of a resistive-feedback HEMT LNA design (bold
line) without the HBT active feedback which .is nominally

.20 dBm. This plot shows that as the HBT active-feedback

bias is increased and the loop gain and phase are changed
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Fig. 9. Measured two-tone IP3 over frequency for various active-feedback
bias conditions (Vs and Iyp). Also shown is the 20-dBm IP3 reference (bold
line) of a conventional-resistive HEMT LNA design without HBT active
feedback.

to induce positive feedback at the upper band edge, the IP3
begins to increase at the lower frequencies. As the bias is
further increased, the IP3 performance begins to significantly
exceed the resistive-feedback HEMT LNA design at the lower
frequencies below 8 GHz. For example, at V,;, = -3 V
(Irs = 2 mA), the IP3 is as great as 27-30 dBm which is
an improvement of 7-10 dB over the conventional resistive-
feedback HEMT LNA for frequencies from 1-3 GHz. As
the bias is further increased, the IP3 performance begins to
improve at the higher band edge. Ata V,, = =5V (Is = 3.6
mA), the IP3 is 24 dBm across the 1-11 GHz band which
is a 4-dB improvement over the resistive-feedback HEMT
(no active feedback) amplifier. This improvement in IP3 and
associated gain-bandwidth performance is at the expense of an
additional 3 mA of current or only a 15% increase in dc power.

Fig. 10 gives the 1-dB compression performance over a 1-6
GHz frequency band for the different active-feedback bias
points. These curves illustrate that the P_j14p is dependent on
active-feedback current. At a low [y, bias of 0.5 mA, the HBT
active feedback is limiting the P_14p of the amplifier, and the
effects of the active feedback on bandwidth performance are
observed. At higher bias currents, the P_jqp of the amplifier
starts to saturate at ~ 8 dBm and is flat across the band.

Fig. 11 gives the output IP3 and P_, yg of the HEMT LNA
over the HBT active-feedback current bias at 1, 3, and 5 GHz.
The 20-dBm IP3 level of the HEMT resistive-feedback LNA
with “no HBT active feedback” is given as a reference. This
figure shows that the P_,4p point increases from 3 dBm to
9 dBm as Iy, (feedback current) is increased. At 1, 3, and 5
GHz the P_, 4p response is nearly identical. The IP3 initially
increases with Iyp, reaches a maximum IP3 which is 6-10
dB greater than the 20-dBm IP3 of the conventional HEMT
LNA, and then slightly decreases at higher I,. For a given
frequency of 3 GHz, a 10-dB improvement is achieved at
Iy, = 2 mA relative to the conventiona] resistive-feedback
HEMT LNA. At higher frequencies, more active-feedback
bias is required in order to enhance the IP3. For example,
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Fig. 10. Measured 1-dB compression pomnt over a 1-6 GHz frequency band
for the various active-feedback bias conditions.

at 5 GHz an optimum IP3 of 27 dBm is achieved at slightly
higher Iy, = 2.8 mA. The enhanced linearity of the HEMT
LNA due to the HBT active feedback is frequency dependent
as illustrated in Figs. 9 and 11. This suggests that the active-
feedback phase which is frequency dependent is compensating
for the less than ideal 180 out-of-phase required for negative
feedback at the fundamental third-order (two-tone) intermod-
ulation product (IM3) and baseband IM3 beat frequencies.
Another contributing factor impacting the IM3 performance
is the feedback of the 2nd harmonic. It has been demonstrated
that with the proper phase, the 2nd harmonic can be fed back to
the input of the amplifier to generate IM3 product terms which
are opposite in sign to the original IM3 products generated
from the nonlinearities of the amplifier, thus, resulting in a
cancellation of the IM3 products generated at the output {24].
To ascertain the weight of each mechanism which reduces
the IM3 distortion requires the development of large-signal
HEMT and HBT models which can accurately model these
small-signal nonlinearities. This is left for future work.

Another figure of merit used as a measure of linearity per-
formance is the delta between the IP3 and P_, gy compression
points (also illustrated in Fig. 11). In a conventional HEMT
amplifier, the IP3 is about 10 dB higher than the P_ 1dB com-
pression point ag illustrated by the IP3 and P_ 45 performance
of the conventional design. A delta which is significantly
greater than 10 dB would indicate an improvement in linearity
performance. At the optimum [y bias for each frequency, the
IP3-P,qp delta is between 17-20 dB which corresponds to a
7-10 dB improvement in this measure of linearity.

However, the use of both IP3 and the delta between the IP3
and P_,4p are only figures of merit and may not accurately
portray the linearity characteristics of the amplifier circuit.
The linear properties of the amplifier can be examined in
greater detail in Figs. 12 and 13 which plot the fundamental
(single-tone) output power (Poy¢) and IM3 versus input power
(P;,) at 1 and 3 GHz. These plots compare the conventional
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Linearity Enhancement using Tuneable
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Fig. 12. Foyt and IM3 vs. Py, at 1 GHz. Also shown for reference is the
resistive-feedback HEMT LNA response.

resistive-feedback HEMT LNA to the HBT-tunable active-
feedback HEMT LNA. At both 1 and 3 GHz, as the HBT
active-feedback current Iy, is increased, the IM3’s become
suppressed below the conventional resistive-feedback design
in the input power range where the amplifier is operating
linearly (—20-0 dBm). As much as 18-20 dB improvement
in IM3 suppression can be seen at an input power of —10
dBm. At low I bias, the IM3 performance is slightly worse
than the pure resistive-feedback case due to nonlinearities
generated by the HBT active-feedback devices. Above an [y

of 1.25 mA, the IM3 product level drops well below the -

conventional resistive-feedback case where an IM3:Pin slope
of 3:1 is recorded. This indicates that the active feedback is
effectively canceling out the IM3 products, leaving higher
order residual products. Thus, these detailed IM3 vs. input
power measurements indicate a large improvement in linearity
performance due to the HBT active feedback.

The HEMT LNA noise-figure performance was also found
to be insensitive to the use of the HBT active feedback.
Fig. 14 shows the noise-figure response as a function of the
active-feedback tuning bias. Also shown for reference is the
noise-figure response of the conventional resistive-feedback
HEMT LNA with “no HBT active feedback.” The nominal
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Fig. 14. Noise-figure response for the various active-feedback bias condi-
tions. Also shown for reference is the noise-figure response of the resis-
tive-feedback HEMT LNA design.

noise figure of the amplifier is 3 dB and essentially flat from
1-11 GHz. This is slightly higher than the nominal noise figure
of 2.5 dB predicted from the simulations. The noise-figure
performance is not sensitive to the active-feedback bias and
is comparable to the resistive-feedback HEMT LNA design in
this frequency band where the gain was found to be maximally .
flat. Above 11 GHz where gain peaking is induced at higher
I, feedback bias, the noise figure also begins to abruptly
degrade. This illustrates the effect of positive feedback which
regenerates the noise amplitude as well as the desired signal,
resulting in gain peaking and noise-figure degradation. This
was also predicted from simulations. However, this noise-
figure degradation occurs at frequencies beyond the practical
1-11 GHz bandwidth of the amplifier where a desired flat-gain
response is achieved.

V. CONCLUSION

A novel high-linearity low-noise HEMT LNA which in-
tegrates HBT-tunable active feedback has been presented.
The HEMT HBT MMIC was fabricated using selective MBE
technology. The active HBT feedback circuit enhances the
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gain-bandwidth and linearity performance without compromis-
ing the noise figure of the amplifier. The active HBT feedback
can be electronically tuned to achieved a 50% improvement
in gain-bandwidth and a corresponding 7-10 dB improvement
in IP3 (linearity) performance while consuming only 2-3.6
mA of additional current through the active-feedback network.
The authors believe that this work demonstrates the potential
size and performance advantages of the HEMT HBT selective
MBE technology which can ultimately provide benefits for
high-volume commercial applications.
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