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ABSTRACT

A 2.6 to 5.5 GHz upconverter/mixer has been
implemented with a GaAs heterojunction bipolar
transistor (HBT) IC technology. The upconventer
consists of a transconductance multiplier based on a
Gilbert cell topology, followed by a two-stage
Darlington-coupled amplifier. Measured conversion
gain is greater than 20 dB up to an RF output frequency
of 5.5 GHz. This upconverter is believed to be the first
reported using the GaAs HBT technology.

INTRODUCTION

The GaAs heterojunction bipolar transistor (HBT)
has demonstrated a variety of analog and microwave
functions with significant advantages over advanced Si
bipolar and GaAs FETs (MESFET and HEMTS) in
combinations of bandwidth, power consumption,
harmonic distortion, phase noise, radiation hardness,
and size [1]. The GaAs HBT's exponential output
current (collector)/input voltage (base-emitter) transfer
characteristic is used to achieve nonlinear
mixing/upconversion, believed to be the first
demonstrated for the GaAs HBT technology. This
upconverter monolithically combines an analog four-
quadrant multiplier/mixer (Gilbert cell) with a highly-
linear output amplifier to achieve high conversion gain
and broadband performance. The circuit was designed
to provide compact, high frequency mixing capability for
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a mix-and-divide frequency synthesizer used in a smart
weapon transceiver. Compared to conventional
double-balanced diode mixers, the GaAs HBT
upconverter has advantages of low drive local oscillator
(LO) and the ability to provide positive conversion gain.
Compared to similar MESFET upconverters, the GaAs
HBT circuit is 5-6 times smaller in overall chip area,
while compared to silicon Gilbert-cell mixer versions,
the HBT upconverter has 7 dB more gain and 5 times
higher output frequency performance [2].

GaAs HBT DEVICE/IC TECHNOLOGY

The GaAs HBT upconverter is based on an IC
fabrication technology which integrates 3 um emitter-up
Npn self-aligned base ohmic metal (SABM) HBTS,
Schottky diodes, NiCr thin-film resistors (Fig. 1), and
metal-insulator-metal capacitors in conjunction with a
simplified molecular beam epitaxial structure. The
details of this fabrication process is described in [1]. A
representative dc transfer characteristic is shown in Fig.
2 for a 3x10 um2 single-emitter device. The I-V curves
are characterized by very low output conductance (high
Early voltage ~800 V) which gives HBT devices their
excellent linearity and advantage in supressing
unwanted spurious response in mixer and amplifier
applications. The corresponding HBT has T, fmay~20-
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Fig. 2. Collector Current (Ic) vs. Collector to Emitter
Voltage (Vce) for a3 x 10 um2 HBT.
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30 GHz (Fig. 3) providing the high intrinsic frequency
performance for wideband upconversion. A high
frequency device model for a 3x10 pm2 single-emitter
HBT is shown in Fig. 4, and the model's match to
measured S-parameters is shown in Fig. 5. The 3 um
SABM HBT MMIC process using simplified MBE growth
structure provides a combination of high performance,
compact size, and producibility for wideband RF
applications.

CIRCUIT DESIGN

A block diagram of the upconverter is shown in Fig.
6. The upconverter is composed of an input balun on
the IF input, a four-quadrant muitiplier/mixer, and two
Darlington direct-coupled amplifiers. The circuit has
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on-chip voltage references and runs off +12 and -9 V
supplies. The circuit topology is shown in Fig. 7. The
Gilbert cell mixer topology was selected for its double-
balanced implementation which offers improved spur
performance and high conversion gain in a very
compact size. The mixer subcircuit uses external
emitter degeneration to suppress intermodulation
products. The IF input balun is used to provide a
single-ended to differential conversion in which emitter
degeneration is used to suppress harmonics. A
common-base cascode stage is used at the output of
the mixer to improve output frequency response. The
output balun stage reduces even-order spurs and
harmonics generated in the mixer.

Fig. 6. Upconverter Block Diagram.
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Fig. 7. Simplified Upconverter Schematic Diagram.
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The output of the mixer consists of two single-stage
Darlington-coupled feedback amplifiers in cascade.
The single-stage amplifier has a measured gain of 10-
11 dB of gain with flat gain performance (+0.5 dB) up to
6 GHz. The amplifier has an excellent IP2 of =40 dBm
and a 1-dB power compression of about 11 dBm at 6

GHz. Details of this amplifier have been previously
described [3].

HSPICE was used to predict both conversion gain
and intermodulation product performance. Internal
distributed transmission line effects were neglected
because the on-wafer electrical connections between
components were less than one-tenth of a quarter-
wavelength.

UPCONVERTER FABRICATION AND
PERFORMANCE

A photomicrograph of the fabricated GaAs HBT
upconverter is shown in Fig. 8. The circuit has 50

transistors; the corresponding chip size is 1x1.5 mm2,
The circuit consumes 1.6 watts of power from +12 and -
9 V supplies.

The upconverter circuits were characterized on-
wafer using coplanar RF probes. A plot of conversion
gain versus frequency is shown in Fig. 9. The
conversion gain is 23 dB at 2.6 GHz RF out, and rolls off
3 dB at 5.5 GHz. Measurements were taken between
RF output frequencies of 2.6 and 6.6 GHz. The mixer
can be operated to lower RF output frequencies and is
limited by dc blocking capacitors which pass
frequencies as low as 1 GHz with virtually no effect on
performance. A plot of output power versus input
power of the upconverter is shown in Fig. 10. The
circuit achieves an output power of 1.5 dBm at 1-dB
compression.  Typical spurious output product

Fig. 8. Photomicrograph of HBT Upconverter. (50
HBTs; 1.5 mm x 1.0 mm).
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Fig. 9. Conversion Gain vs. Frequency (IF = 1.2 GHz,
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SPUR ORDER SPUR SUPPRESSION (dBc)
Lo IF

8 1 >95
7 1 >95
6 3 >95
5 3 89
4 0 72
3 2 57
2 2 48
0 1 32
1 4] 3

Table 1.Upconverter Intermodulation Performance (LO
= 3.850 GHz, -5 dBm; IF = 1.101 GHz, -26 dBm; RF =
4.951 GHz, -2 dBm).

suppression is shown in Table 1. Spurious output
product performance is comparable to that of diode
mixers when the output power of the fundamental is
normalized to the levels typically applied in hybrid
diode mixers. Noise figure at a 5 GHz upconverted RF
output frequency was measured to be 17 dB. This
relatively high noise figure is comparable to that of
silicon bipolar downconverters utilizing Gilbert cell
multipliers at much lower output frequency and gain [2].

SUMMARY AND CONCLUSIONS

A GaAs HBT monolithic broadband (2.6 to 5.5
GHz), high conversion gain (20 dB) upconverter has
been demonstrated. The circuit achieves over five
times the frequency and 7 dB higher gain than
advanced silicon bipolar versions, lower LO drive
requirement and higher conversion gain than diode
mixers, and six times smaller circuit area than similar
MESFET mixer circuits. While this initial GaAs HBT
upconverter offers important advantages over
alternative device technology approaches, significant
improvements are expected to be realized with

optimized HBT design, epitaxial structure, and circuit
design.
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