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Compact 5.2-GHz GalnP/GaAs HBT Gilbert
Upconverter Using Lumped Rat-Race
Hybrid and Current Combiner

Chinchun Meng, Member, IEEE, Tzung-Han Wu, and Mingchi Lin

Abstract—A compact 5.2-GHz Gibert upconversion mixer
is demonstrated using the 2-yum GalnP/GaAs heterojunction
bipolar transistor (HBT) technology. A miniature lumped-element
rat-race hybrid and an LC current combiner are used in the
LO port and the RF port of the upconversion Gilbert mixer,
respectively. The effect of the LC current combiner with inductor
loss is established in this letter. An active IF balun is incorporated
in the Gilbert upconverter with no extra power consumption.
The fully integrated Gilbert upconverter has conversion gain of
1 dB, OP, 4 of —10 dBm, and OIP3 of 2 dBm when input
IF = 300 MHz, LO = 4.9 GHz, and output RF = 5.2 GHz.

Index Terms—Balun, current mirror, GalnP/GaAs hetero-
junction bipolar transistor (HBT), Gilbert mixer, LC current
combiner, lumped circuit, rat-race hybrid.

I. INTRODUCTION

OUBLE balanced Gilbert mixers have small sizes and are

widely used in RF IC designs. A Gilbert mixer needs bal-
anced IF, LO, and RF signals for its optimum operation such as
higher conversion gain, better dynamic range, and good isola-
tion properties [1]. For a stand-alone Gilbert mixer IC, the bal-
anced Gilbert mixer IF, LO, and RF ports are connected by the
external baluns to the unbalanced board-level circuits. External
baluns are bulky, expensive, inaccurate, and hard to use. The un-
balanced-to-balanced and balanced-to-unbalanced conversions
are still inevitable even for a fully differential transceiver. For
example, most of the power amplifiers and pre-amplifiers are
still in the single-ended configuration and thus an upconverter
with a single-ended output is necessary. Sometimes it is benefi-
cial to have an off-chip oscillator for better performance and a
mixer with a single-ended LO port is needed. Active baluns have
small sizes but consume extra power with the limited dynamic
range [2]. However, it is difficult to incorporate the active baluns
in the LO and RF ports because the active baluns have finite
frequency responses. On the contrary, conventional distributed
passive baluns eliminate these problems but occupy too much
valuable real estate in the IC technology for the RF frequency
range. A distributed rat-race hybrid balun can be miniaturized
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Fig. 1. Schematic diagram of the GaInP/GaAs HBT Gilbert upconverter with
the lumped rat-race hybrid and the LC current combiner.

by using its lumped equivalence [3]. A passive LC current com-
biner can double the output current and converts the differential
outputs into a single-ended output [4]. GaAs material has the
semi-insulating substrate and thus good quality lumped-element
inductors when compared with the silicon technology. The gold-
plated backside ground in GaAs technology also makes the IC
compatible with the unbalanced microstrip line structure. Thus,
it is our objective in this letter to demonstrate a compact RF
Gilbert upconversion mixer requiring no external baluns using
GalnP/GaAs HBT technology. The LC passive combiner pro-
vides 6-dB gain improvement when compared with the single-
ended output. The upconverter preserves the truly balanced op-
eration of the Gilbert mixer while the single-ended terminals
are compatible with the unbalanced microstrip line structures
of GaAs RF ICs and board-level circuits.

II. CIRCUIT DESIGN

A fully integrated GalnP/GaAs HBT Gilbert upconversion
mixer is shown in Fig. 1. The upconversion mixer in Fig. 1 con-
sists of a LO Gilbert mixer core (Q)5, ¢, 7, and Qg) with
a lumped 180° rat-race hybrid, an active IF balun (Q1, @2,
Q3, and 4), and an RF output LC current combiner with a
Darlington common-collector output buffer (9 and QQ1¢). The
lumped rat-race hybrid shown in Fig. 1 employs the pi low-pass
network and the tee high-pass network to replace the quarter-
wavelength and three-quarter-wavelength sections of the dis-
tributed counterparts, respectively [3]. The lumped rat-race hy-
brid generates balanced LO signals for the mixer core. The LC
current combiner formed by two inductors Lg and one capac-
itor C; as shown in Fig. 1 is located at the RF output of the
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Fig. 2. Photograph of the GalnP/GaAs HBT Gilbert upconverter with the
lumped rat-race hybrid and the LC current combiner.
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Fig. 3. LC current combiner operational principle. The inductor loss is
included in the analysis.
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Gilbert mixer core to perform the differential-to-single conver-
sion. A Darlington common collector output follows the cur-
rent combiner to facilitate impedance matching at the RF port.
The common-base-configured ()3 and common-emitter-config-
ured ()2 form the active IF balun by providing equal but out of
phase transconductance gain when (1 and ()2 are connected as
a current mirror [5]. The single-to-differential transconductor
replaces the conventional emitter-coupled-pair transconductor
in the Gilbert upconverter and does not consume extra power
(4], [6].

The photograph of the upconverter is shown in Fig. 2. The die
size is 1 mm?. The 2-um GaInP/GaAs HBT technology has a
peak fr around 40 GHz. 2 x 2 um? single-emitter HBT devices
are used throughout most of the circuits except for the IF active
balun and diode-connected current-mirror transistors that use
the 2 x 6 um? single-emitter HBT devices. Four 5.5-square-turn
(2.18 nH) inductors are employed in the rat-race hybrid and two
3.5-circular-turn (1.1 nH) inductors are employed in the LC cur-
rent combiner, respectively.

III. ANALYSIS OF THE LC CURRENT COMBINER
WITH INDUCTOR LOSS

The detailed operational principle of the LC current combiner
with inductor loss is explained in Fig. 3. Is; equals to Igs in
Fig. 3 for the differential excitation of the current combiner. The
output resistance looking into the collector of a GalnP/GaAs
HBT device is very high because the GalnP/GaAs HBT device
has a heavily-doped base and thus a very high Early voltage.
Thus, no resistor in parallel with the differential excitation is
needed in Fig. 3. The inductor model employed here consists
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of an inductance Lg in series with a parasitic resistor Rg. The
unwanted parasitic capacitance of an on-chip inductor sets the
practical upper frequency limit for the simple inductor model to
be effective. GaAs has less parasitic capacitance because of the
semi-insulating substrate and thus on-chip inductors with higher
quality factors are available at high frequencies. The combina-
tion of the LC current combiner and the current source Ig; can
be represented by its Norton equivalence I, and Z,y in Fig. 3.
The I, and Z.,: can be related to the ABCD matrix elements
of the LC current combiner as shown in Fig. 3.

The ABCD matrix of the LC current combiner obtained by
cascading the ABCD matrix of the shunt inductors and the se-
ries capacitor is

RS+J.WLS+# 1
A B R LA I S,
— Rs+jwLs JjwCi (1)
C D 2(RS+jWLS)+ﬁ RS+jWLS+ﬁ
(Rs+jwLs)? Rs+jwLs

The effect of the current doubling occurs at the resonant fre-

quency, wg. Here
1
= . 2
“E=\ 2Ls0, @

Thus, I,y and Z,y¢ at the resonant frequency can be expressed
as follows:

Rs + jwrLs
Towt = — ——F—F—1, 3
¢ Rs— jonLs 51 3)
R% + (wrLs)® Rs(1+Q%) Rp
Zout = = = 5 - (4)
2Rs 2 2

Here, Qg in (4) is the quality factor of the inductor at the reso-
nant frequency. Rp in (4) can be interpreted as the parallel re-
sistor when the series inductor model with Ls and Rg is re-
placed by the parallel inductor model with Lp and Rp. The
output resistance is simply expressed as Rp /2. If the quality
factor Qg is much larger than one, I, equals to Is; and Lp
equals to Lg. Thus, the voltage at the output node of the LC
current combiner equals to Is; Rp for a differential excitation
because of the current doubling effect.

It is straightforward that the voltage gain formula for a differ-
ential amplifier with the LC current combiner at the resonant fre-
quency is exactly the same as the well-known voltage gain for-
mula for a differential amplifier with the active-current-mirror
load. Only the output resistance of the active current mirror is
replaced by the Rp in the case of the LC current combiner. It
is advantageous to employ the passive LC current combiner in
upconverter applications because the LC combiner eliminates
the slow response associated with the active-current-mirror load
and is very compact in size.

The RF 3-dB bandwidth and IF 3-dB bandwidth are deter-
mined by the RF LC current combiner and the LO lumped ra-
trace hybrid, respectively. The simulated RF 3-dB bandwidth is
280 MHz by fixing the LO frequency at 4.9 GHz and sweeping
the IF frequency. The simulated IF 3-dB bandwidth is 140 MHz
by fixing the RF frequency at 5.2 GHz and sweeping the IF
frequency.
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Fig. 4. Power performance of the GalnP/GaAs HBT Gilbert upconverter with
the lumped rat-race hybrid and the LC current combiner.

TABLE 1
COMPARISON OF THE UP-CONVERSION GILBERT MIXERS

This Work Refl1] Ref[7] Ref[8]
RF (GHz) 5.2 20 1.9 12
Gain (dB) 1 15.3% -6.7 -2
LO-RF 38 32 N/A 22
Isolation (dB)
OP|dB (dBm) -10 -1 -3- 13.5**
OIP; (dBm) 2 6 2 2%
Mixer Core 2.3 12 15 16
Current (mA)
Technology 2um lum 2um lum
GalnP/ InP GalnP/ InP
GaAs HBT SHBT GaAs HBT SHBT

*QGain includes RF and IF amplifiers
**With emitter degeneration resistors

IV. MEASURED PERFORMANCE

The GalnP/GaAs HBT Gilbert upconverter with single-ended
IF, LO, and RF ports facilitates on-wafer rf measurements. The
supply voltage is 5 V and the current consumption is 6.5 mA.
The measured peak conversion gain is 1 dB when LO power
is —7 dBm and LO frequency is 4.9 GHz. The measured con-
version gain varies within 1 dB when LO power changes from
—12 dBm to —1 dBm. The output RF return loss is 23 dB at
5.2 GHz and the IF input return loss is better than 25 dB for
frequencies up to 8 GHz. The power performance of the upcon-
verter is shown in the Fig. 4. The fully integrated Gilbert upcon-
verter has conversion gain of 1 dB, OP1 dB of —10 dBm, and
OIP3 of 2 dBm when input IF = 300 MHz, LO = 4.9 GHz
and output RF = 5.2 GHz. The measured LO-RF isolation is
38 dB.

In order to compare the performance of the upconversion
Gilbert mixers, the state-of-the-art GaAs HBT and InP single
heterojunction bipolar transistor (SHBT) Gilbert upconverters
are summarized in Table I [7], [8]. The InP SHBT upconverters

have better frequency response because of the higher cutoff fre-
quency. The GalnP/GaAs HBT Gilbert upconverter with LC
current combiner in this work has the best LO-RF isolation and
the smallest Gilbert mixer core current consumption. The dif-
ference between OIP3 and OP| 4 can be used to indicate the
linearity and our work also shows good linearity. The linearity
can be further improved by increasing the current through the
Gilbert cell. In other words, our work shows the best perfor-
mance in terms of the combinations of linearity and current
consumption.

V. CONCLUSION

A 5.2-GHz GalnP/GaAs HBT Gilbert upconversion mixer
with on-chip baluns is demonstrated in this letter. A truly bal-
anced operation is preserved in the fully integrated GalnP/GaAs
HBT Gilbert upconverter with single-ended IF, LO, and RF
ports. A miniature lumped-element rat-race hybrid and an
LC current combiner are used in the LO port and the RF
port of the 5.2-GHz GalnP/GaAs HBT upconversion Gilbert
mixer, respectively. A theoretical analysis for the LC current
combiner with inductor loss is also established. The deep
submicron CMOS devices possess excellent cut-off frequencies
and on-chip inductors with high quality factors are feasible
in the standard CMOS process [9]. Thus, the design principle
demonstrated in this letter can also be realized on the industrial
CMOS technology.
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