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Abstract—An InGaP—GaAs heterojunction bipolar transistor TABLE |
(HBT) analog multiplier/mixer monolithic microwave integrated SUMMARY OF PREVIOUSLY PUBLISHED WIDE-BAND ANALOG BALANCED
circuit (MMIC) is developed that adopts a Gilbert-cell multi- MIXER IC GBP FERFORMANCE DEMONSTRATEDWITH VARIOUS MMIC

plier with broad-band input-matching networks to widen the TECHNOLOGIES GBP = 10(Gain(dBY20) - Bandwidth(GHz)

bandwidth up to 17 GHz. This MMIC was fabricated using a

commercially available 6-in InGaP-GaAs HBT MMIC process. It : Device | Design Topology Gain | Bandwidth | GBP
achieved a measured sensitivity of above 1100 V/W for an analog K°b"y‘[‘§;“ etal. fI“:OHsg G“bjg‘;f;‘;,:;‘;i;g RF | 15dB | DCto20 GHz | 116.4 GHz
L . . . = z
mU|t|pI|er and a conversion gan of better than 9 dB f.or a mixer. Burns et al. InP HBT | Gilbert cell with LO drive | -6 dB DCto 15 GHz 8 GHz
It also demonstrated a lower corner frequency and noise than that (6] /=90 GHz and IF buffer
of an InP HBT analog mU|t'p|!er- _The measured |0w-freqUeNCY  Kovayashi eral. | InP HBT | Gilbert cell with RF output|  2dB | Sto 12GHz | 9 GHz
noise was 10 nV/sqrt(Hz), which is about half of that of an InP (7] f1=65 GHz buffer
HBT analog multiplier with a similar architecture. The corner Umedaeral. | GaAsHBT|  Gilbertcell with RF | 22dB | 221056 GHz | 43 GHz
frequency of the low-frequency noise was roughly estimated to 4] /=30 GHz Da”';',g,fgﬂ}f:,”pled
be 15 kHz. The measured performance of this MMIC chip with Osafune eral. | GaAs HBT Gilbert cell 5dB | DCto20GHz | 36 GHz
gain—bandwidth—product (GBP) of 47 GHz rivals that of the 5] =90 GHz
reported GaAs-based analog multipliers and mixers. The high Glennetal. | SiGe HBT | Gilbert cell with IF buffer| 5.5dB | DCto 12GHz | 22 GHz
GBP result achieved by this chip is attributed to the HBT device [10] [i=47 GHz
performance and the broad-band input-matching network. Wholey et al. SiBIT Gilbert cell 16dB | DCto6GHz | 38GHz
[3] /=10 GHz
Index Terms—Active mixer, analog multiplier, GaAs monolithic Weger et al. Si BIT Gilbert cell 15dB | DCto8GHz | 45GHz
microwave integrated circuit (MMIC), Gilbert cell. [ /1720 GHz
This Work GaAs HBT Gilbert cell with 9.3dB 1to 17 GHz 47 GHz
=40 GHz broadband input matching
L network
. INTRODUCTION

HE multiplication or mixing circuit is an important _ ) ) ) )
building block in signal-processing and communicatiofMMIC) technologies. High conversion gain of Gilbert-based

systems. The mixer is a critical building block because it affeci@ixers have been achieved by Si CMOS and Si bipolar junction

the overall system performance and the performance requif@nsistor (BJT) technologies, but they fall short of providing

ment of adjacent building blocks including low-noise amplifiepandwidth above 10 GHz [8], [9]. Record mixer RF bandwidth

(LNA), local oscillator (LO), RF filter, image-rejection filter, NS been demonstrated using @ri-InP high electron-mobility

and IF stages [1]. The millimeter-wave multiplier is used fojransistor (HEMT) technology with low gain [11]. With highy

the modulation of high-speed data transmitted at microwave @0 GHz2), the InP HBT-based analog mixer has demonstrated
The Gilbert-based multipliers and mixers have been demon-n this study, we have demonstrated a wide-bandwidth

strated with various monolithic microwave integrated circut—17-GHz MMIC InGaP-GaAs HBT analog multiplier and
mixer. The GaAs HBT active mixer is based on the Gilbert

transconductance multiplier cell. Although tlig of the device
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Fig. 1. Circuit schematic diagram of the 1-17-GHz analog multiplier and mixer.

Il. DEVICE CHARACTERISTICS ANDMMIC PROCESS

The MMIC reported in this paper is based on the 6-il
InGaP-GaAs HBT device technology with an emitter finge|
width of 2 xm. The epitaxial layer structure features a metal—o |
ganic chemical vapor deposition (MOCVD) grown C-dopei}
base, InGaAs emitter contact layer, mesa etch stops, and b|
ledge layer. Two metal layers are provided for interconnectio|
50/ TaN is used for thin-film resistors. Metal-insu-
lator-metal (MIM) capacitors are realized with PECVDR IS}
with a unit capacitance of 300 pF/mniThe backside process |
features a 10Qsm-thick substrate, 5@m-diameter standard |
through via holes, gold plating, and street etch. 8

The measured HBT dc-current gain is approximately 80
a current density off. = 9.5 kA/cm?. The common-emitter
breakdown VOItag@VCEO is 15 V. The 2x 20 /LmZ Single' Fig. 2. 1-17-GHz analog multiplier and mixer chip photograph. The chip size
emitter HBTs used in the design achievefanof 40 GHz and is 2 mmx 1.5 mm. The mixer characteristics of the chip were measured using

an f, of 140 GHz at collector—emitter voItagb%E) of 3. on-wafer probing on the IF1 as the RF input port and IF2 as the LO. While
max measuring the multiplier characteristics, the input signals were fed from the IF

pads and the output was extracted from the BF pad.

Ill. DESIGN OFANALOG MULTIPLIER AND MIXER .
dc power consumption is 148 mW. The base voltages of the

The schematic and microphotograph of the 1-17-GHzilbert cell are supplied through the input-matching short stubs
analog multiplier and mixer MMIC are shown in Figs. 1 and 2and bypass capacitances, which prevent currents through the
respectively. Throughout the designx 20 xm? single-emitter input-matching resistors. Two small resistors in series with
HBTs are used to achieve high-frequency operation up tioe bypassing capacitances are included to damp out potential
20 GHz. The circuit (called BMLP0O01) can be divided into theresonance. In order to achieve broad-band operation, the input
1) predistortion circuit; 2) Gilbert cell core; 3) output buffernetwork is used to match the capacitive-looking impedance
4) dc-bias circuit; and 5) input-matching network. The Gilbexf the ECPs at the upper band edge. The input-matching
cell core of the chip is series connected to an emitter coupletwork is a series microstrip line with a shunt microstrip line
pair (ECP) with two cross-coupled ECPs, at which frequenggrminated with a 5@ resistor. As shown in Fig. 3, without
mixing takes place. The chip employs 80-degenerating the matching circuitry, the conversion gain will slope down
resistors for tradeoff between dynamic range and conversimam 9 to 3 dB when the RF and LO frequency sweep from 1
gain. The output of the Gilbert cell core is directly fed intdo 17 GHz. Fig. 4 also shows the return losses of the two input
the output buffer, which consists of two emitter followers angorts are greatly improved to below 15 dB from 2 to 16 GHz
performs the output match to 5Q. Current mirrors act as with the broad-band input-matching circuitries.
stable current sources. The dc-supply current is 3.7 mA, andThe design procedures of this analog multiplier and mixer
the dc-supply voltages are 5.6 and 2.4 V, respectively. Totale summarized as follows. The emitter degenerating resistors
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Fig. 3. Simulated and measured conversion gain of the chip. The chip ha%‘%dB'
measured conversion gain of 9.3 dB with a bandwidth of 1-17 GHz.

B. Measured Results
IF frequency (GHz)

0 5 10 15 20 1) Mixer Characteristics:As labeled on the MMIC chip,

0 the mixer characteristics of the chip were measured using

-5 on-wafer probing on IF1 as the RF input port and IF2 as the
_lo e e ~~ I ww g LO. The ground-signal-ground (GSG) probe was used at the
8.5 e e —— — RF input port. The other GSG pad was left open. It was mea-
£ R | - — /./'( sured using wire bonding of output pads as the IF output port.
E s N ety ook The output was then connected to a spectrum analyzer through
= 30 Nt ,, dc-blocking capacitors. The conversion gain was measured at
35 —20-dBm RF power. Fig. 5 shows the conversion gain as a

0 function of LO power with RF frequency of 11 GHz and IF

—¢—IF1 R.L. with matching circuitry frequency of 10 MHz. Both simulation and measurement shows

T raRL Wit matching clreuiy that the conversion gain almost saturated approximately 2 dBm

.L. without matching circuitry
~#—IF2 R.L. without matching circuitry of LO power. The conversion gain versus the RF frequency is

shown in Fig. 3 with both RF and LO ports swept in frequency

Fig. 4. Simulated input return loss of BMLPOO1 with and Withoutqrom 1 to 20 GHz, a fixed IF frequency of 10 MHz, and LO
input-matching circuitry. The return losses of the two input ports are great ! ’

improved to below 15 dB from 2 to 16 GHz with the broad-band input—matchiné/ower of 2 dBm. The conversion gain is approximately 9.3 dB
circuitries. with a bandwidth of 1-17 GHz. The measured LO-to-RF
isolation is approximately-80 dB at 1 GHz and goes up to
Rg1 and R should be chosen first, which would mainly de-—40 dB at 17 GHz with 0-dBm LO input drive.
termine the conversion gain of the circuit. After that, the input 2) Multiplier Characteristics: The multiplier characteris-
thin microstrip line is used to resonate odt,. at h|gh fre- tics of BMLP0OO1 were measured with the same setup as the
quency. This will make the second dip in the return loss. Finalljixer measurement. Fig. 6 shows the output voltage as a func-
the output buffer collector current is determined according #®n of input IF powers with IF frequency of 11 GHz and output

Rour = 2- (Vz/Ic + Rc/B). baseband frequency (BF) of 10 MHz. Both simulation and mea-
surement show the output voltage was linear beldt dBm of
IV. CIRCUIT SIMULATION AND MEASURED RESULTS IF power. The output voltage versus the IF frequency is shown in

Fig. 7, with two IF ports swept in frequency from 1 to 20 GHz,
a fixed IF frequency of 10 MHz, and IF power efl1 dBm.

The circuit shown in Fig. 1 was simulated using a harmonid-he sensitivity was approximately 1100 V/W with a bandwidth
balance technique implemented in HP EESOF LIBRA [14] witbf 1-17 GHz. The measurements of output voltage versus input
the large-signal Gummel-Poon model. The model can effdé-frequency were repeated on four MMIC chips of the same
tively describe low-current drop in current gain, basewidth modvafer, demonstrating consistent measured results, as shown in
ulation, high-level injection, current-dependent base resistankEg. 7.
distributed base—collector capacitance, distributed phenomen8) Low-Frequency NoiseTo measure the low-frequency
in the base region, etc. Except for the circuit simulation usinise, a preamplifier was used with a gain of approximately
the harmonic-balance method, the input-matching circuits wekt80 and a noise level of 1 or 2 nV/sqgrt(Hz). The chip was
simulated with a commercially available Sonnet Software Indirectly dc coupled to the low-noise differential amplifier. A
Liverpool, NY, full-wave analysis tool [15] to insure the accuspectrum analyzer, which can measure the signal as low as
racy of passive models. The microstrip lines of the other porti@ Hz, was used to characterize the noise performance. To
of the layout were made as short as possible to reduce the dissure the best noise measurement, the multiplier was run from
tributed effect. The simulated results are discussed together vatibattery to get a very clean supply for the noise test. Fig. 8
the measured results below. shows the measured performance. The low-frequency noise

A. Circuit Simulation
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V. CONCLUSION

This paper has presented the development of a 1-17-GHz
HBT analog multiplier and mixer that adopts a Gilbert cell mul-
tiplier. The highlight in this analog multiplier and mixer design
is that input broad-band matching networks are used to broaden
the bandwidth up to 17 GHz. It achieved a measured sensitivity
of above 1100 V/W and a conversion gain of better than 9 dB
from 1 to 17 GHz. The measured performance rivals that of the
previously reported analog multipliers and mixers.
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Fig. 8. Measured multiplier low-frequency noise from 1 to 50 kHz.
The low-frequency noise and its corner frequency were estimated to b
10 nV/sqrt(Hz) and 15 kHz.

[10]

[11]
and corner frequency can be estimated to be 10 nV/sqrt(Hz)
and 15 kHz. According to [12], the low-frequency noise of the[12]
InGaP-GaAs HBT multiplier is about half that of the InP HBT [13]
multiplier. This superior low-frequency noise performance is
due to the few traps in energy levels of the InGaP—-GaAs HBT,

. ; . [14]
which compares very favorably with that of a conventional

AlGaAs/GaAs HBT. [15]
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