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A Fully Integrated 5.2 GHz Double Quadrature Image
Rejection Gilbert Downconverter Using 0.35 pm S1Ge
HBT Technology

Chinchun Meng', Tzung-Han Wu', Tse-Hung Wu' and Guo-Wei Huang’

'Department of Communication Engineering, National Chiao Tung University, Hsin-Chu, Taiwan, R.0.C.
National Nano Device Laboratories, Hsin-Chu, Taiwan, R.0.C.

Abstract — A 5.2 GHz 1 dB conversion gain, 1Py = -19
dBm and 1IP;= -9 dBm double quadrature Gilbert
downconversion mixer with  polyphase filters s
demonstrated by using 0.35 pm SiGe HBT technology. The
image rejection ratio is better than 47 dB when LO=5.17
GHz and IF is in the range of 15 MHz to 45 MHz The
Gilbert downconverter has four- stage RC-CR IF polyphase
filters for image rejection. Polyphase filters are also used to
generate LO and RF quadarture signals around 5 GHz in the
double quadrature downconverter.

[. INTRODUCTION

Recently, integrated polyphase filters and the double
quadrature configuration have been used in the low IF
topology in CMOS technology [1], [2], [3], [4]. A low-IF
receiver topology consists of RF 1Q paths and the
integrated polyphase filters to eliminate the off-chip noise
filters and IF filters for image rejection. When a large
image rejection is required such as in a low-IF topology, a
double quadrature downconversion arrangement is better
than a single quadrature downconversion arrangement
because the double quadrature downconversion has less
quadrature accuracy requirement. The LO and RF
quadrature signal generation can be implemented by the
polyphase filters in a double quadrature downconverter,
An HBT transistor has better device matching property
than a MOS device. Thus, it is desirable to have a high
image rejection double quadrature Gilbert downconverter
with polyphase filters in the SiGe HBT technology. The
fabricated SiGe HBT double quadrature Gilbert
downconversion mixer with polyphase filters has 1 dB
conversion gain, [Pgs= -19 dBm and I1P;= -9 dBm at 5.2
GHz. The image rejection ratio is better than 47 dB when
LO=5.17 GHz and IF is in the range of 15 MHz to 45
MHz. The supply voltage is 2.7 V and current
consumption is 10 mA.

I1. CIRCUIT DESIGN

Figure 1 illustrates the system block diagram of a double
quadrature  downconverter with polyphase filters.

Differential RF and differential LO signals are fed
externally and two polyphase filters are used to generate
LO and RF differential quadrature signals.

(i
1] :]
n-
Polyphase
Filter

gl 1
RF+ s s
Quadratare IF-
Genaralar IF+
W
RF.— - { == |
[T 1EQ
| Polyphase
Filter

e

lT’

Qundrature
Generatar

Lo I!.I-
Figure 1 Block diagram of a double quadrature
downconversion mixer with polyphase filters.

Four Gilbert multipliers are used in figure 1 to form a
complex mixer. Thus, the desired signal and the image
signal will appear in different rotational sequences at the
output of the complex mixer as explained in reference [1].
Then the image signal will be filtered away by the IF
polyphase filters and the desired signal will pass directly
through the IF stage. The differential quadrature IF signals
following the IF polyphase filter are combined into
differential signals by properly shorting the differential
quadrature IF signals.

Figure 2 illustrates the detailed schematic of the image
rejection downconverter. Two-stage polyphase filters are
used to generate both LO and RF differential quadrature
signals  from their differential counterparts. A
conventional Gilbert cell with a differential common
collector output buffer is used as the multiplier. The image
rejection is performed by using two four-stage RC-CR
polyphase filters. The differential quadrature IF signals
are combined into differential signals by properly shorting
the differential quadrature IF signals and a differential

12th GAAS® Symposium - Amsterdam, 2004 319



buffer amplifier is also included in the IF final stage as
illustrated in figure 2.~
1

MGG

H H Y

g

A

-

XXXX X%‘f
T T
|

Figure 2 Circuit schematic of a SiGe HBT double
quadrature downconversion mixer with polyphase filters.

[I1. EXPERIMENTAL RESULTS AND DISCUSSIONS

The die photograph of a SiGe HBT double quadrature
downconverter mixer with polyphase filters is shown in
figure 3. The die size is 1x1 mm®. The SiGe HBT device
used in this work has BVego=3.8 V and peak f; around 49
GHz. On-wafer RF measurements are performed because
the fabricated circuit in figure 3 has a balanced GSGSG
RF input on the left side of the chip, a GSGSG IF output
on the right side and a balanced GSGSG LO input on the
bottom side. Two ratrace couplers are used to convert the
single-ended signals to differential signals. One ratrace for
RF signals is centered at 5.2 GHz and the other ratrace for
LO signals is center at 5.17 GHz. The phase imbalance is
less than 1° and the magnitude imbalance of the ratrace is
less than 0.03 dB in 0.1 GHz bandwidth. Bias tees are
inserted between the retrace and the signal gencrator to
provide dc bias for transistors at RF and LO ports.

Figure 3 Photograph of a SiGe HBT double quadrature
downconverter with poly phase filters

The conversion gain is 1 dB for 0 dBm LO pumping
power when LO=5.17 GHz and RF=5.2 GHz. The
conversion gain varies within 1 dB while LO power
changes from 0 dBm to 10 dBm as shown in figure 4. In
other words, the required LO power is small and there
exists a wide range of LO power for optimum conversion
gain. A Gilbert mixer core implemented with bipolar type
technology needs a small local oscillator power and has a
wide range of LO power for optimum conversion gain.
When LO power equals to 0 dBm, the LO-to-IF isolation
measurement results are illustrated in figure 5. 48 dB LO-
[F isolations are achieved in the downconverter when LO
frequency is around 5.2 GHz. The circuit has more than
49 dB RF-IF isolation as shown in the figure 6 when LO
frequency is at 5.17 GHz and power equals to 0 dBm.
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Figure 4 Conversion gain as a function of LO power of the SiGe
HBT double quadrature downconverter with poly phase filters.
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Figure 5 Measured LO-IF isolation of the SiGe HBT double
quadrature downconverter with poly phase filters.
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Figure 6 Measured RF-IF isolation of the SiGe HBT double
quadrature downconverter with poly phase filters.

The one-tone and two-tone power performance is shown
in figure 7 and figure 8, respectively. The fabricated SiGe
HBT double quadrature Gilbert downconversion mixer
with polyphase filters has 1 dB conversion gain, IPygs= -
19 dBm and 1IP;= -9 dBm. All the power measurements
are performed when RF=5.2 GHz and LO=5.17 GHz at 0
dBm.
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Figure 7 One tone power measurements of the SiGe HBT double
quadrature downconverter with poly phase filters.
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Figuire 8 One tone and two tone power measurements of the
SiGe HBT double quadrature downconverter with poly phase
filters.

Figure 9 illustrates the conversion gain as a function of
positive IF frequency and negative IF frequency when
LO=5.17 GHz and 0 dBm. The IF frequency is positive if
the RF frequency is larger than the LO frequency.
Otherwise, the IF frequency is negative. The axis for
negative [F frequency is folded back to highlight the
comparison with positive frequency in figure 9. The
conversion gain is about 1 dB for 15 to 45 MHz positive
IF frequency and is -46 dB for 15 to 45 MHz negative IF
frequency. The image rejection ratio defined as the ratio
between positive [F conversion gain and negative IF
conversion gain is plotted in figure 10. Image rejection
ratios are better than 47 dB for 15 to 45 MHz IF
frequencies.
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Figure 9 Conversion gain as a function of IF frequency for the
SiGe HBT double quadrature downconverter with poly phase
filters.
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Figure 10 Iimage rejection ratios as a function of IF frequency for
the SiGe HBT double quadrature downconverter with poly phase
filters.

IV. CONCLUSION

A fully integrated SiGe double quadrature Gilbert
downconversion mixer with polyphase filters has been
demonstrated for the first time in this paper to the best of
our knowledge. A high image rejection double quadrature
Gilbert downconverter with polyphase filters in the SiGe
HBT technology has been achieved because GaAs has
accurate thin film resistors and the low parasitic semi-
insulating substrate. The fabricated SiGe HBT double
quadrature Gilbert downconversion mixer with polyphase
filters has 1 dB conversion gain, IP;s= -19 dBm and
IIP;= -9 dBm at 5.2 GHz. The image rejection ratio is
better than 47 dB when LO=5.17 GHz and IF is in the
range of 15 MHz to 45 MHz.
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Abstract — A small and compact 5.2 GHz upconversion
Gilbert micromixer using 0.35 pm SiGe HBT technology is
demonstrated in this paper. The upconversion micromixer
has a broadband matched single-ended IF input port. A
lumped-element rat-race hybrid is inserted in the LO input
stage to maintain LO phase accuracy. A passive LC current
combiner is used to convert the micromixer differential
output into a single-ended output and double the output
current. Thus, the IF port, LO port and RF port of the
upconverter are single-ended, and the stand-along
upconverter is suitable for hybrid RF system applications.
The fully matched high linearity micromixer has the
conversion gain of -1 dB, OPy of —~10 dBm, OIP; of 6 dBm
when input IF=300 MHz, LO=4.9 GHz and output RF=5.2
GHz. The IF input return loss is befter than 10 dB for
frequencies up to 20 GHz while the RF output return loss is
better than 13.5 dB for frequencies up to 20 GHz. The supply
voltage is 3.3 V, the current consumption is 11.5 mA, and the
die size is 0.98x0.83 mm® with 6 integrated on-chip inductors.

Index Terms — Upconverters, Gilbert mixers, LC current
combiners, lumped elements, rat-race hybrids.

I. INTRODUCTION

The double balanced Gilbert mixer [1] has been widely
used in RFIC design for its compact size and excellent
port-to-port isolation property. A fully integrated Gilbert
upconversion micromixer with single-ended IF port, LO
port and RF port is demonstrated at 5.2 GHz using 0.35
pum SiGe HBT technology. The single-ended upconverter
here still maintains the truly balanced operation of the
double balanced mixer. In addition, a stand-along single-
ended upconverter is suitable for hybrid RF system
applications. The circuit schematic is shown in Fig. 1. The
upconversion micromixer [2]-[5] shown in figure 1
consists of a single-to-differential IF stage, a LO Gilbert
mixer core, an RF output LC current combiner [6]-[8]
with Darlington output buffer, and an on-chip lumped rat-
race hybrid in the LO stage [9]-[11]. The micromixer
input transconductance stage can turn the unbalanced IF
input signal into differential currents needed by the Gilbert
mixer core and provide wideband impedance matching.

A miniature lumped-element rat-race hybrid s
integrated into the micromixer to achieve a balanced LO
signals for the LO port of the upconverter. The integrated
lumped rat-race hybrid provides excellent phase accuracy.
When the integrated lumped-element rat-race hybrid is
used to generate differential LO signals, it does not require

0-7803-8846-1/05/520.00 (C) 2005 IEEE

any other extra off-chip trimming method to maintain
balanced LO signals by using phase shifters for phase
accuracy and rofary attenuators for magnitude balance.
The lumped rat-race hybrid input stage generates balanced
LO input signals, and the conversion gain and port-to-port
isolations are maintained. Thus, a lumped-element rat-race
hybrid consisting of inductors L; to Lg, capacitors Cs, to C,
and a 50-ohm resistor is incorporated into this circuit to
generate balanced LO input signals.

A passive LC current combiner is located at the output
of the Gilbert mixer core to perform the differential-to-
single conversion and double the output current at the
resonant frequency. The output node taking from the LC
current combiner behaves as a high impedance current
source. Hence, a Darlington pair works as a voltage buffer
to achieve a low impedance RF output port. Therefore, the
conversion gain is maintained and the output impedance
matching is achieved at the same time.

LC Current Combiner

..{
g
._i

RS

Lumpad Rat-Race
LO Input Stage

IF Input ©

Fig. 1. Schematic of the fully integrated upconversion
micromixer using lumped balun and LC current combiner.

The fully integrated 5.2GHz SiGe HBT upconversion
micromixer with the LC passive current combiner in the
RF output stage and the on-chip lumped-element rat-race
in the LO stage has conversion gain of -1 dB, OP 45 0f =10
dBm, OIP; of 6 dBm and 39 dB LO-RF isolation when
input IF=0.3 GHz, LO=4.9 GHz and RF=5.2 GHz. The IF
input return loss is better than 10 dB for frequencies up to
20 GHz while RF output return loss is better than 13.5 dB



for frequencies up to 20 GHz. The supply voltage is 3.3V,
and the current consumption is 11.5mA.

I1. CircuUIT DESIGN

The photograph of the fabricated circuit is shown in Fig.
2. The total chip area is 0.98 x 0.83 mm?® and there are six
on-chip inductors. The SiGe HBT device used in this work
has the following properties: BV¢go=2.5V, and peak F,
around 67 GHz. The emitter length of HBT is 5.1 pm with
single-poly-emitter

a non-self-aligned and device

technology.

Fig. 2. Photograph of the fully integrated upconversion
micromixer using lumped balun and LC current combiner.

For the IF input stage in Fig. 1, the common base stage,
Qs, has the equal but out of phase transconductance gain
as the common emitter stage, Q,, at the same bias currents.
Thus, the differential currents needed by the Gilbert cell
can be obtained by connecting Q, and Q, as a current
mirror pair. The frequency response of the common
emitter stage is improved by lowering the impedance seen
at the base of Q. Thus, a micromixer input stage has a
very good frequency response.

Generally speaking, an active current combiner (current
mirror) limits the swing of the output signal and the
performance of an active current mirror degrades very
seriously for high frequency applications. Therefore, a
passive LC current combiner is used as loads instead of
using active current mirror as combining circuitry. In
addition, the passive current combiner doubles the output
current at the resonant frequency @, here

Because the LC current combiner only consists of
passive elements such as inductors and capacitors, there is
an advantage that a circuit using the LC current combiner
as the loading network has good linearity than the one
using the active current mirror. Thus, an integrated passive
LC current combiner at 5.2 GHz is designed in this work.
The LC current combiner consists of two rectangular on-
chip inductors as shown in the die photograph. On the
other hand, a Darlington (transistor pair consisting of
transistor Q;; and Q4 is used to convert the output node of
upconverter from a high impedance current source into a
low impedance voltage source in order to maintain the
conversion gain.

As shown in Fig. I, the LO port of the Gilbert cell (Q,,
Qs, Q¢ and Q) is connecting to a lumped-element rat-race
hybrid. The rat-race hybrid is used to transform the
unbalanced single-ended LO signal into balanced
differential LO signals. For a stand-alone mixer, it is better
to integrate the rat-race hybrid in the IC process because
the lumped rat-race hybrid in the IC process has the ability
to generate truly balanced signal. Since modern IC
technology can precisely fabricate active devices and
passive elements in the scale of several micrometers, thus
the error due to process variation shall be in the order of
several micrometers. The on-chip lumped-element rat-race
hybrid also facilitates RF on-wafer measurement. In the
RF measurement environment, there are usually many
cables and adaptors for connecting probes and instruments.
Generally speaking, most imbalances of input signals are
usually caused by off-chip connecting components such as
cables and couplers in the on-wafer RF measurement if an
external rat-race hybrid is used. The phase error caused by
cable bending is also a problem. A small bending of the
cables may cause a serious phase imbalance between
signals. Therefore, a most straightforward solution to this
problem is to integrate the 180-degree hybrid network into
the chip. In other words, the error in signal path lengths
can be reduced from the orders of millimeters to
micrometers by using IC technologies and thus phase
imbalanced is improved dramatically.

I11. EXPERIMENTAL RESULT AND DISCUSSION

The 5.2 GHz upconversion micromixer with the
integrated LC current combiner and the integrated
lumped-element hybrid LO stage also facilitates on-wafer
RF measurement. As shown in Fig. 2, the input GSG IF
port is on the bottom side of the die while the output GSG
RF port is on the right. LO GSG signal port is on the left,
and the DC pads are on the top. The RF on-wafer
measurement is simple because IF, LO and RF ports of
this upconverter are single-ended.
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Fig. 3. Conversion gain vs. LO power of the fully integrated
upconversion micromixer using lumped balun and LC current
combiner.

The supply voltage is 3.3 V and the current consumption
is 11.5 mA. The measured conversion gains as a function
of LO power is shown in Fig. 3. As shown in Fig. 3, the
peak conversion gain is ~1dB when LO power changes
from —6 to 5 dBm. In other words, the required LO power
is small and there exists a wide range of LO power for
optimum conversion gain.
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Fig. 4. IF port input return loss and RF port output return loss of
the fully integrated upconversion micromixer using lumped
balun and LC current combiner.

Fig. 4 shows the return loss of both IF and RF port. The
RF output return loss is better than 13.5 dB from 0.1 GHz
up to 20 GHz. A micromixer has a wide input matching
bandwidth and the IF input return loss is better than 10 dB
for frequencies up to 20 GHz as shown in Fig. 4. The
power performance of the upconverter is shown in the Fig.
5. Experimental results show that the OP is ~10 dBm
and the OIP; is 6 dBm. The high linearity property of the
upconversion micromixer should directly come from using
a passive LC current combiner as loading elements.
Measured LO to RF isolation is 39 dB for 4.9 GHz LO
input frequency. The high isolation property results from a

truly balanced operation of a Gilbert micromixer with the
output LC current combiner. The measured data shows
that LO-IF isolation is 37dB.
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Fig. 5. Power performance of the fully integrated upconversion
micromixer using lumped balun and LC current combiner.

IV. CONCLUSION

A truly balanced Gilbert upconversion micromixer with
the integrated LC current combiner and the integrated
lumped-element hybrid is demonstrated using 0.35 um
SiGe HBT technology. The integrated lumped-element
rat-race hybrid is used to convert the single-ended LO
input signal into balanced differential signals. The
upconvertion micromixer with single-ended IF, LO and
RF ports is practical as a stand-alone mixer building block
in the RF transmitter system. The fully matched integrated
SiGe HBT upconverter has conversion gain of -1 dB,
OP, 4z of -10 dBm, OIP; of 6 dBm when input [F=0.3 GHz
and thus output RF=5.2 GHz. The experimental results
reveal that the upconvertion micromixer has good linearity
by using the passive LC current combiner as the loading
network. The IF input return loss is better than 10 dB for
frequencies up to 20 GHz while RF output return loss is
better than 13.5dB for output frequencies up to 20 GHz.
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A 5.7 GHz Gilbert Upconversion Mixer with an LC Current
Combiner Output Using 0.35 ym SiGe HBT Technology

Tzung-Han WU', Chinchun MENG ', Tse-Hung WU', and Guo-Wei HUANG !, Nonmembers

SUMMARY  This paper demonstrates a small compact 5.7 GHz upcon-
version Gilbert micromixer using 0.35 ym SiGe HBT technology. A mi-
cromixer has a broadband matched single-ended input port. A passive LC
current combiner is used to convert micromixer differential output into a
single-ended output and doubles the output current for single-ended-input
and single-ended-output applications. Thus, a truly balanced operation
of a Gilbert upconversion mixer with a single-ended input and a single-
ended output is achieved in this paper. The fully matched upconversion
micromixer has conversion gain of —4dB, OP, 4z of ~9dBm and OIP;
of 4dBm when input /F=0.3 GHz, LO=5.4 GHz and output RF=5.7 GHz.
The IF input return loss is better than 18 dB for frequencies up to 20 GHz
while RF output return loss is 25dB at 5.7GHz. The supply voltage is
3.3V and the current consumption is 4.6 mA. The die size is 0.9 x 0.9 mm?
with 3 integrated on-chip inductors,

key words: SiGe, HBT, Gilbert mixer

1. Introduction

A fully matched and truly balanced Gilbert upconversion
micromixer with a single-ended input and a single-ended
output is demonstrated at 5.7 GHz in this paper by using
a 0.35 um SiGe HBT technology. The circuit schematic is
illustrated in Fig. 1. A Gilbert micromixer [1] is used to
transform the unbalanced single-ended input signal to the
balanced differential signal. In addition, an LC output cur-
rent combiner combines the differential output into a single-
ended output.

A double balanced Gilbert mixer has been widely used
in RF IC design because of the excellent port-to-port isola-
tion property. The excellent performance in IF (RF) and LO
port isolation is fundamentally achieved by separating IF
(RF) and LO feeding ports in a Gilbert upconversion (down-
conversion) mixer. If the IF (RF) and LO signals that feed
the Gilbert upconversion (downconversion) mixer are bal-
anced, the IF-RF (RF-IF) and LO-RF (LO-IF) port-to-port
isolation will be very high. Of course, the fact should be ob-
served if the output signals are taken differentially. The tran-
sistor Q and Q; basically form a current mirror and can be
operated at very high frequencies. The common-base-biased
transistor Q3 and common-emitter-biased transistor Qs pro-
vide 180 degree out of phase transconductance gain when
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Fig.1  Schematic of an upconversion micromixer with an integrated LC
current combiner and a low-pass LC matching output.

Q; and Q, are connected as a current mirror [2], [3]. Thus,
the input stage in a micromixer can easily generate balanced
RF signals and achieve broadband input impedance match-
ing simultaneously. On the other hand, a traditional Gilbert
mixer has an emitter coupled pair input stage and needs a
current source to increase the common mode rejection ratio.
Unfortunately, the common mode rejection provided by the
biased current source in a conventional Gilbert mixer de-
teriorates rapidly at high frequencies and thus reduces the
port-to-port isolation.

The upconversion mixer consists of a passive LC cur-
rent combiner as the output stage. An LC current combiner
is capable of doubling the output current and converts the
differential output into a single-ended output [4],[5]. The
LO input signal is generated by a broadband 180° coupler
to maintain balanced LO signals. A low-pass LC network
is used here for impedance matching. Thus, a truly bal-
anced operation of a Gilbert upconversion micromixer with
a single-ended input and a single-ended output is achieved
in this paper.

The fully integrated SiGe HBT upconversion mi-
cromixer with a single-ended passive combiner output
has conversion gain of —4dB, OP g of -9dBm, and
OIP; of 4 dBm when input /F=0.3GHz, LO=5.4GHz and

Copyright © 2005 The Institute of Electronics, Information and Communication Engineers



1268

RF=5.7GHz. The IF input return loss is better than 18dB
for frequencies up to 20 GHz while RF output return loss is
25dB at 5.7 GHz RF output frequency. The supply voltage
is 3.3 V and the current consumption is 4.6 mA.

2. Circuit Design

The photograph of the fabricated circuit is illustrated in
Fig. 2. The die size is 0.9 x 0.9 mm?” and contains three on-
chip inductors. The SiGe HBT device used in this work
has BV,,,=3.8V, and peak F, around 49 GHz. The transis-
tor emitter length is 9.9 um with a non-self-aligned single-
poly-emitter 0.35 um SiGe HBT technology. The common-
base-biased transistor Q3 and common-emitter-biased tran-
sistor Q; provide 180 degree out of phase transconduc-
tance gain when Q; and Q. are connected as a current
mirror. The common-base-configured transistor Q3 pos-
sesses good frequency response while the speed of common-
emitter-configured Q, is improved drastically by adding a
low impedance diode-connected Q at the input of common-
emitter-configured Q,. The input resistance equals to
(Eﬁ +rl) ||(r2 + 5};). This configuration achieves broad-
band impedance matching.

The Gilbert mixer core consists of transistors Qy, Qs,

Qg and Q7. The current combiner doubles the output cur-

1

rent at the resonant frequency, wo = /57,7 A passive LC

current combiner is used as loads instead of using a pair of
active loads or resistors as combining circuitry. [t is because
the active current combiner limits the output signal swing
and its performance unfortunately degrades very seriously
for high frequency applications. Thus, an integrated passive
LC current combiner at 5.7 GHz is designed in this paper.
In order to determine the effectiveness of the L.C cur-
rent combiner, a simulation with respect to current combin-
ing for the circuit in Fig. | is performed and shown in Fig. 3.
There are two simulated output currents in Fig. 3. One cur-
rent comes from one of the differential outputs of the Gilbert
mixer core and equals to the summation of collector currents

Fig.2  Photograph of the upconversion micromixer with an integrated
output LC current combiner.
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of transistor Qs and Q5. The other one is the output current
of the L.C current combiner. The current combiner functions
well because, as shown in Fig. 3, the output current from the
LC current combiner is about two times of the current from
one of the differential outputs of the Gilbert mixer core,

The design flow of a current combiner is described in
three steps as follows:

Step 1: Decide the value of resonant frequency of the LC
passive combiner.

Step 2: Choose the inductor as large as possible but make
sure the inductor still functions as an effective inductor at the
operating frequency. The unwanted parasitic capacitance of
an on-chip inductor sets the practical upper frequency limit
for an inductor to be effective. The larger the inductor is,
the lower the upper frequency limit is. Thus, there exists a
maximum inductor at a given operating frequency. A simple
equivalent circuit model of the effective inductor consists of
an inductance L in series with a parasitic resistor Rs. Or,
equivalently, the same value inductance L in parallel with a
parasitic resistor Rp. A large value inductor results in higher
inductance L and higher Rp. Thus, a large effective inductor
can maintain the high conversion gain in Fig. | because of
the associated high Rp. Once the maximum inductor is cho-
sen and then the capacitance is determined by the resonant
frequency.

Step 3: Design a proper LC low-pass filter that transforms
output impedance to 50 Q. At the mean time, the previous
choosing inductor of the current combiner would have influ-
ence on the impedance transformation. In this procedure, we
must check the inductance and redesign current combiner
if necessary. There are three rectangular on chip inductors
(two 2.4 nH and one 0.6 nH) in the die photograph of Fig. 2.

A low-pass LC network consisting of inductor L,, and
capacitor C,, is used to improve the output matching as il-
lustrated in Fig. 1. According to the design flow, the LC cur-
rent combiner and the LC low pass network are designed to
form a band-pass matching network and the designed center
frequency is located at 5.7 GHz.

Simulated AC Output Currents
(Relative Scale)

20F  .-.. current from one of the differential outputs -
2.6 l:t.:rrem from the LC current combiner E
0.0 0.1 0.2 0.3 0.4

Time (nano second)

Fig.3 Simulated AC output currents. One current comes from one of
the differential outputs of the Gilbert mixer core, the other one is the output
current of the LC current combiner.
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3. Measurement Results

Figure 2 shows the fabricated 5.7 GHz upconversion mi-
cromixer. The single-ended input and single-ended output
configuration is convenient for on-wafer measurements. As
shown in the photograph, The GSG IF input port is on the
left side of the chip while GSG RF output port is on the right
side. The GSGSG LO differential input pad is on the top
side while the DC pads are on the bottom side. There are
many small rectangular capacitors around the bottom side
of the chip. These are bypassing or DC chocking capaci-
tors. Because of the foundry process fabrication limitations,
they should be implemented as capacitor arrays instead of
one larger capacitor.

Figure 4 shows the measured conversion gain as a func-
tion of LO power. The peak conversion gain is —4 dB when
LO power is 3dBm as illustrated in Fig. 4. Figure 4 shows
that conversion gain increases monotonically from —6dB to
—~4 dB when LO power changes from —10dBm to 3 dBm.

The Gilbert mixer core in Fig. | consists of emitter-
coupled differential pairs. Only a small twist voltage in
the range of several times of thermal voltage is needed to
have current commutation in the emitter-coupled differen-
tial pairs. Therefore, the IF current commutation starts with
small LO power of —10dBm and thus the conversion gain

o T | i T T T T T

-2 —a— Conversion Gain V.5. LO Power 1
4r u‘,u‘ut\: T
6+ .u-ﬂ‘m'“'ﬂao'o 1

Conversion Gain (dB)
E--]

10+ 1
LO Frequency=56.4GHz
12 IF Frequency=300MHz 1
A4t J
A6 PP | A L 1 P PP P
-25 -20 -15 -10 -5 0 5 10 15

LO Power (dBm)

Fig.4  Conversion gain vs. LO power measurement of the upconversion
micromixer with an integrated output LC current combiner.
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Fig.5 IF port input return loss and RF port output return loss of the
upconversion micromixer with an integrated output LC current combiner.
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can be maintained for a wide range of LO power as shown
in Fig. 4.

Figure 5 shows that the RF output return loss is 25 dB
at 5.7 GHz. Figure 5 also indicates that the LC current com-
biner functions very well. In our design, the operating out-
put frequency is 5.7 GHz and the measurement results show
that the output return loss has a notch exactly at 5.7 GHz.
The exact output matching directly comes from the LC cur-
rent combiner and LC low-pass filter. On the other hand, a
micromixer has a wide bandwidth impedance matching and
the IF input return loss is better than 18 dB for frequencies
up to 20 GHz as shown in Fig. 4. We can assure that the in-
put resistive matching indeed works perfectly based on the
experimental data. The measured conversion gain as a func-
tion of IF frequency is illustrated in Fig. 5 and the conver-
sion gain peaks around 0.3 GHz as expected because of the
effectiveness of the LC current combiner. The LC current
combiner filters signal around 5.7 GHz and the output cur-
rent signal is doubled around 5.7 GHz. The LC current com-
biner is compact and very useful in an upconversion mixer
design. As illustrated in Fig. 5 and Fig. 6, the output return
loss and conversion gain versus IF frequency measurement
results support the effectiveness of our LC current combiner
design.

Power performance of the fabricated upconverter is
shown in Fig, 7. Experimental result shows that the OP|gp
is =9 dBm and the OIP; is 4 dBm.
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@ 2f —o— Conversion Gain V.S. IF Frequency
T
E 4 |
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g ~
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\D\n
1 1 1 1 L e - L
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Fig.6 Conversion gain as a function of IF frequencies of the upconver-
sion micromixer with an integrated output LC current combiner.
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Fig.7  Power performance of the upconversion micromixer with an inte-
grated output LC current combiner.
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Fig.8 Measured LO-RF isolations of the upconversion micromixer with
an integrated output LC current combiner.

The measured LO-RF isolation is shown in Fig. 8. The
LO to RF isolation is 40dB and at its best when LO fre-
quency=5.7 GHz. This high isolation comes from the truly
balanced operation of the mixer at the current-combining
frequency.

4. Discussion and Conclusion

An upconversion micromixer is demonstrated in this pa-
per. It has a single-to-differential input stage with a pas-
sive LC current combiner converting mixer differential out-
put into a single-ended output. The fully matched and fully
integrated SiGe HBT upconverter has conversion gain of
—-4dB, OP1 dB of -9 dBm, and OIP; of 4 dBm when input
1F=0.3 GHz and the output RF frequency equal to 5.7 GHz.

IEICE TRANS. ELECTRON., VOL E88-C, NO.6 JUNE 2005

The IF input return loss is better than 18 dB for frequen-
cies up to 20 GHz while RF output return loss is 25dB at
5.7 GHz output frequency. The die size is 0.9 x 0.9 mm?
with three on-chip rectangular inductors. The supply volt-
age is 3.3 V and the current consumption is only 4.6 mA.
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Abstract — A method to monitor the GalnP/GaAs HBT
device structure including ledge thickness is demonstrated in
this paper. The base thickness and base doping density are
obtained through base transit time and base sheet resistance
measurements while the base transit time is measured
through the cut-off frequency measurements at various bias
points. A large size HBT device with two emittersis used to
measure the ledge thickness. Emitter doping profile and
collector doping profile can be obtained by the large size
HBT device through C-V measurement. An FATFET device
formed by two emitters as drain and source terminals and
the interconnect metal as the Schotty gate on the ledge
between two emittersis used to measur e the ledge thickness.

[. INTRODUCTION

The HBT (Heterjunction Bipolar Transistor) structure
strongly affects HBT’s high frequency characteristics and
reliability. It is desirable to confirm the layer structure and
ledge thickness after the device has been fabricated. It has
become especially important in today’s foundry business
model because normally the device structure is proprietary
to the foundry company and will not be released to the
circuit designer. On the other hand, it is advantageous for
a circuit design company to make sure the device quality
from lot-to-lot and wafer-to-wafer. Furthermore, it is
necessary to fine tune the device structure and choose the
right process if a better circuit performance is needed. In
this paper, a method is established to find the device
structure including ledge thickness for GalnP/GaAs HBT
devices. Ledge thickness is an important parameter for
reliability concern. The ledge thinning process in an HBT
is not precisely controlled. Normally, a thicker-than-
needed emitter is designed and a selective etching is used
to remove the emitter cap for the emitter mesa. A wet
etching dipping is used to thin down the emitter ledge to a
totally depleted condition. The ledge thinning by
chemically wet etching is somewhat uncontrollable. In
some case, a thin emitter is designed such that, after the
emitter cap is removed, the remaining ledge is aready
depleted. A quick wet etching dip is used to expose the
fresh InGaP surface. In any case, a way to monitor the
final ledge thickness is important to guarantee the device
reliability. The method needs a special two-emitter large
size HBT for ledge thickness measurement. The base

thickness and doping density are obtained through base
transit time and base sheet resistance measurements. The
base transit time is obtained through S parameter
measurement at various bias points. The cut-off
frequencies at various collector current and collector
voltage can be used to remove the effect of base-collector
transit time and emitter charge time to obtain base transit
time. A standard transmission line measurement is used to
obtain the base sheet resistance. Thus, base thickness and
base doping density can be obtained from base transit time
and base sheet resistance. A large size HBT device with
two emitters is developed in this paper to measure the
ledge thickness, emitter and collector doping profiles.
Emitter doping profile and collector doping profile can be
obtained by the large size HBT device through C-V
measurement. An FATFET device formed by two emitters
as drain and source terminals and the interconnect metal
as Schotty gate on the ledge between two emitters is used
to measure the ledge thickness. The resulting
measurement fits well with the material data.

[I. DEVICE STRUCTURE CHARACTERIZATION
METHOD

A large size two-emitter HBT device is designed as
shown in figure 1. A GalnP/GaAs HBT has a heavily
doped base, thus a conventional C-V measurement can be
used to obtain the emitter and collector doping profiles.
The doping profiles for emitter and collector are
illustrated in figure 2 and figure 3, respectively. Emitter
doping is 3x10™/cm? and 0.067 um thickness. Collector is
2x10%/cm® and 0.6 um thickness. The ledge is strongly
related to the device reliability. A fully depleted ledge
prevents injected electron minority carriers from
recombining at the exposed surface by inverting the band
diagram at the surface. An FATFET device formed by two
emitters as drain and source terminals and the interconnect
metal as Schotty gate on the ledge between two emitters
as illustrated in figure 1 is used to measure the ledge
thickness. The C-V measurements in figure 4 revea an
unusualy high doping starting at 0.051um depth from the
Schottky barrier surface. The measured unusualy high
doping density at this depth is caused by the heavily
doped p type base. Thus, the C-V measurement can be



used to probe the ledge thickness even through the exact
doping of the ledge can not be obtained.

A 2.4X3X2 HBT device is used to perform the high
frequency S parameter measurement. The corresponding
I-V curveisillustrated in figure 5. Forward Gummel plot
and reversed Gummel plot are aso illustrated in figure 5.
The absence of the conduction band discontinuity in
GalnP/GaAs interface can be evident by the fact that the
Cummel plot for collector current overlays the reverse
Gummel plot for reverse collector current. The amost
zero conduction band discontinuity means that the GalnP
material is an ordered structure instead of the disorder
structure. An order GalnP emiiter has demonstrated a
good reliability and thus the method here can aso used to
check the material quality.

S parameters are measured at various bias points and
the cut-off frequency as a function of collector current and
collector voltage isillustrated in figure 7. A Kirk effect is
observed at high current. The emitter-collector charging
time is the reciprocal of the cut-off radian frequency and
is decomposed into emitter charging time, base transit
time, base-collector transit time and collector charging
time as follows.

1 C+Cy
© 2z f, I

Vi

It will be evident that the collector charging time is
negligible. Thus, a plot of emitter-collector charging time
as a function of the reciprocal of collector current as
shown in figure 8 can be used to extrapolate the sum of
base-transit time and base-collector transit time time. The
base-collector transit time is a function of the base-
collector voltage through the formula bel ow.

N, X2
o A gep =V, +V,
2¢,

The base-emitter voltage is 1.4 Volt for the range of
collector currents interested. Thus, a mapping between
depletion width and base-collector voltage is obtain
through C-V measurement. The sum of base transit and
base-collector transit time can be ploted as a function of
the depletion width to extrapolate the base-transit time.
The base transit time is related to the base thickness by the
formula below. The base layer sheet resistance can be
obtained through the transmission line measurement. The
sheet resistance is from afour point probe measurement.
The sheet resistance is related to the base doping density
and base thickness by the formula below.

X
T + Ty + 2\“/"“’+(RE+RC)~Cjc

S

2
Ty = _Xe o3 10*(s)
2.43uV,
=~ =159.35Q
RSH qNBIupXB ( )

The minority mobility and the majority mobility are
related to the base doping density by the formula below.
1

3

N N

4, = minority = x, = 8300 1+ B N

3.98x10" + —&
641

_ 380
fi+(317x107) N, |

Thus, by solving both equations, the base doping and
thickness are.

u, =majority = u,

0.266

N, = 6.755x10'° (cm )
Xy = 1175( A)

The whole HBT structure together with ledge thickness is
thus obtained.

I11. CONCLUSION

The HBT (Heterjunction Bipolar Transistor ) structure
strongly affects HBT’ s high frequency characteristics and
reliability. It is advantageous for a circuit design company
to make sure the device quality from lot-to-lot and wafer-
to-wafer. A method to determine the HBT device structure
and material quality by DC and RF measurements have
been developed in this paper. The whole HBT structure
together with ledge thickness is very useful to fine tune
the device structure and choose the right processif a better
circuit performance is needed.
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Figure 1. The two-emitter HBT device for measuring ledge
thickness, emitter doping profile and collector doping profile.
The two emitters are used as drain and source while the
interconnect metal is used as the gate metal for the ledge
between two emitters.
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Figure 3. The collector doping profile obtained through C-
V measurement.
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Figure 5. 1-V curve of 2.4X3X2 HBT device.
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Figure 8. A plot of emitter-collector charging time as a
function of the reciprocal of collector current. The plot
can be used to extrapolate the sum of base-transit time
and base-collector transit time.
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