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Abstract—This work presents a case study of circuit-to-circuit
substrate coupling between a 24-GHz power amplifier (PA) and
a 23-GHz voltage-controlled oscillator (VCQO) implemented in a
commercially-available SiGe heterojunction bipolar transistor
BiCMOS technology. The concurrent operation of these two
circuits on the same silicon die results in —33 dB of coupling
between the PA’s output and the VCQO’s output. Different testing
configurations are considered to verify the dominant path of
the coupling. These results highlight the potential challenges for
silicon-based monolithic systems targeting microwave operational
frequencies.

Index Terms—Heterojunction bipolar transistor (HBT), power
amplifier (PA), voltage-controlled oscillator (VCO).

I. INTRODUCTION

ILICON-GERMANIUM (SiGe) heterojunction bipolar
Stransistor (HBT) technology is rapidly entering the world
of microwave and millimeter wave systems [1], [2]. The
technology offers high speed, low noise SiGe HBTs, while
maintaining the high volume, low cost fabrication, and in-
tegration capabilities associated with conventional silicon
manufacturing [3], [4]. However, as systems expand to higher
frequencies of operation and higher levels of integration, the
potential for undesired coupling between circuits via the sub-
strate also increases, creating new challenges for system design
and evaluation.

Previous studies investigating substrate coupling have exam-
ined the characterization and modeling of the substrate [5], [6],
highlighting the fact that this problem will only become more
challenging at higher frequencies. Other work has also exam-
ined individual circuit sensitivities to substrate noise [7]-[9],
as well as the potential for circuit-to-circuit coupling between
digital/baseband circuits and microwave circuits [10]. However,
there has only been limited work examining the potential for
coupling to occur between two circuits operating at microwave
frequencies in a silicon-based system.

This work focuses on the potential for substrate coupling in
K-band systems, and in particular between a 24-GHz power
amplifier (PA) and a 23-GHz voltage-controlled oscillator

Manuscript received October 30, 2006; revised February 4, 2007.

The authors are with the School of Electrical and Computer Engineering,
Georgia Institute of Technology, Atlanta, GA 30332-0250 USA (e-mail:
comeau.jon@gmail.com).

Color versions of one or more of the figures in this letter are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/LMWC.2007.895703

vCO VCO Vvco vCco PA PA PA
Vcon Bias VCC GND GND VB2 vCcC
i
N N
PA
g ouT
Q
<
[)
°
3
1777 E
| ‘.’CO;VCC ]
VCO-Vcon
! L
%—VCO-GND—%
vco-vee vco-vce
s )3
3 vco 3
=|L Output H
vco vco HFo o—H" veo vco
Bias i i i
@; Bias Bias @3 Bias
VCO-GND

Fig. 1. Schematics of the 24-GHz power amplifier and the 23-GHz VCO fab-
ricated on the same die.

(VCO), when fabricated on the same silicon die and operating
concurrently. Various testing configurations are considered
to verify that the dominant path of the coupling is through
the substrate. The frequency response of the coupling is also
examined, demonstrating the impact of the VCO’s loop gain
on the magnitude of the coupling.

II. SIGE HBT BICMOS TECHNOLOGY

The SiGe BiCMOS technology used in this study is the com-
mercially-available Jazz SiGe-120 process, which offers a max-
imum unity-gain cut-off frequency (fr) of 150 GHz for the
SiGe HBTs [11]. This SiGe platform is fabricated on a conven-
tional 8-10 Q-cm p-type bulk substrate, and contains no addi-
tional epi-layer.

III. CIrRCUIT DESCRIPTION

A 24-GHz SiGe PA design has been incorporated with a
23-GHz SiGe VCO design (Fig. 1), such that both circuits can
be biased and measured simultaneously in order to demonstrate
the potential for substrate coupling between two microwave
circuits. The 24-GHz PA is based on the same topology, de-
sign, and layout as presented in [12], which demonstrated a
small-signal gain of 12 dB, a return loss greater than 9 dB on
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Fig. 2. Die photo of the 24-GHz power amplifier and the 23-GHz VCO fabri-
cated on the same die.
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Fig. 3. Block diagram of setup for testing of the VCO and the PA.

both ports, and an O Py 4 of 20 dBm. The VCO is based on the
same topology, design, and layout as the inductor-based VCO
presented in [7], which demonstrated an oscillation frequency
of 22.6 GHz and a phase noise of —104 dBc/Hz at 1-MHz
offset. The circuits were fabricated using the Jazz SiGe-120
[11] technology (Fig. 2), with the center of the power amplifier
located approximately 1 mm from the center of the VCO.
Both the power amplifier and the VCO were given their
own Voo, GND, and bias traces and pads, eliminating any
form of metalized connection between the two circuits. The
circuits were tested at wafer-level on bare die which were
approximately 11 mils thick and with no backside metalization.
No additional guard-rings or deep trenches were incorporated
in the layout of either circuit. However, numerous substrate
contacts were incorporated in both designs and connected to the
GND buses of the circuits, in an attempt to provide the lowest-
impedance radio frequency (RF) connection to the substrate.

IV. EXPERIMENT

Testing was performed in a shielded room with two spectrum
analyzers, a signal generator, and several dc power supplies, as
shown in Fig. 3. The output of the VCO was taken differentially
and converted to a single-ended signal via a 180° hybrid. The
cable and external hybrid losses were accounted for in the mea-
surement results, and all of the power levels were referenced to
the spectrum analyzer connected to the VCO output. The dc bias
lines of the circuit were provided via a GGB multicontact wedge
[13] with decoupling capacitors between the pins and ground.
The die was also tested with a printed circuit board (PCB) eval-
uation board, with the dc lines wire-bonded out to the board and
connected to external decoupling capacitors.
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Fig. 4. Spectrum photo of the VCO output when the VCO and the PA are op-
erating at the same time and on the same die.
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Fig. 5. Coupled power measured at the VCO output and the PA output power
versus the frequency difference between f,s. and fiy,.

The nominal testing configuration for the power amplifier
consisted of a 5.0-V bias applied to the V¢, 1.8 V applied to
Ve, and 0.865 V applied to V1, resulting in a PA Ic¢ cur-
rent of 43 mA. An input signal was also applied to the input
of the PA, with an input frequency ( f,) of 22.78 GHz and an
input power level (P,,) of —7.8 dBm, resulting in a PA output
power of 2.0 dBm. The VCO was biased from a 3.0-V supply
and an input reference current of 1.55 mA was used to bias the
circuit, resulting in a total VCO current of 22 mA. The control
voltage of the VCO was also biased to 3.0 V, resulting in an os-
cillation frequency ( fosc) of 22.68 GHz and an output power of
—1.8 dBm.

The output spectrum of the VCO can be seen in Fig. 4,
demonstrating two —30 dBc spurs (located at f;, and
2fosc — fin) In the VCO output. This frequency mixing
behavior agrees with the results reported in [7], which demon-
strated a VCO’s susceptibility to substrate noise by injecting
signal into the substrate and monitoring the VCO’s output. It
should be noted that the VCO used in [7] was based on the same
design, layout, and fabrication technology as the VCO used
in this study, suggesting that the spurs observed here are also
due to noise (or an undesired signal) being sampled from the
substrate. Referencing the spur magnitude back to the power
amplifier results in —33 dB of coupling between the PA output
and the VCO output.

The frequency response of this substrate coupling was also
characterized (Fig. 5), demonstrating a significant decrease in
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TABLE I
COUPLING RESULTS FOR DIFFERENT MEASUREMENT CONFIGURATIONS
FOR THE PA-TO-VCO COUPLING STUDY

Set Up Info VCO Pout | PA Pour | VCO Pepie

dBm dBm dBm
VCO ON, PA ON -1.8 2.0 -31.1
VCO OFF, PA ON NA 1.3 -59.5
VCO ON, PA OFF -2.2 -41.0 -40.1
VCO ON, PA OFF
Drive PA Output -2.2 2.2 -47.5

NA = Not Applicable

coupled power as the input frequency of the PA was swept fur-
ther away from the oscillation frequency of the VCO. As seen
in Fig. 5, the PA’s output power remains fairly constant over this
frequency range, demonstrating that this decrease in coupling is
not due to a decrease in PA amplification or output signal.

Different testing setups were also investigated, with the re-
sults reported in Table I. In all of these testing configurations, the
PA input frequency ( fi,) was set to be 100 MHz higher than the
VCO frequency of oscillation ( fosc ). The first row of Table I re-
ports the nominal testing configuration, with the coupled power
(VCO P,pie) representing the magnitude of a single spur present
in the VCO output spectrum.

The data in the second row correlates to the setup in which the
VCO is unbiased, but with the PA biased and a PA input signal
applied. As seen from these results, there is an 18-dB decrease
in coupled signal appearing at the VCO output. These results,
along with the frequency response performance of the coupling
shown in Fig. 5, demonstrate that the undesired signal (which is
coupled to the VCO'’s output) is being amplified by the VCO’s
internal feedback loop. If the VCO’s feedback loop is eliminated
(i.e., if the VCO is turned off) or the frequency of the injected
signal is out of the VCO’s loop-gain bandwidth, the magnitude
of the coupled signal is significantly reduced.

A 9-dB reduction of coupling is also observed when the PA is
unbiased, but with the input signal of the PA still applied to the
input pad (as reported in the third row of Table I). This result
verifies that the coupled signal apparent at the VCO output is
not merely due to coupling between the PA input probe and
the VCO. The biasing and amplification of the PA significantly
increases the coupling between these two circuits.

The final testing configuration examined the possibility of the
PA output probe coupling to the VCO. Again the PA was left
unbiased, but with PA drive signal now applied directly to the
PA output pad (as opposed to the PA input pad). The PA drive
signal was also increased by 10 dB to more accurately model the
magnitude of the power present at the PA output for the nom-
inal configuration. As seen in the last row of Table I, the cou-
pled signal power apparent at the VCO output decreases sig-
nificantly, confirming that the coupling is not simply probe-to-
probe or probe-to-VCO.

V. CONCLUSION

We have successfully demonstrated the potential for one mi-
crowave silicon-based circuit to couple to another via the sub-
strate, when both circuits are operating concurrently and on the
same die. The frequency response of this coupling and the form

in which it is manifested agrees with previous substrate noise
studies. This coupling occurs without any form of metalized
connection between the two circuits, eliminating the possibility
of cross-talk between supply lines, or signal leakage via shared
dc biasing circuitry. Different testing configurations were also
examined to scrutinize these effects, verifying that the coupling
was not simply probe-to-probe or probe-to-VCO.

These findings highlight the challenges associated with
monolithic silicon-based systems operating at frequencies
greater than 20 GHz. Although some common design practices
(such as guard-rings, the use of higher resistivity substrates,
and the use of shielded inductors) provide some relief at lower
frequencies of operation (i.e., <10 GHz), these techniques
are not nearly as effective at higher frequencies of operation.
Further studies are still needed to fully understand and mitigate
these substrate coupling concerns.
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