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Abstract—This paper presents a -band SiGe BiCMOS
phased array receive chip capable of forming four-simultaneous
beams from two antenna inputs. The design is based on the all-RF
architecture with 4-bit active phase shifters and 4-bit variable
gain amplifiers in each channel. The four-beam chip results in
a gain of 4–6 dB per channel at 13–15 GHz, a noise figure of
10–11 dB, a worst case input � �� of 14.3 dBm per channel
(input third-order intercept point of 7 dBm), and an rms phase
and gain error of 12 and 1.5 dB, respectively. A gain control
of 17 dB is also achieved with a phase change of 5 . The
four-beam chip was tested using two input signals and results in
a gain of 9–11 dB at 13–15 GHz. The on-chip isolation between
the channels has been fully characterized and is 40 dB at
13–15 GHz. The chips can operate over an instantaneous band-
width of 1 GHz at any frequency from 13 to 15 GHz, and the
four beams can be at the same frequency if required. With all
digital control circuitry and electrostatic discharge protection
for all I/O pads, the chip occupies an area of 2.4 4.3 mm� and
consumes 520 mA at 3.5-V supply voltage. To our knowledge, this
is the first demonstration of an all-RF phased array silicon chip
capable of producing four-simultaneous beams from two different
antennas or four-simultaneous beams of different polarizations
from a dual polarization antenna. The application areas are in
satellite communications and defense systems.

Index Terms—Multibeam, phased array, phase shifter, SiGe
BiCMOS.

I. INTRODUCTION

P HASED arrays based on silicon RF integrated circuits
(RFICs) are being developed as a lower cost solution due

to their high integration density, yield, and functionality on
a single chip. Recently, phased arrays based on all-RF phase
shifting [1]–[10], IF or baseband phase shifting [11], [12],
and local oscillator (LO) phase shifting [13], [14] have been
realized in standard CMOS and SiGe technologies. The all-RF
architecture has been demonstrated from - to -band using
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Fig. 1. (a) Multibeam phased array receiver based on all-RF architecture, and
(b) proposed single-chip two-antenna phased array receiver with 4 simultaneous
beams.

single element or four, eight, or 16 elements on a single chip
in transmit or receive configurations [2]–[5]. A four-element
transmit/receive chip with 5-bit amplitude and phase control
was also recently demonstrated at 36–38 GHz [1]. This not only
reduces the number of chips to be assembled in the phased array,
but also simplifies the digital control-line distribution in large
arrays.

A natural progression of this work is the integration of mul-
tiple simultaneous beams on a single chip. This has been demon-
strated using GaAs chip-sets [15], and recently using the LO
phase-shifting approach, but with some limitations—the beams
could not all operate at the same frequency and had limited in-
stantaneous bandwidths [16]. A phased array receiver capable
of two-simultaneous beams was demonstrated using an SiGe
process [17]. The multibeam design presents special challenges
since high isolation is required between the beams. The beams
should also be able to operate at different frequencies, or at the
same frequency, and with a wide instantaneous bandwidth.
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Fig. 2. Block and circuit diagrams of LNAB, 1:4 distribution network, and the 0�� 10-dB VGA.

Fig. 3. Circuit diagram of active phase shifter and active combiner.

In this paper, a two-antenna input phased array receiver ca-
pable of generating four-simultaneous beams is demonstrated
in a SiGe BiCMOS process using the all-RF phase-shifting ar-
chitecture. The chip can also be connected to a single antenna
with two different polarization ports, therefore allowing the for-
mation of four simultaneous beams each of a different polar-
ization. The application areas are in low-cost phased array for

/ -band mobile satellite [18] and radar systems.
Fig. 1(a) presents a generic rendering of a phased array with

simultaneous beam capabilities and the corresponding layout
of the silicon chip with two-antenna inputs. The input signal
from each antenna is divided into four different paths (or chan-
nels) each with its own phase and amplitude control. The cor-
responding signals from each path are then added to synthesize
the multiple simultaneous output beams. This is typically done
in a multilayer beam-forming network, which occupies a lot of
space in a phased array system. The interaction between the dif-
ferent paths (channels) should be ideally zero, and the phase and

Fig. 4. (a) Metal-stack layers of the Jazz Semiconductor SBC18HX process.
(b) Crossover structure after the active combiner.

amplitude setting in one beam cannot affect the performance of
the other beams. The silicon design integrates all these functions
into a single chip while still maintaining excellent isolation be-
tween the output beams.
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Fig. 5. NF case studies for the two-antenna and four-beam receiver.

Section II presents the details of the proposed phased array
system, specific building block designs, implementation details,
and noise figure (NF) investigation. Section III presents single-
channel results and their comparison with simulations, presents
variable gain amplifier (VGA) control, , third-order inter-
cept point (IP3), and NF, and characterizes the beam to beam
coupling at the -parameter level.

II. SYSTEM LEVEL AND BUILDING BLOCK DESIGN

The operation of the chip is as follows [see Fig. 1(b)]: the
input signal from each antenna is first fed to a low-noise active
balun (LNAB) for differential signal processing. The LNAB is
composed of a two-stage single-ended to differential converter.
The signal is then split into four different paths using a differen-
tial splitter, and each path contains amplitude and phase control
circuitry. The phase control is realized using vector modulation,
commonly referred to as a phase interpolation technique [2].
The amplitude control is achieved using a 1-bit gain control in
the signal splitting network and 3-bit gain control in the vector
modulator (i.e, phase shifter). The signals from antenna 1 are
then added to the corresponding signals from antenna 2 using
on-chip differential active power combiners. The final “beam”
outputs are single ended and this is achieved by internally termi-
nating one port of the differential power combiners with 50 .
This incurs a 3-dB penalty in the gain and output power, but
eliminates active or passive baluns at the output ports, and there-
fore, ensures high isolation between the different output beams.

A. RF Building Blocks

The circuit level implementation is shown in Figs. 2 and 3.
The LNAB is a two-stage emitter coupled amplifier with an

inductive load and de- resistors for wideband operation. The
first stage provides low-noise amplification, input matching,
and single-to differential signal conversion. The emitter length
of is chosen as 20.3 m emitter width m to
minimize base resistance. The following stage results in ad-
ditional common-mode rejection and low-noise amplification.
The output differential emitter follower drives a passive 1:4
differential network with a differential impedance of 100 .
This network is implemented using the top metal layers as a
ground–signal–signal–ground (GSSG) topology and is simu-
lated as a five-port network using full-wave techniques. There
are four crossovers that are implemented using metal 5 and
metal 6 (Fig. 2). The crossover area is 12 10 m with a 2- m
oxide gap. This results in a crossover capacitance of 2.2 fF
and isolation over 40 dB at 13–15 GHz, and does not affect the
differential operation.

A shunt inductor nH is placed at the output of
LNAB to tune out the large parastic capacitance of the 1:4 dis-
tribution network and the input stage of the following amplifier.
The simulated differential load impedance at the output of the
LNAB is 140 at 14 GHz. The LNAB consumes 25 mA and
results in a simulated gain and NF of 10.2 and 4.6 dB, respec-
tively, at 13–15 GHz, when loaded with 140 (i.e, not including
the 1:4 distribution network loss). When it is loaded with the
1:4 distribution followed by the input impedance of the next
stage, the simulated gain is 14 dB due to the increase in the load
impedance. The simulated is 10 dB from 12 to 19 GHz.

The 1:4 distribution network is connected to differential cas-
code amplifiers to result in high isolation between the four chan-
nels. Gain control is achieved by steering the bias current of the
common-base amplifier in the cascode stage using and ,
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Fig. 6. Microphotographs of: (a) single-element �2.4� 1.1 mm � and (b) two-antenna four beam �2.4� 4.3 mm �. The single element contains a microstrip to
differential-line crossover so as to emulate the two-antenna four-beam chip.

and ensures minimal phase variation versus gain setting. The
cascode amplifiers also show a high internal isolation so that
one can implement a 1-bit gain control of 0 10 dB without
affecting the input impedance (and thus, the 1:4 power division
ratio). The cascode stage is followed by a differential emitter
follower with 4.5 mA of bias current per path so as to drive the
low-impedance 23 all-pass in-phase/quadrature (I/Q) net-
work. The simulated voltage gain is 5 15 dB at 14–15 GHz
with a bias current of 17.4 mA. The NF referenced to the input of
the VGA stage is 16 dB at 15 GHz when this stage is loaded with
the input impedance of the following phase shifter. There is an
option to shut off the entire RF path by turning off all the current
sources in this stage ( off). This is necessary in dual-polarized
systems so as to be able to synthesize a vertically or horizontally
polarized signal in a specific beam.

The overall gain and NF for LNA, 1:4 distribution network,
and the 0 10-dB VGA result in 9.1 8.8 dB, 6.4 6.3 dB,
respectively, at 14–15 GHz for channel 1 and 4. The gain is

1 dB higher for channels 2 and 3 due to the additional length
in the 1:4 distribution network. The simulated input is

19 dBm for channels 1 and 4 and 18 dBm for channels 2
and 3. The input is limited by the low load impedance,
which is the input impedance of the quadrature all-pass filter
(QAF).

The phase shifter is based on a 0.18- m CMOS vector
modulator with 4-bit DAC control. NMOS transistors are
chosen for better linearity. The impedance of the QAF is

designed to be 23 with a resonance frequency at 15 GHz
pH fF . This results in

3 of I/Q phase error under 100 fF of loading capaci-
tance, which corresponds to the gate–source capacitance of
the vector modulator MOSFETs [2]. The size of these transis-
tors is optimized for NF and linearity. A
3-bit amplitude control 1.25 2.5 5 dB using current
steering is achieved using PMOS loads and NMOS transistors
operating in the linear region. The NMOS tran-
sistors serve as digital switches and the PMOS
transistors are scaled 2 and 4 larger than the for the
3-bit operation. Again, inductive loads are used with de-
resistors for wideband operation. The simulated maximum
gain and NF is 2.3–1.7 and 9.7–10 dB, respectively, at 14–15
GHz. The phase shifter consumes 12 mA with a simulated rms
phase and gain error of 5 , and 0.8 dB at 15 GHz, respectively.
The gain error results from the amplitude mismatch (1.8 dB)
resulting from the all-pass QAF and the quantization error of
the 4-bit DAC. The simulated input IP3 of the vector modulator
is 12 dBm at 15 GHz.

The vector modulator output is connected to a differential ac-
tive combiner. The common source stage is again implemented
using NMOS transistors for better linearity. As mentioned
above, this combiner is designed to result in a single-ended
output with a high isolation between the different combiners.
This stage consumes 24 mA with a simulated gain of 1 dB
(one RF input with the other input terminated by 50 ) and
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5 dB (two RF inputs) at 14–15 GHz. Notice that the (power)
gain increases by 6 dB when two inputs are present since this is
a current summer and is an active combiner. This is in contrast
to a passive Wilkinson combiner with a power gain of 3 dB
when two inputs are present. The simulated NF of the active
combiner is 11 dB. The simulated output with two inputs
is 1.6 dBm at 15 GHz.

A 50- microstrip line connects the active combiner output
to the edge of the silicon chip. As shown in Fig. 4, this topology
results in several crossovers in the layout and it is imperative to
minimize the coupling between the different RF paths. This is
done by: 1) using a single-ended output over differential trans-
mission lines and 2) using a localized M4 shield between the
two sets of lines. The simulated isolation between the differ-
ential line and the 50- single-ended line is

60 dB at 13–15 GHz. Referring to Fig. 1(b), in order to en-
sure symmetry in the difference paths, the output crossovers are
implemented in all paths even if some paths do not intersect
an output microstrip line. The overall system gain and NF is
9.7 9.2 dB and 8–9 dB, respectively, at 14–15 GHz for chan-
nels 1 and 4. The gain can be controlled by 18 dB using 4 bits
with levels of 1.25 2.5 5 10 dB.

B. Overall Linearity

The simulated linearity of a single channel is limited by the
QAF due to its low input impedance. The simulated input
is 20 dBm at 15 GHz. When RF signals are present at both
antenna ports, the input is 20.2 dBm (for each port),
resulting in an output of 6 dBm at each beam output.
This indicates that the output active combiner does not enter
into compression even with two input signals, and the linearity
is still limited by the VGA/QAF stage.

C. NF Investigation

In order to characterize the NF of an RF channel in the four-
beam chip, an -parameterr based SPECTRE noise simulation
is done for the cases shown in Fig. 5. The simulated NF at
15 GHz of case 1 (8.06 dB) is almost same as that of case 2
(8.03 dB) and case 3 (8.15 dB). The slight difference is due to
different impedances seen by the LNA and the output combiner.
On the other hand, the NF of case 4 is 11 dB and is due
to the additional noise from the second antenna input, which
is added at the combiner. Note that a hot/cold load is not pre-
sented at antenna port 2. This is an unrealistic NF and should not
be used. Case 5 represents an actual phased array system where
two RF inputs are used and are added coherently using the active
combiner. In this case, the simulated NF is 7.77 dB at 15 GHz.
This NF is 0.3 dB less than case 1 since the gain is higher by
3 dB (3-dB loss at the external power divider, 6-dB gain at the
active combiner). Practical on-chip NF measurements can be
done using case 1 (single element), case 3, and case 4, but it is
seen that case 4 results in a nonaccurate characterization of the
system NF.

D. Digital Control

The 4-bit phase and amplitude data for each path are loaded
on the chip by an enabling clock signal and address decoders.
The DAC and encoding logic are implemented using 0.35- m

Fig. 7. Measured�-parameters of the single-element phased array for 16 phase
states.

CMOS transistors. The phase and gain are set independently
using a 9-bit digital data input (4-bit phase data, 4-bit VGA data,
and 1-bit ON–OFF) to a shift register memory. A 3-bit data ad-
dress is also required for the 3-to-8 decoder, which allocates an
address to each register. The data is loaded by an enabling clock
signal. The digital interconnection lines are realized with Metal
2 or Metal 3 for signal routing, and shielded by Metal 1 and
Metal 4 ground planes to isolate the digital switching noise from
the analog paths. Metal 1 is also used for the digital and
it is separated from the analog (Metal 5) by the Metal 4
ground.
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Fig. 8. Measured: (a) NF, (b) rms phase and gain errors, and (c) VGA gain
control and associated change in phase shift at 14 GHz.

E. Chip Layout

The two-antenna four-beam phased array chip is imple-
mented using the Jazz Semiconductor SBC18HX process with
six metal layers. This process has 0.2- m SiGe HBT ( of
155 GHz) and 0.18- m CMOS transistors ( of 50–60 GHz).
The RF channels are isolated from each other using a ground
metal barrier, which is composed of a via stack from Metal
5 to Metal 1. In this region, is moved to Metal 6. For
added isolation, a differential topology is used, the two antenna
inputs are placed on the opposite sides of the chip, and the four
single-ended 50- output lines are placed far away from each
other. A ground metal barrier (Metal 6–Metal 4) is also used
between the output microstrip lines of “beam 2” and “beam 4”
in order to reduce the coupling [see Fig. 6(b)].

Jazz Semiconductor electrostatic discharge (ESD) protection
diodes were placed at the RF input and output ports (1.6 kV,
1.1 A) and larger ESD diodes are placed on the digital control
ports (3 kV, 2 A). Standard Jazz Semiconductor transistor cells
and models are used, and full electromagnetic modeling is done
on all the inductors and transmission-lines using Sonnet.1 Over
100 pF of distributed de-coupling metal–insulator–metal (MIM)

1Sonnet, version 11.52, Sonnet Software Inc., Syracuse, NY, 1986–2007

Fig. 9. Measured: (a) input � and (b) input IP3 of single channel at
15 GHz. The input � and IP3 are � 0.5 dB better at 14 GHz.

capacitors are placed on-chip between the VDD (Metal 5) and
ground (Metal 4) to enhance the isolation between the channels.
The chip dimensions are 2.4 1.1 mm (single-channel proto-
type) and 2.4 4.3 mm (two-antenna four-beam chip). The
single-ended prototype contains a two-channel combiner with
channel 2 input terminated in 100- differential. The simulated
power consumption is 276 mW and 1.8 W, respectively, from a
3.5-V supply voltage.

All RF pads (two input and four output pads) are designed for
150- m pitch ground–signal–ground (GSG) probes. All simu-
lations include the pad capacitance and ESD effects.

III. MEASUREMENTS

The phased array chips were measured on-chip after a stan-
dard probe-tip short-open-load-thru (SOLT) calibration. The
control inputs are supply voltage, address bits (3 bits), data
bits (9 bits), and enabling clock signal to load the data to the
registers. All measurements include the GSG pad capacitance
and ESD effects.

A. Single-Channel Phased Array (Reference Design)

Fig. 7 presents the measured -parameters of the single-beam
chip over the 16 different phase states. The measured and

are 12.5 dB at 13–15 GHz. The measured gain is
4–6 dB lower than simulations depending on the frequency. The
measured reverse isolation is 50 dB.

The measured NF is 10–11 dB at 13.75–15 GHz and is
2 dB higher than simulated due to the lower channel gain

[see Fig. 8(a)]. The measured rms phase error is 12 up
to 15 GHz showing 4-bit performance over an instantaneous
bandwidth of 2 GHz, i.e., the phase error is less than half of
the least significant bit [see Fig. 8(b)]. The measured VGA [see
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Fig. 10. Measured�-parameters of four-beam phased array for 16 phase states.
(a) Gain. (b) � and � .

Fig. 8(c)] shows 17.6 dB of gain variation with 4-bit control,
which is very close to simulations. The VGA insertion phase
changes only by 5 with gain control. Hence, the VGA can
not only be used for amplitude control (low sidelobe arrays),
but also to compensate for the 1.5-dB rms gain variation in the
phase shifter without changing the phase. The measured input

and input IP3 are 13.3 and 6 dBm, respectively, at
15 GHz at the maximum gain setting (Fig. 9). These are 6 dB
better than simulated due to the lower measured gain.

The discrepancy in gain, rms values, and NF is due to unex-
pected coupling between the 0.65-nH differential load inductor
present at the output of the 0 10-dB VGA and the QAF in-
ductors. This coupling was not modeled, and in hindsight, it
would have been better to either separate these inductors by an

Fig. 11. (a) Experimental setup for input RF signals at both antenna ports.
(b) Measured gain. (c) Relative phase response. (d) RMS phase and gain er-
rors.

additional 100 m or to use two symmetrical inductors for the
0.65 nH in place of a single differential inductor.

B. Two-Antenna Four-Beam Phased Array

Fig. 10 presents the measured gain response for channels 1–4
for an input at antenna port 1 and with a 50- load at port 2.
In these measurements, a single GSG probe was used for the
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Fig. 12. Measured isolation for an input at antenna 1 and only channel 1 turned
on.

Fig. 13. Coupling characterization between two adjacent channels.

output port, and therefore, the nonmeasured channels were left
open circuited, which presents a worst case condition in terms
of coupling. The measurements result in very similar response
between all beams over all phase states. The gain difference
0.5 1 dB between channels 1 and 4 is due to the length

difference in the 50- output microstrip lines and the unequal
loading effect by the 1:4 distribution network. The measured
rms phase and gain errors for all channels are very similar to
the single channel response and are not shown (within 1 and
0.1 dB). The measured is the same as the single channel, but
the output for B1–B4 are slightly different due to the length
difference among the output lines [see Fig. 10(b)]. The mea-
sured input and input IP3 for a single channel is 12.3 2
and 5 2 dBm, respectively, at 15 GHz for different phase
settings (worst case is input of 14.3 dBm and IP3 of

7 dBm).
Virtually identical measurements were achieved for channels

1–4 for an input at antenna port 2 and with a 50- load at an-
tenna port 1. These measurements are not shown for brevity.

Fig. 11(a) shows the experiment setup to measure the -pa-
rameters for input RF signals at both antenna ports. The gain is
measured by de-embedding the coupler and cable losses. It is

Fig. 14. (a) Coupling measurement setup with ant.1 input only. (b) Mea-
sured phase and gain errors versus �180 to �180 phase change in
� �� � � � � � constant�. (c) Measured and fitted phase and gain er-
rors versus the phase change at 14 GHz (fitted coupling vector magnitude,
��� � ������).

important to equalize the phase and cable loss between path1
and path2, and two 3.5-mm adaptors are added to path1 so as
to compensate the time-delay difference between the two paths

100 ps . The finer phase adjustment is then done on-chip
using the vector modulators. The measured gain increased by

5 dB over a single channel. The 1-dB discrepancy (5 dB in-
stead of 6 dB) is due to different phase settings in the single-an-
tenna case and the two-antenna experiment, leading to a 1-dB
drop in the channel gains. The measured rms phase and gain
errors are 12 and 1 dB, respectively, for the two-antenna
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Fig. 15. (a) Coupling measurement setup with ant.1 and ant.2 inputs.
(b) Measured phase and gain errors versus �180 to �180 phase change
in � �� � � � � � constant�. (c) Measured and fitted phase and gain
errors versus the phase change at 14 GHz (fitted coupling vector magnitude,
��� � �����).

experiment [see Fig. 11(d)]. The linearity also can be measured
using this setup and the input is 14.6 1 dBm at 15 GHz
(at each port) over all phase states. The measured output
is 5 dBm.

C. On-Chip Coupling Measurements

Fig. 12 presents the measured for each channel for an
antenna 1 input and the VGA in channel 1 turned on (all other
VGAs are off). All other channels not connected to the measured
port are left open circuited. The measured isolation is 35 dB at
13–15 GHz ( 40 dB at 14–15 GHz). The same experiment was
done on antenna 2 with similar results (not shown for brevity).

Accurate characterization of the coupling is also obtained by
measuring channel 1 at a fixed phase setting and changing the
phase in channel 2 from 0 to 337.5 , as shown in Fig. 13.
Every channel from antenna input 1 (or antenna input 2) con-
tains the same signal as the desired path due to the input signal
divider, and any leakage from an adjacent channel to the desired
channel can significantly affect the output amplitude and phase.
As shown in the vector representation of Fig. 13, the output
signal can be expressed as , where
and are the desired gain and phase, and and are the cou-
pled gain and phase from the unwanted path. The maximum gain
error is and occurs when .
The voltage coupling vector magnitude can be de-
rived as

and (1)

The coupling phase is the sum of a fixed phase offset
and a phase shift of the phase shifter. Therefore, the

measured gain and phase at the output can be fitted using

(2)

Fig. 14(a) shows the coupling measurement for an input at
antenna 1 and the VGAs in antenna 2 are all off. The output
of B2 is loaded by 50 , while the outputs of the B3 and B4
are left open circuited (a ground–signal–ground–signal–ground
(GSGSG) probe used). The measured gain and phase deviation
are 0.1 dB and 0.5 , respectively, at 13–15 GHz for a
change of 0 to 337.5 [see Fig. 14(b)]. Fig. 14(c) shows that
the measured gain and phase errors as a function of a change
at 14 GHz, and are fitted using (2). The coupling vector magni-
tude is 40.7 dB . Similar experiments done with
B1 output and varying channel and channel result
in 40.7 dB and 50.7 dB , re-
spectively. These results are not shown for brevity. The results
show that the channel-to-channel coupling is compatible with
the straightforward measurements of Fig. 12.

Fig. 15(a) presents a similar experiment, but with two an-
tenna inputs. The measured coupling factor for an output at
B1 and varying in both antenna paths is 0.008 42 dB
[see Fig. 15(c)]. The measured coupling factors for an output
at B1 and varying and are 0.0046 46.7 dB and 0.004

46.9 dB , respectively. Again, the coupling is very low.

IV. CONCLUSION

A -band two-antenna phased array receiver chip ca-
pable of simultaneous four beams has been demonstrated in
a 0.18- m SiGe BiCMOS technology and successfully tested
on-chip. The chip can be easily extended to eight simultaneous
beams with little change in design or overall layout. Excellent
beam-to-beam isolation was demonstrated using -parameters
and a system level test. The design can be scaled to -band
(35 GHz) or -band (60 GHz) using a similar architecture for
complex communication systems.

Authorized licensed use limited to: Univ of  Calif San Diego. Downloaded on April 20,2010 at 03:00:08 UTC from IEEE Xplore.  Restrictions apply. 



780 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 58, NO. 4, APRIL 2010

ACKNOWLEDGMENT

The authors thank Dr. D. Howard, Jazz Semiconductor, New-
port Beach, CA, for his continuous support.

REFERENCES

[1] D.-W. Kang, J.-G. Kim, B.-W. Min, and G. M. Rebeiz, “Single and
4-element ��-band transmit/receive phased-array silicon RFICs with
5-bit amplitude and phase control,” IEEE Trans. Microw. Theory Tech.,
vol. 57, no. 12, pp. 3534–3543, Dec. 2009.

[2] K. Koh and G. M. Rebeiz, “An �- and ��-band 8-element phased-
array receiver in 0.18 �m SiGe BiCMOS technology,” IEEE J. Solid-
State Circuits, vol. 43, no. 6, pp. 1360–1371, Jun. 2008.

[3] T. Yu and G. M. Rebeiz, “A 4-channel 24–27 GHz CMOS differen-
tial phased-array receiver,” in IEEE Radio Freq. Integr. Circuits Symp.,
Jun. 2009, pp. 455–458.

[4] B.-W. Min and G. M. Rebeiz, “Single-ended and differential��-band
BiCMOS phased array front ends,” IEEE J. Solid-State Circuits, vol.
43, no. 10, pp. 2239–2250, Oct. 2008.

[5] K. Koh, J. W. May, and G. M. Rebeiz, “A millimeter-wave (40–45
GHz) SiGe BiCMOS 16-element phased-array transmitter,” IEEE J.
Solid-State Circuits, vol. 44, no. 5, pp. 1498–1509, May 2009.

[6] I. Sarkas, M. Khanpour, A. Tomkins, P. Chevalier, P. Garcia, and S. P.
Voinigescu, “� -band 65-nm CMOS and SiGe BiCMOS transmitter
and receiver with lumped I-Q phase shifters,” in IEEE Radio Freq. In-
tegr. Circuits Symp., Jun. 2009, pp. 441–444.

[7] M.-D. Tsai and A. Natarajan, “60 GHz passive and active RF-path
phase shifters in silicon,” in IEEE Radio Freq. Integr. Circuits Symp.,
Jun. 2009, pp. 223–226.

[8] E. Cohen, C. Jakobson, S. Ravid, and D. Ritter, “A bidirectional
TX/RX four element phased-array at 60 GHz with RF-IF conversion
block in 90 nm CMOS process,” in IEEE Radio Freq. Integr. Circuits
Symp., Jun. 2009, pp. 207–210.

[9] Y. Yu, P. Baltus, A. van Roermund, A. de Graauw, and E. Van der
Heijden, “A 60 GHz digitally controlled RF-beamforming,” in IEEE
Radio Freq. Integr. Circuits Symp., Jun. 2009, pp. 211–214.

[10] J. P. Comeau, M. A. Morton, W. L. Kuo, T. Thrivikraman, J. M. An-
drews, C. M. Grens, J. D. Cressler, J. Papolymerou, and M. Mitchell,
“A silicon–germanium receiver for �-band transmit/receive radar
modules,” IEEE J. Solid-State Circuits, vol. 43, no. 9, pp. 1889–1896,
Sep. 2008.

[11] S. Kishimoto, N. Orihashi, Y. Hamada, M. Ito, and K. Maruhashi, “A
60-GHz band CMOS phased array transmitter utilizing compact base-
band phase shifters,” in IEEE Radio Freq. Integr. Circuits Symp., Jun.
2009, pp. 215–218.

[12] S. Raman, N. S. Barker, and G. M. Rebeiz, “A � -band dielectric-
lens based integrated monopulse radar receiver,” IEEE Trans. Microw.
Theory Tech., vol. 46, no. 12, pp. 2308–2316, Dec. 1998.

[13] H. Krishnaswamy and H. Hashemi, “A fully integrated 24 GHz
4-channel phased array transceiver in 0.13 �m CMOS based on a
variable-phase ring oscillator and PLL architecture,” in IEEE Int.
Solid-State Circuits Conf. Tech. Dig., Feb. 2007, pp. 124–125.

[14] K. Scheir, S. Bronckers, J. Borremans, P. Wambacq, and Y. Rolain, “A
52 GHz phased-array receiver front-end in 90 nm digital CMOS,” in
IEEE Int. Solid-State Cicuits Conf. Tech. Dig., Feb. 2008, pp. 184–185.

[15] M. Chen, D. E. Riemer, D. N. Rasmussen, J. E. Wallace, H. J. Redd,
R. C. Ettorre, D. B. Peterson, R. N. Bostwick, and G. E. Miller, “A
20-GHz active receive phased array antenna for navy surface ship satel-
lite communications applications,” in IEEE AP-S/URSI Int. Symp., Jul.
1999, vol. 4, pp. 2310–2313.

[16] S. Jeon, Y.-J. Wang, H. Wang, F. Bohn, A. Natarajan, A. Babakhani,
and A. Hajimiri, “A scalable 6-to-18 GHz concurrent dual-band quad-
beam phased-array receiver in CMOS,” IEEE J. Solid-State Circuits,
vol. 43, no. 12, pp. 2660–2673, Dec. 2008.

[17] D.-W. Kang, K.-J. Koh, and G. M. Rebeiz, “� /��-band SiGe
BiCMOS phased array chips with simultaneous 2- and 4-beam capa-
bilities,” in Compound Semicond. IC Symp., Oct. 2009, pp. 155–158.

[18] E. Lasse and W. Richards, “Connexion by boeing a satellite solution
for in-flight aircraft,” in 22nd Amer. Inst. Aeronaut. Astronaut. Int.
Commun. Satellite Syst. Conf., May 2004, pp. 2004–3188.

Dong-Woo Kang (A’07) received the B.S., M.S.,
and Ph.D. degrees in electrical engineering from the
Korea Advanced Institute of Science and Technology
(KAIST), Daejeon, Korea, in 2001, 2003, and 2007,
respectively.

He is currently a Postdoctoral Research Fellow
with the Department of Electrical and Computer
Engineering, University of California at San Diego
(UCSD), La Jolla. His research interests include
CMOS/SiGe integrated circuits (ICs) for microwave
and millimeter-wave phased-array systems.

Kwang-Jin Koh (M’09) received the B.S. degree in
electronic engineering (with first-place honors) from
Chung-Ang University, Seoul, Korea, in 1999, the
M.S. degree in electrical engineering from the Korea
Advanced Institute of Science and Technology
(KAIST), Daejeon, Korea, in 2001, and the Ph.D.
degree in electrical and computer engineering from
the University of California at San Diego, La Jolla,
in 2008. His doctoral study included analog, RF,
and millimeter-wave integrated circuits in silicon
technologies focused on on-chip CMOS/BiCMOS

phased array receivers and transmitter designs at 6–50 GHz.
In 2008, he joined the Intel Corporation, Hillsboro, OR, where he has been in-

volved in the design of voltage-controlled oscillators (VCOs) and phase-locked
loops (PLLs) for frequency synthesis and high-speed serial input/output inter-
face applications. From 2001 to 2004, he was with the Electronics and Telecom-
munications Research Institute (ETRI), Daejeon, Korea, where he was engaged
in the research and development of RF and analog CMOS integrated circuits
for wireless communication systems such as wideband code division multiple
access (WCDMA), code division multiple access (CDMA), and wideband local
area network (WLAN) 802.11 a/b/g systems.

Dr. Koh was the recipient of the 2002 Best Paper Award presented by the
IEEE Solid-State Circuits Society and IEEE Electron Device Society, Seoul
Chapter.

Gabriel M. Rebeiz (F’97) received the Ph.D.
degree from the California Institute of Technology,
Pasadena.

He is currently a Professor of electrical and
computer engineering with the University of Cali-
fornia at San Diego (UCSD), La Jolla. Prior to this,
he was with The University of Michigan at Ann
Arbor from 1988 to 2004. He has contributed to
planar millimeter-wave and terahertz antennas and
imaging arrays from 1988 to 1996, and his group
has optimized the dielectric-lens antennas, which is

the most widely used antenna at millimeter-wave and terahertz frequencies.
His group recently developed 6–18- and 30–50-GHz eight- and 16-element
phased arrays on a single chip, making them one of the most complex RFICs
at this frequency range. As a consultant, he developed the 24-GHz single-chip
radar with USM/ViaSat, �-, ��-, and � -band phased arrays for defense
applications, the RFMD RF microelectromechanical systems (MEMS) switch
and the Agilent RF MEMS switch. He leads a group of 21 Ph.D. students and
three post-doctoral fellows in the area of millimeter-wave RFICs, microwaves
circuits, RF MEMS, and planar millimeter-wave antennas and terahertz
systems. He is the Director of the UCSD/Defense Advanced Research Projects
Agency (DARPA) Center on RF MEMS Reliability and Design Fundamentals.
He authored RF MEMS: Theory, Design and Technology (Wiley, 2003).

Prof. Rebeiz is a National Science Foundation (NSF) Presidential Young
Investigator. He has been an associate editor of the IEEE TRANSACTIONS ON

MICROWAVE THEORY AND TECHNIQUES, and a Distinguished Lecturer for the
IEEE Microwave Theory and Techniques Society (IEEE MTT-S) and the IEEE
Antennas and Propagation Society (IEEE AP-S). He was the recipient of a
URSI Koga Gold Medal Recipient, an IEEE MTT-S Distinguished Young
Engineer (2003), and the IEEE MTT–S 2000 Microwave Prize. He was also
the recipient of the 1998 Eta Kappa Nu Professor of the Year Award, the
1998 Amoco Teaching Award given to the best undergraduate teacher at The
University of Michigan at Ann Arbor, and the 2008 Teacher of the Year Award
of the Jacobs School of Engineering, UCSD.

Authorized licensed use limited to: Univ of  Calif San Diego. Downloaded on April 20,2010 at 03:00:08 UTC from IEEE Xplore.  Restrictions apply. 


