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Abstract—A fully-integrated 16-element 60-GHz phased-array
receiver is implemented in IBM 0.12- m SiGe BiCMOS tech-
nology. The receiver employs RF-path phase-shifting and is
designed for multi-Gb/s non-line of sight links in the 60-GHz
ISM band (IEEE 802.15.3c and 802.11ad). Each RF front-end in-
cludes variable-gain LNAs and phase shifters with each front-end
capable of 360 variable phase shift (11.25 phase resolution)
from 57 GHz to 66 GHz with coarse/fine gain steps. A detailed
analysis of the noise trade-offs in the receiver array design is
presented to motivate architectural choices. The hybrid active
and passive signal-combining network in the receiver uses a
differential cross-coupled Gysel power combiner that reduces
combiner loss and area. Each array front-end has 6.8-dB noise
figure (at 22 C) and the array has 10 dB to 58 dB programmable
gain from single-input to output. Sixteen 60-GHz aperture-cou-
pled patch-antennas and the RX IC are packaged together in
multi-layer organic and LTCC packages. The packaged RX IC is
capable of operating in all four IEEE 802.15.3c channels (58.32
to 64.8 GHz). Beam-forming and beam-steering measurements
show good performance with 50-ns beam switching time. 5.3-Gb/s
OFDM 16-QAM and 4.5 Gb/s SC 16-QAM links are demonstrated
using the packaged RX ICs. Both line-of-sight links ( 7.8 m
spacing) and non-line-of-sight links using reflections ( 9 m total
path length) have been demonstrated with better than 18 dB
EVM. The 16-element receiver consumes 1.8 W and occupies
37.7 mm of die area.

Index Terms—Beamforming, BiCMOS, millimeter-wave, noise,
phased array, power combiners, power splitter, receiver, RF-path
phase-shifting, SiGe, WiGig, 60 GHz, 802.11 ad, 802.15.3 c.

I. INTRODUCTION

E MERGING mass-market applications such as wireless
high-definition video links and wireless data transfer

between hard drives and computers require multi-Gb/s data
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rates. The 60-GHz band has 9 GHz of available bandwidth and
can support short-range high data rate wireless links. Therefore,
over the last five years there has been increasing research and
commercial development of integrated circuits for 60-GHz
wireless links. At 60 GHz, the 5-mm wavelength implies a
path-loss of 82 dB (assuming path-loss exponent of 2) for a
5 m wireless link and the signal is attenuated further by any
obstructions between the transmitter (TX) and receiver (RX).
This attenuation is material dependent, e.g., the signal is attenu-
ated by more than 20 dB when a person stands between the TX
and RX and 10 dB when there is a 1-cm-thick wooden barrier
between TX and RX. Fig. 1 outlines an example link budget
for a 60-GHz system with obstructions, assuming typical in-
tegrated RX performance [1]–[4]. The desired signal-to-noise
ratio (SNR) is assumed to be 25 dB. With the line-of-sight
(LOS) signal attenuated by 20 dB, the required transmitter
EIRP for a 5 m link is 53 dBm (assuming RX noise figure of
7 dB). Using high-gain antennas in the TX and RX can reduce
the required TX output power to achieve desired EIRP—for
example, 20 dB gain antennas in the TX and RX reduces the
required PA output power to 13 dBm, which has been achieved
on-chip [5]–[7]. However, 20-dB antenna gain corresponds to
a beam width of 17 , which can be insufficient for applications
where the location of the transmitter or receiver is not fixed.
Increasing the beam width implies lower antenna gain, and
therefore, higher TX output powers to achieve the same EIRP,
making it difficult to integrate the power amplifier on silicon.
Phased arrays are an excellent solution to this challenge

since they emulate a high-gain antenna by providing array
gain, while also allowing for the directional beam to be steered
using on-chip phase shifters. Using a phased-array RX and TX,
the wireless link can be established by using reflections from
features such as walls and ceilings. In this case, the reflective
loss for the first reflection is assumed to be 10 dB based on
measurements in a typical office environment [8]. Assuming
that a 16-element phased-array transmitter provides 24-dB
improvement in EIRP (due to spatial power combining) and
that a 16-element phased array receiver has 12 dB higher SNR
at the output, the target 25-dB SNR can be achieved for the
geometry in Fig. 1 when each TX element in the 16-element TX
array generates 11 dBm. The required power can be generated
by on-chip PAs, making full silicon integration of transmitter
and receiver possible.
Phased-array beam-steering capability requires multiple-

element RX and TX array with on-chip variable phase shifters,
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Fig. 1. An example link budget for single-element and phased-array 60-GHz wireless links.

variable gain stages, and combining and distribution circuits,
leading to system and circuit complexity. Such mm-wave
phased arrays have been demonstrated at 24 [9], 77 [5], 40
[10], and 60 GHz [6], [7], [11]. Silicon integration allows the
complex system to be realized with high-yield and enables
high-volume applications such as wireless high-definition
video links and multi-Gb/s data transfer.
In the following sections, a 60-GHz phased-array receiver

targeted for multi-Gb/s wireless links is described. (A com-
panion fully-integrated 16-element phased-array transmitter
was also designed and is described in [6]). The IC is designed in
the 0.12- m IBM SiGe BiCMOS technology ( GHz;

285GHz) and supports non-line-of-sight (NLOS)
wireless communication in all four channels in the 60-GHz
band, in accordance with the IEEE 802.15.3c standard [12].
Section II describes the architecture of the 60-GHz 16-element
phased-array RX, focusing on array output noise and SNR.
Section III discusses the circuits in the array RX and includes
block-level measurements. Probe-based full-chip measure-
ments are detailed in Section IV. The RX IC was packaged
with 16 patch antennas on organic and LTCC substrates [13]
and beam-pattern and beam-steering measurements were per-
formed in an antenna chamber. The packaged RX array IC
was also tested in conjunction with the packaged phased-array
transmitter IC to demonstrate line-of-sight and reflection-based
links using single-carrier (4.5 Gb/s) and OFDM (5.3 Gb/s)
modulation. The results of these phased array beam-pattern and
link measurements are presented in Section V.

II. ARCHITECTURE

A. Double Down-Conversion Architecture

The 60-GHz receiver architecture is shown in Fig. 2. The
frequency plan is similar to the sliding-IF super-heterodyne

architecture in [1]. The on-chip PLL, described in [14], gen-
erates the LO signals for the channel frequencies specified
in IEEE 802.15.3c [12] (58.32 GHz, 60.48 GHz, 62.64 GHz,
and 64.8 GHz) from a reference at 308.5714 MHz. The re-
ceiver frequency plan is also compatible with other 60-GHz
standards such as ECMA [15], WiGig, and WirelessHD, all
of which mandate the same channel frequencies. The on-chip
16-to-18.6-GHz tuning-range VCO drives a frequency-tripler
that provides the LO signal for the first downconversion (specif-
ically at 49.99 GHz, 51.84 GHz, 53.69 GHz, and 55.54 GHz).
The sliding-IF frequencies are 8.33 GHz, 8.64 GHz, 8.95 GHz,
and 9.26 GHz, and a programmable resonant load in the IF
amplifier (with fixed inductor and variable capacitors), keeps
its performance centered. A divide-by-two frequency divider
generates in-phase and quadrature-phase LO signals which
are applied to programmable phase rotators that drive the
downconversion mixers, allowing for quadrature phase error
correction. Finally, baseband channel-select filters were not
included in this design, but were fabricated stand-alone for
evaluation.

B. RF-Path Phase-Shifting

Integrated mm-wave phased-arrays have been demonstrated
using RF-path [6], [10], [16], LO-path [9] and IF/baseband
phase-shifting architectures [17]. Low power consumption and
area motivate the selection of RF-path phase shifting and RF
combining, since it requires the least number of parallel circuit
blocks per phased-array element; however, RF phase shifters do
result in potential performance degradation due to phase-shifter
loss, noise, and linearity. Both active interpolator-based and
passive reflection-type RF-path phase shifters were considered
for this design, as detailed in [18]. Key considerations were
noise figure, power consumption, and insertion loss versus
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Fig. 2. Fully-integrated 60-GHz phased-array receiver architecture and frequency plan.

phase shift. It was found that with LNA gain of 22 dB and
noise figure of 6 dB, subsequent cascaded blocks with noise
figure (NF) of 15 dB degrade the front-end noise figure by less
than 0.25 dB. This means that either passive reflection-type
phase shifters (with insertion loss of 8 dB) or active vector
interpolators (with noise figure of 15 dB) can be used in the
system. Though the noise trade-off between active and passive
phase shifters was not significant, the power consumption
is lower with the passive approach, ultimately leading to its
selection for the phased array presented herein.
One challenge with the passive reflection-type phase shifter,

though, is the dependency of phase-shifter loss on phase-shift
setting. This variation of loss with phase shift arises from the
use of a varactor in the passive phase shifter which has a rela-
tively low and variable quality factor (3 to 8@ 60GHz). Ideally,
amplitude and phase shift would be independently adjustable in
the array, allowing for simple pattern synthesis. In this work, a
variable-gain amplifier (VGA) was added following the passive
phase-shifter to compensate for the insertion-loss in the phase
shifter and to allow additional amplitude control for pattern syn-
thesis. Furthermore, a discrete 180 phase shift can be easily
achieved in the VGA, which has the benefit of reducing the vari-
able phase-shift range required from the passive phase-shifter
to 180 . The lower variable phase-shift range reduces phase-
shifter loss. Therefore, a hybrid passive-active RF-path phase
shifting approach was adopted as shown in Fig. 2.

C. Array Noise and RF-Combining

In the following, the SNR at the output of the array and array
output noise are used to analyze the RX array performance. The
SNR at the output of an ideal -element phased-array with
unit antenna gain , perfect isolation between elements, and
noiseless combining, is times higher than the SNR at the
output of an equivalent single-element receiver with antenna
gain . Physically, this improvement occurs because the

noise from different elements adds incoherently while the
phase-shifted signals from all the elements add coherently [9].
Correspondingly, if there is a correlation in the noise sources
in the elements, e.g. through antenna coupling [19], biasing
circuits or through LO phase-noise (in the case of IF/Baseband
phase shifting), the improvement in SNR is degraded.
The noise factor of a receiver is defined as

(1)

In the case of an -element phased-array receiver, the ap-
plication of (1) is not straightforward, as it depends on whether
the input SNR is defined for a single-element or for the com-
plete array. A single-element definition for is applied to
the noise factor equation, as follows:

(2)

where the 1:N subscript refers to the fact that a single element
input is taken with respect to an N-element output. Following
the coherent-combining argument in the previous paragraph,
the output SNR can be times higher than the single-element
output SNR, potentially leading to (negative noise
figure in dB). For example, if the noise is dominated by
front-end noise

(3)

where is the front-end noise figure. In this case, ,
when . In (2), the numerator ignores the multiple re-
ceive elements that form the array. In order to consider the in-
puts to all receiver elements, the concept of total array aperture
is leveraged. In [20], a formulation for the SNR improvement
in an array is developed using the effective aperture area of the
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Fig. 3. Simplified block diagram of a phased-array receiver with gain, noise and loss of receive chain blocks.

-element phased array. With elements in the array, the an-
tenna aperture is times that of a single-element and the noise
factor of the array, is defined as

(4)

The total noise at the output of the array will include (ideally)
uncorrelated contributions from the front-ends in the array,
noise due to losses in the combination network, and correlated
noise arising after the combination and downconversion net-
work (e.g., in the mixer for an RF-combined array). If LNA gain
is high, the SNR at the output of the phased array is close to
but less than where is the SNR
at the output of each front-end. The effects of downstream loss
and correlated noise can be encapsulated in an “array efficiency
term”, , as follows:

(5)

where . Combining (4) and (5) results in

(6)

In this formulation, as the gain of the RF front-end in each el-
ement increases, the array efficiency increases and hence
approaches the RF front-end noise figure (ignoring antenna-
coupling). In practice, power consumption trade-offs and device
performance limit the RF front-end gain at 60 GHz, resulting in
smaller as the array noise figure is sensitive to the loss and
noise in the combining network and the downconversion chain.
One benefit of the approach detailed above is that system-level
noise analysis is handled by considering the phased array as
being equivalent to a single receiver with noise factor , and
antenna gain of . It must be noted that the gain of the
equivalent receiver is times the gain from each element to the
output. Compared to a single-element receiver with small unit
antenna gain, using multiple elements provides a technique to
achieve better sensitivity in the receiver while the beam steering
capability allows for a wide field-of-view.

The RF-combining network in the array can be passive or
active—power dissipation and linearity constraints favor a full
passive-combining approach. Isolation between the inputs to the
combiner is preferable to accommodate array operation with a
subset of elements turned on and to ensure that the phase-shift
settings of each element are independent of the state of other
elements. Fig. 3 shows a simplified block diagram of the array
with gain, noise figure and insertion loss of different blocks in
the array with the passive combiner loss lumped into the loss
of the interconnect t-lines. In an ideal 3 dB combiner (e.g. an
ideal 3-dB Wilkinson-type combiner), when an input is applied
to only one of the input ports with the other input port terminated
in a matched load, the output is 3 dB lower than the input. For a
16-element array receiver, with passive combiners at each of the
four stages of combining, the downconverter noise represents
more than 60% of the output noise when only one array ele-
ment is on, leading to poor noise performance (array efficiency
of 0.27). Noise from the RF front-ends starts to dominate the
output noise as more elements are turned on; however the array
efficiency for the cascade of blocks in Fig. 3 is 0.75 with eight
elements on and 0.86 with all 16 elements on.
In this work, an active combiner was used in the third stage

of combining to improve array efficiency with a subset of ele-
ments on. With an active combiner gain of 2 dB and noise figure
of 7 dB from each input to the output, the array efficiency im-
proves to 0.51 with one element on, 0.90 with eight elements
on, and 0.95 with all 16 elements on. The differential cross-cou-
pled Gysel passive-combiner network (described in Section III)
adopted also reduces passive combining loss by reducing the
length of the signal-routing t-lines, improving array efficiency
across different operation modes.

III. CIRCUITS AND BLOCK-LEVEL MEASUREMENTS

A. RF Front-end

In the RF-path phase shifting architecture, each element must
be able to achieve 360 variable phase shift across the frequen-
cies of interest (57.2 to 65.9 GHz), while providing low noise
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Fig. 4. Schematics of 60-GHz phased-array RF front-end circuits. (a) 60-GHz
phased-array RF front-end. (b) 60-GHz LNAwith switched-gain. (c) Reflection-
type phase shifter. (d) 60-GHz Lange-Lange balun. (e) Phase-inverting variable-
gain amplifier.

figure and sufficient linearity. The RF front-end in each ele-
ment consists of a 60-GHz variable-gain low-noise amplifier
(LNA) followed by a reflection-type phase shifter (RTPS) that
provides 180 of phase shift (Fig. 4). The phase-inverting vari-
able-gain amplifier (PIVGA) following the RTPS provides a
discrete 0/180 phase shift as well as variable gain in fine steps.
Each RF front-end element occupies 1.7 mm by 0.65 mm.

1) 60-GHz Low-Noise Amplifier: The single-ended 60-GHz
LNA (Fig. 4) has four stages and provides 2 bits of coarse gain
control. In the packaged system, the antennas are connected
to the LNAs through 50 traces on the package and con-
trolled-collapse chip connection (C4) flip-chip interconnect.
Therefore, the LNA input match is designed using models for
the C4 solder bump interconnect that were developed with EM
simulations. The simulations demonstrate 0.5 dB loss for the
single-ended ground-signal-ground C4 interconnect between
the IC and traces on the package. The LNA employs current
reuse in Stage 1 and Stage 2 similar to the design in [1]. Stage 3
and Stage 4 provide coarse gain step using an alternate signal
path [21]. When switch is high, Stage 3 of the LNA is in
high-gain mode. In this mode, the transistor is activated and
the path through transistor and is deactivated. In this
case, the transconductance of the combination of and ,

, is

(7)

where and are the transconductances of and
and is the base-emitter capacitance of . In low-

gain mode, switch is low which disables and enables
transistors and . The RF current from is divided be-
tween and . Furthermore, in the case of , there is a
voltage division between the capacitor at the base, , and the
base-emitter capacitance, . Ignoring parasitics, the admit-
tance looking into the cascode node in the low-gain mode, ,
is the sum of the parallel admittances looking into the emitters
of and

(8)

where and are the transconductances of Q2 and
Q3 respectively and and are the base-emitter
capacitances of and . The effective transconductance of
the combination of , , and in low-gain mode is given
by

(9)

When compared to (7), the RF current division between and
, along with the capacitive division at the base of re-

sult in lower gain in (9). This switched-gain technique is im-
plemented in Stage 3 as well as Stage 4 and provides nearly a
dB-for-dB trade between gain and compression point for each
stage. The dummy transistor, , also reduces the difference
between in the high gain and low modes, which was nec-
essary in versions of the LNA that included a notch filter in the
cascade node for image rejection (used in single-element Rx).
Measurements show that across the LNA gain settings the LNA
gain is 24, 16, 7, and 1 dB and the noise figure is 5.6, 6.8, 5.8
and 9.4 dB.When the LNA gain is reduced from 24 dB to 16 dB,
the measured improves from 28 dBm to 21 dBm. For
the lowest LNA gain setting of 1 dB, the is 9 dBm.
The LNA consumes 12 mA from 2.7 V.
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Fig. 5. Measured 60-GHz reflection-type phase-shifter loss and phase shift
across control voltage [20].

2) Reflection-Type Phase-Shifter (RTPS): The passive
RTPS at 60 GHz incorporates a Lange coupler with an opti-
mized reflective load (Fig. 4) [18], [22]. The phase shift from
input to output is varied by varying the varactors, and ,
jointly. As mentioned in Section II, the RTPS must provide
180 phase-shift variation across the band. Fig. 5 shows the
measured RTPS phase shift and loss across control voltage
settings [18]. The RTPS phase resolution is limited by the
resolution of the DAC providing the control voltage across
the varactors. In this receiver, a 6-bit voltage DAC was used
to generate the control-voltage. The nonlinear relationship
between control-voltage and phase-shift (Fig. 5) results in
11.25 phase resolution in the RTPS with 4 max error (The
PIVGA following the RTPS provides 1 bit phase control (0 or
180 phase shift), resulting in overall 5-bit phase resolution in
the array). The quality factor of the varactors in RTPS varies
from 3 to 8 at 60 GHz. The resulting loss variation across
phase shift settings in the RTPS (Fig. 5) is undesirable as it
results in amplitude mismatch between elements (each element
of the array will have a different phase shift setting to steer
the beam in a particular direction). The loss also implies that
cascading two RTPS to achieve 360 phase variation leads
to phase-shifter loss varying from 8 dB to 15 dB depending
on phase-shift setting. Therefore, a phase-inverting VGA was
designed to achieve both 180 phase shift and fine variable
gain to compensate for RTPS loss. Measurements on the RTPS
across a wafer show rms phase shift variation of 2.7 , while
the maximum relative phase-shift variation from 10 C to 85 C
is 9 . These measurements indicate repeatable RTPS perfor-
mance, allowing for the relative phase shift in an element to be
set without any need for chip or element calibration.
3) Phase-Inverting Variable Gain Amplifier (PIVGA): The

LNA and the RTPS are single-ended, hence a broadband pas-
sive Lange-Lange balun is used to generate a differential signal
(Fig. 4). It consists of two Lange couplers in series with an
open at the through and coupled ports of the second coupler.
The Lange-Lange balun is larger than a transformer (it occupies

m m) but was chosen because of its large band-
width and to reduce the sensitivity of the design to EMmodeling
errors. Following the balun, the PIVGA uses cascode current
steering to achieve variable gain (at least 4 dB to compensate

Fig. 6. Measured PIVGA gain variation—PIVGA is capable of providing
6 dB of gain variation in 0 and 180 modes.

for RTPS gain variations) as well as a discrete phase shift of
180 (Fig. 4). An earlier implementation of the PIVGA used a
tanh stage to generate the cascode transistor base voltages from
the control voltage, thereby linearizing the gain response with
respect to control voltage [21]. This technique, however, dis-
played temperature and process sensitivity in simulation. There-
fore, the PIVGA in this work uses a negative-feedback control
scheme to linearize the gain response with respect to the control
voltage. The scheme senses the dc current difference between
transistor and and forces it to be equal to using a
negative feedback loop. is generated from a 3-bit current
DAC with one extra bit that ensures maximum gain by making
all the RF current flow through or . Themeasured variable
gain control in the PIVGA at 60.18 GHz in 0 and 180 mode
is shown in Fig. 6. The negative-feedback scheme reduces the
impact of mismatch between and , thereby reducing the
sensitivity of the gain control to temperature and process varia-
tions. Note that all circuits in the receiver following the PIVGA,
i.e. the combiners, RFmixer, IF mixer, and baseband circuits are
differential.

B. RF Combining

The signals from 16 elements are combined in a binary
scheme in four stages: two stages of passive combining using a
cross-coupled Gysel combiner, followed by an active combiner,
with a final passive combiner driving the differential RF mixer.
1) Differential Cross-Coupled Gysel Combiner: The signals

from all 16 elements in the receiver must be combined before the
RF mixer. In addition to small area and insertion loss, the com-
biner must also provide isolation between different elements
to ensure that the output of an element is independent of any
other element state and to allow the array to operate with only a
subset of elements on. Passive transmission-line (t-line) based
power combiners such as Wilkinson (single-ended and differ-
ential) [23] have been used at mm-wave frequencies. While the
Wilkinson combiner satisfies loss, isolation and bandwidth cri-
teria, in a practical Wilkinson combiner layout, the two inputs
have to be close to each other to allow the isolation resistor to
be connected between them. This leads to long signal routing
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Fig. 7. Differential cross-coupled power combiner. (a) Differential cross-cou-
pled-Gysel power combiner. (b) Analysis for differential input. (c) Analysis for
common-mode input.

in a corporate tree-combining structure, resulting in larger area
and higher loss.
In this design, we use a differential cross-coupled Gysel

power-combiner [Fig. 7(a)]. This combiner is based on the
Gysel power combiner that allows the two inputs to be located
far from each other [24] which allows the signal routing t-lines
to be folded into the combiner structure, significantly reducing
loss and the area required for the combining network area.
In a traditional Gysel combiner, isolation is provided be-

tween the two inputs by connecting a t-line which is one
wavelength long at the frequency of operation together with
two absorbing loads in value located at the and
positions along the isolation arm. When differential signals
and transmission lines are used, the length of this isolation arm
can be reduced to only by introducing a cross-connection
(or “twist”) in the t-line between the inputs, achieving a 180
phase shift. The load-absorbing resistor is placed across the

“twist” connection—a resistor of value provides matching
for differential inputs but is effectively open for common-mode
inputs. Therefore, a more complex network is used to present a
load impedance for common-mode inputs as well.
Fig. 7(b) and (c) show an analysis of the structure

for differential and common-mode inputs, demonstrating
matching in odd-mode and even-mode. Here, differential and
common-mode are used to describe the local phase relationship
between the positive and negative signals on the differential
transmission line, whereas even and odd-mode are used to
describe the global phase relationship between the two inputs
to the combiner. There are therefore four cases to consider,
as follows: even-mode inputs with differential signaling (the
“normal” operational mode in the phased-array receiver),
even-mode inputs with common-mode signaling, odd-mode
inputs with differential signaling, and odd-mode inputs with
common-mode signaling.
For differential signaling, the structure is matched for both

odd and even mode inputs as shown in Fig. 7(b). For common-
mode signaling and odd-mode inputs, as shown in Fig. 7(c),
there is effectively an open-circuit input impedance. Since the
output of the PIVGA is differential, the common mode sig-
nals are small and mismatches between PIVGA common-mode
output impedance and the combiner common-mode impedance
have minimal impact on performance.
Fig. 8 shows the simulated and measured performance of the

cross-coupled Gysel combiner. Port 1 and Port 2 are the differ-
ential input ports while Port 3 is the differential output port. The
measurements in Fig. 8 were performed on a breakout and in-
clude the loss of the pads and t-lines feeding the combiner.
2) Active Combiner: As shown in the analysis in Section II,

the array noise performance is adversely affected if only passive
combiners are used in the array. Therefore, an active combiner
is used in the third stage of combining. The combiner consists of
two differential cascode transconductance stages (Fig. 9). The
output currents from the two transconductance stage are added
after the cascode transistors to achieve signal combining. The
output of the combiner is matched to 100 differential load. The
bias of each of the transconductance stages can be varied (not
shown in Fig. 9). In addition, each of the branches can be inde-
pendently turned off by making S1 or S2 low, dividing the array
into blocks of four elements. The combiner consumes 17 mA
from a 2.7-V supply. Fig. 10 shows the measurement S-param-
eters for the active combiner. The combiner 1-dB compression
point with respect to each input was simulated to be 10 dBm.

C. RF-to-IF Mixer

The combined output power from 16 front-ends is theoreti-
cally 12 dB higher than in the case of a single-element Rx, as-
suming ideal passive combining. In the present RX, considering
both the passive combiner losses and the gain of the single ac-
tive combining level, the input power to the RX core can be
higher than 10 dBm. At the same time, the RF-to-IF mixer
can contribute to the overall RX NF, particularly if not all ele-
ments are in use. Thus, the RF-to-IF mixer and the RX core are
designed to have wide dynamic range. A simplified schematic
of the RF-to-IF mixer is shown in Fig. 11; it is a double-bal-
anced Gilbert cell with a differential, common-base input stage.
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Fig. 8. Simulated and measured differential modified-Gysel S-parameters from one input to output.

Fig. 9. Schematic of 60-GHz active combiner used in the third stage of
combining.

Fig. 10. Measured active combiner differential S-parameters from one input to
output (including t-line and pad losses).

The bias current through each of the legs is nominally 7 mA and
is made adjustable by switch-selecting various values of emitter
resistors in the common-base stage. The IF-output RLC load is
tuned to the IF in the 8.3–9.3-GHz range, and the center fre-
quency is made adjustable with selectable capacitors. The nom-
inal voltage conversion gain is 15 dB, and the IF output can
be attenuated in 6-dB steps by switch-selecting the appropriate

tap on a resistive voltage divider. The inset in Fig. 11 shows
the IF switch, which is implemented as a switched emitter-fol-
lower. The RF-to-IF mixer achieves a measured SSB NF of
10.4–11.5 dB over the four IEEE channels, and an input-referred
1-dB compression point of 4 dBm. The LO power requirement
is 4 dBm for optimum performance.

D. IF and Baseband

The IF-signal from the RF-to-IF mixer passes through a
second set of quadrature mixers and is converted to a baseband
signal. A phase rotator between the LO divide-by-two and the
quadrature mixers allows adjustment of the quadrature LO
phases to achieve quadrature accuracy of . The baseband
signal passes through a series of coarse (6 dB) and fine (1 dB)
step attenuators and 16-dB fixed gain amplifiers to provide the
required gain range. The attenuation sequence (using the base-
band and IF attenuators, and the RF gain control) is selected
to avoid compressing any internal stages, such that the input
compression point of the overall Rx rises monotonically as the
gain is reduced. The phased-array receiver includes a frequency
discriminator for demodulating up to 2-Gb/s FSK/MSK signals
and an AM detector for demodulating up to 2-Gb/s ASK
modulated signals. The circuits are described in detail in [25].

IV. ON-WAFER PHASED-ARRAY RECEIVER IC
MEASUREMENT RESULTS

The fully-integrated 60-GHz phased-array receiver occupies
6.08 mm by 6.2 mm and the chip includes 1900 NPN and
330K CMOS transistors (Fig. 12). Each of the 16 Rx front-

ends occupies 1.7 mm by 0.65 mm. The chip has extensive dig-
ital programmability and the on-chip digital interface can be
read and written in serial and parallel modes. The RF front-
ends include a 32-word register array that can store gain and
phase settings for all elements corresponding to 32 beam direc-
tions, enabling fast beam switching. The RX IC also includes
three temperature sensors located at the eastern edge, western
edge and center of the chip. Two variants of the chip were de-
signed: one with pads compatible with probe-based testing and
another with pads that have solder-bumps for flip-chip pack-
aging. The circuits in the array were also characterized using
breakouts containing particular blocks (the individual block-
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Fig. 11. Simplified schematic of the high-linearity RF-to-IF mixer, with an inset showing implementation of the multiplexer used in the output attenuator.

Fig. 12. Fully-integrated 60-GHz 16-element phased-array receiver implemented in IBM BiCMOS 8HP.

level measurements were described in Section III). In this sec-
tion, on-wafer Rx IC measurements are presented.
Fig. 13 shows the Rx gain across frequency for the four IEEE

channels. The gain is measured by providing an input to a single
element and taking the output using the differential I signal.
These four curves are swept-IF measurements, obtained for a
constant LO frequency and varying RF frequency. Superim-
posed on this plot is the measured RF front-end frequency re-
sponse, measured by varying RF and LO together to keep the
IF signal frequency constant. The front-end gain is sufficiently
broadband to cover all four channels of interest from 57.2 GHz

to 65.9 GHz. The cascaded 9-GHz IF amplifier and baseband
amplifiers result in a net channel bandwidth of 1 GHz.
The input and output compression points of the receiver

across different gain settings are shown in Fig. 14. The data
were obtained by performing compression measurements
at each of the gain attenuation settings. The input power levels
refer to a single input, but the compression is plotted based on
calculations that assume that all 16 inputs are driven at the same
power level; total input power from all 16 inputs is therefore
12 dB higher than shown. The measurements were carried out
in IEEE channel 2 at 60.48 GHz, where the RX has the highest



1068 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 46, NO. 5, MAY 2011

Fig. 13. Rx conversion gain in the four IEEE channels and performance of RF
front-end.

Fig. 14. Receiver input and output compression for different Rx gain settings.

gain and poorest compression performance. The RX has an
input-referred compression point of 59 dBm @ 47 dB gain
and 37 dBm @ 20 dB gain.
The RX IIP3 has been measured for both in-channel and ad-

jacent-channel intermodulation. The in-channel IIP3 measure-
ments are consistent with the RX compression characteristics
presented in Fig. 14. Adjacent-channel measurements were per-
formed by applying tones in channels 2 and 3 at 60.58 GHz
and 62.74 GHz, and looking for intermodulation products ap-
pearing in channels 1 and 4. Such a measurement quantifies
the receiver’s ability to reject adjacent-channel interference in a
multi-channelWPAN environment. The present receiver’s adja-
cent-channel IIP3 is limited by the absence of explicit channel-
select filters in the baseband. However, the limited bandwidth of
the baseband amplifiers and IF-filters does provide 10–15 dB of
adjacent-channel rejection. Fig. 15 shows an adjacent-channel
IIP3 of 26.5 dBmwith the Rx gain (single-input-to-output) set
to 35 dB.
Fig. 16(a) shows the noise figure of the RF front-end across

frequency and temperature. In the case of array noise measure-
ments, the noise at the output of the array is estimated from noise
figure measurements of front-end and downconversion chain
breakouts, along with the noise figure measured when only one
element is active. This noise figure is plotted in Fig. 16(b) for

Fig. 15. Adjacent channel IIP3, measured by applying tones in channels 2 and
3, and looking for intermodulation products in channels 1 and 4.

Fig. 16. (a) Noise figure of the 60-GHz RF front-end. (b) Receiver noise figure
across gain settings.

different gain settings. The noise figure is 7.4 dB at the highest
gain setting, and 11.6 dB when the receiver gain is set to 15 dB.
Thus, both the range of gain and the location of the gain pro-
grammability allow the Rx array to operate under different gain,
linearity and noise figure requirements. The dynamic range of
the Rx array, under different gain conditions, can be determined
from Fig. 14 and Fig. 16(b). Assuming 2 GHz noise bandwidth,
the sensitivity at 30 dBRx gain setting is 86 dBm (assuming
a 12 dB improvement in SNR) while the input-referred is
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Fig. 17. Two-element array measurements at 60 GHz.

Fig. 18. Rx phase noise, taken in Channel 2 (60.48 GHz) with 60.38 GHz input
signal at 57 dBm, resulting in 100 MHz output tone. Phase noise at 1 MHz
offset is 90.6 dBc/Hz.

44 dBm. Similarly, for Rx 10 dB gain setting, the sensitivity
is 68 dBm and the input-referred is 24 dBm.
Fig. 17 demonstrates the phase-shift and gain equalization

performance of the array. In order to measure the phase-shift
performance of the array, the elements are activated in pairs.
The phase and gain setting of one element are kept constant
while the phase of the other element is varied. Fig. 17 shows a
measured 6 dB increase in output power when the signals from
the elements add in phase. The signals are attenuated by more
than 20 dB when the signals are combined out-of-phase.
The phase noise of the receiver was measured by providing a

CW tone (at 60.38 GHz) to the receiver and measuring the phase
noise of the baseband output (at 100 MHz). Fig. 18 shows the
measured phase noise of 90 dBc/Hz at 1 MHz offset. Detailed
measurements of the synthesizer are described in [14].Measure-
ments at phase shifter setting 31 (where the slope of the phase
shift with respect to control voltage is high) and phase shifter
setting 0 (where the slope of the phase shift with respect to con-
trol voltage is low) confirmed that array phase shift settings have
no impact on the total phase noise.
The chip includes programmable phase rotators in the I and

Q LO-path for the second downconversion that allow for com-
pensation for IQ phasemismatch (Fig. 2). Independent gain con-
trol in the I and Q baseband amplifiers enable IQ gain mismatch

TABLE I
RX POWER CONSUMPTION BY BLOCK (AT 2.7 V)

TABLE II
60-GHz PHASED-ARRAY RECEIVER PERFORMANCE SUMMARY

compensation as well. Fig. 19 shows the measured IQ phase and
gain mismatch for four different RX samples before and after
compensation. The mismatch was measured at 10 MHz offset
from carrier in each of the channel frequencies. The phase ro-
tator and baseband amplifier gain settings that achieved lowest
IQ mismatch varied from sample to sample.
Table I shows the total 1.8 W power consumption of the Rx

broken down by block. Each of the 16 RF front-ends consumes
about 57 mW, and the two active power combiners 50 mW
each, for a total of 1.0 W in the RF front-end and power com-
bining network. The frequency synthesizer consumes 150 mW,
and the frequency tripler and associated LO buffer 120 mW.
The Rx core (exclusive of the synthesizer and tripler) consumes
250 mW. Finally, the 50 matched output buffers for the differ-
ential I and Q baseband outputs consume a total of 280mW. The
phased-array receiver performance is summarized in Table II.

V. BOARD-LEVEL MEASUREMENTS OF PACKAGED RX IC

1) 60-GHz Antenna Testbed Measurements for Beam-
steering: The 60-GHz RX array IC is packaged using both
multilayer-organic (MLO) and LTCC packages that included 16
antennas [13]. Aperture-coupled patch antennas that included
an air-cavity between the antenna and ground plane were used
to achieve the desired 9 GHz of bandwidth and high efficiency.
The measured input return loss of all 16 antennas is better
than 10 dB in the band of interest. A detailed description of
the 60-GHz patch antennas can be found in [26]. The MLO
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Fig. 19. Measured IQ phase and amplitude mismatch before and after on-chip compensation.

Fig. 20. Packaged phased-array receiver and transceiver on evaluation board.
This board was used for pattern and link measurements.

and LTCC packages include 60-GHz microstrip t-lines con-
necting the ICs to the patch antennas. The TX and RX ICs are
attached to the packages using flip-chip technology. Each of
the 28 mm x 28 mm 288-pin BGA packages is then attached to
transceiver evaluation boards (Fig. 20). On-chip temperature
sensors indicate that the IC temperature is 20 C higher than
that of the environment. The packaged RX IC was tested
in a 60-GHz antenna chamber that is capable of performing
two-dimensional antenna pattern measurements (Fig. 21). The
test-fixture loss was determined using S-parameter measure-
ments and a path-loss exponent of 2 is assumed to determine
the path loss between the board and the horn antenna (or
circular-polarized antenna in the case of 2D pattern measure-
ments). While on-wafer tests show insignificant gain and phase
offsets between elements, the flip-chip interconnect and the
60-GHz traces on the package can introduce systematic phase
offsets between elements. Furthermore, coupling between
antennas leads to both antenna pattern and gain mismatch
between elements (in the case of the RX LTCC antennas there
is 2.5 dB variation in the antenna gain perpendicular to the
array between the 16 antennas [13]). Gain and phase calibration
of the packaged IC is done by orienting the array perpendicular
to the antenna in the test-bed. In this position, gain offsets are
calculated by measuring the elements one at a time and phase
offsets are calculated by determining the null in the baseband

Fig. 21. 60-GHz antenna test chamber—the Rx array evaluation board can be
rotated in and for pattern measurements.

output across phase shift settings with two elements on, as
shown in Fig. 17.
Fig. 22 shows the improvement in output SNR as a func-

tion of number of active elements. In this measurement, the
phased-array beam is pointed towards the horn antenna which
is normal to the array. The phase settings of each element com-
pensate for the offset measured in the calibration step, while the
gain settings compensate for gain variation due to antenna cou-
pling and phase shift setting. As expected, the output SNR in-
creases as more elements are activated. Based on equation 5 in
Section II-C, the SNR improvement is a function of the number
of elements as well as the array efficiency factor, which in-
creases with number of elements. Therefore, the expected SNR
improvement with all 16 elements active (array efficiency: 0.95)
relative to the case when only 1 element is active (array effi-
ciency: 0.5), is 14.8 dB. Fig. 22 shows a 14.2 dB improvement
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Fig. 22. Measured SNR as a function of number of active elements.

Fig. 23. Contour plots of theoretical and measured phased-array patterns show
good correlation.

in SNR, showing 12 dB improvement as expected. The mea-
sured SNR improvement is limited by the mismatches between
the antennas and the accuracy of gain calibration and phase
offset compensation.
For beam pattern measurements, the element weights (gain

and phase) necessary to achieve desired array patterns are cal-
culated (taking gain and phase offsets into account) and applied
to the packaged IC in the testbed. Fig. 23 shows the expected and
measured 2D pattern measurements for different sets of element
weights. The theta and phi coordinates in Fig. 23 are polar co-
ordinates corresponding to the Cartesian coordinates in Fig. 21.
Multiple antenna patterns corresponding to narrow as well as
broad beams were measured and very good correlation was seen

Fig. 24. Measured phase-shifter transient response.

Fig. 25. Setup for 60-GHz link measurements using phased-array receiver and
companion phased-array transmitter.

between the measurements and theoretical predictions, similar
to the correlation shown in Fig. 23.
As discussed in the companion TX paper [6], the digital core

can be read and written in serial and parallel I/O mode. To deter-
mine the response time of the chip to changes in phase and gain
settings, a 60-GHz input is provided to two of the front-ends
in the Rx IC. Fig. 24 shows the baseband output as the phase
shifter in one of the elements is varied such that the signals
first combine constructively and then destructively. The on-chip
phase-shifter settings change at the rising edge of the Parallel
I/O clock and it can be seen that the baseband output changes
from high (constructive addition) to low (destructive addition)
in 50 ns.
2) 60-GHz Wireless Link Measurements: Fig. 25(a) shows

the 60-GHz wireless link measurement setup using the pack-
aged phased-array RX and companion phased-array TX. In
this setup, the digital baseband is implemented in software
(MATLAB) and includes modulator, demodulator, forward
error correction and carrier recovery. The link testing was done
by creating data frames using the software, that were provided
to the high-speed Arbitrary Waveform Generator (Tektronix
AWG7000) which drives the I and Q inputs to the transmitter.
The output of the receiver was sampled using a high-speed
oscilloscope (Tektronix DSA72004) which emulates A/D
converter. The captured frame was provided to the software
demodulator which includes algorithms to correct for frequency
offset between TX and RX. The link was evaluated using both
16-QAM OFDM (5.3 Gb/s) and Single-Carrier (4.5 Gb/s)
modulation formats. Initial measurements on the link were
performed with TX and RX 4 m apart (limited by laboratory
space). Fig. 26 shows the constellations for 5.3 Gb/s OFDM



1072 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 46, NO. 5, MAY 2011

Fig. 26. Constellation in each of the IEEE channels for array Tx-array Rx wire-
less link. (OFDM modulation, 5.3 Gb/s, at 4 m Tx-Rx separation).

Fig. 27. 60-GHz wireless link in conference room—7.5 m to 8 m separation
between TX and RX. Whiteboard is 2.2 m from the line-of-sight.

link in each of the four IEEE channels with 4 m TX-RX sepa-
ration with only 6 TX elements and 12 RX elements activated
[4]. The link shows lower than 18 dB EVM in channels 1, 2,
and 3.
Fig. 27 shows the photograph of an experimental setup in

a conference room with a whiteboard along one of the walls.
During the line-of-sight tests, the TX and RX phased array
beams are pointed at each other and for non-line-of-sight links,
the beams are steered towards the whiteboard which acts as
the reflector. The TX and RX were 7.5 m to 8 m apart and
the distance to the reflector was 2.2 m. Fig. 28(a) shows the
constellation for line-of-sight link with 5.3 Gb/s OFDM and
4.5 Gb/s SC modulations with all 16 elements active in the TX
and RX. Fig. 28(b) shows the OFDM and SC constellations
when the phased-array TX and RX beams are steered towards
the whiteboard. In this case, the total path length is 9 m. The
EVM in all cases was lower than 18 dB. The beam-steered
links demonstrate the ability of the phased-array TX and RX to
establish a 60-GHz link when the LOS is blocked.

Fig. 28. Measured constellations for 60-GHz multi-Gb/s wireless links using
phased-array TX and RX. (a) SC (4.54 Gb/s) and OFDM (5.29 Gb/s) line-of-
sight links. (b) SC (4.54 Gb/s) and OFDM (5.29 Gb/s) NLOS link using reflec-
tion from whiteboard.

VI. CONCLUSION

A 16-element 60-GHz phased-array receiver was success-
fully implemented in a 0.12 m SiGe BiCMOS process tech-
nology. RF-path phase shifting was adopted in the array, leading
to reductions in area and power consumption. Each front-end
uses a combination of active and passive phase-shifting to
minimize phase shifter loss and ensure 360 of phase variation
from 57 to 65 GHz with 11.25 phase step. The LNA and
discrete phase shifter in the front-end also provide coarse and
fine gain variation. The low variation in phase shift across
process and temperature implies that each element can be
set to desired phase-shift without any calibration for on-chip
variations. The relative noise contributions of different array
blocks was analyzed, and the RF signal combining network was
designed using both passive and active combiners to improve
output SNR. A differential cross-coupled Gysel combiner was
implemented to reduce passive combiner loss and area. Each
RF front-end has a NF of 6.8 dB at 22 C and 7.5 dB at 65 C.
The array has 58 dB gain from single-element input to output
at 60 GHz. There is extensive digital programmability on the
chip and the gain can be varied from 58 dB to 10 dB. The
phased-array receiver IC was packaged in LTCC and MLO
packages that included 16 60-GHz antennas. Beam pattern and
steering tests on the packaged receiver IC show good match
between theory and measurements and the array is capable
of switching beam directions in 50 ns. The packaged receiver
was used in conjunction with the companion phased-array
transmitter IC to demonstrate line-of-sight and reflection-based
links capable of multi-Gb/s data transfer (5.3 Gb/s OFDM and
4.5 Gb/s SC).
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