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Abstract—This paper presents a 76-84 GHz low-power 4-
element phased array receiver built using a 0.13 ym BiCMOS
process. The power consumption is reduced by using a single-ended
design and alternating the amplifiers and phase shifter cells to
result in a low noise figure at a low power consumption. A variable
gain amplifier and an 11° trim bit are used to correct for the
rms gain and phase errors at different operating frequencies. The
phased array consumes 32 mW per channel and results in a gain of
10-19 dB at 76-84 GHz, a noise figure of 10.5 £0.5 dB at 80 GHz
and an rms gain and phase error <0.8 dB and < 7.2°, respectively,
up to 81 GHz, and < 1.1 dB and 10.4° up to 84 GHz. The phased
array also shows a channel to channel coupling of <—30 dB up
to 84 GHz. To our knowledge, this work presents state-of-the-art
on-chip performance at W-band frequencies.

Index Terms—Millimeter-wave integrated circuits,
shifters, phased arrays, silicon germanium.

phase

I. INTRODUCTION

ILLIMETER-WAVE automotive radar chips, both at

77 GHz (mostly FMCW systems) and at 79-81 GHz
(pulse based systems), were recently demonstrated using SiGe
and CMOS technologies [1]-[11]. The SiGe implementations
were particularly successful due to their low phase noise
performance and their operation at temperatures as high as
125 °C which is required in automotive applications. There are
two radar platforms for automotive applications: 1) long-range
radars for cruise control (1-200 m) implemented at 76—77 GHz
and with 200—-1000 MHz bandwidth, and 2) short-range radars
(0.5-40 m) implemented at 79-81 GHz using < 1 ns radar
pulses for blind-spot detection, lane change, and collision
avoidance applications. Both applications require that the
antenna beam be scanned in space, and this can be done using
switched focal plane systems [12]-[14], digital beamforming
[15], [16], or phased arrays [17], [18]. The phased arrays for
the long-range radars are particularly challenging since an
8 cm aperture can be replaced by 8-24 antennas (the number
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of channels depends on the scanning angle and the number of
transmit channels [15], [19]), and therefore, it is advantageous
to reduce the power consumption per phased-array element.

The 81-86 GHz band is also used in high-data rate
point-to-point communication systems with complex mod-
ulation [20]-[23]. In this case, the band can be used entirely
in one shot, or can be subdivided into two different band
(81-84 GHz, 83-86 GHz, etc.). These systems are currently
based on reflector antennas, but phased arrays are proposed to
solve the costly alignment issue between two reflector antennas
located on towers. In this case, the SiGe phased array must be
proceeded by a low noise InP amplifier (one per channel) since
the system noise figure (NF) must have a very low NF (<4 dB)
for long distance communications.

Silicon-based phased arrays have been demonstrated at
millimeter-wave frequencies using All-RF, LO and IF beam-
forming architectures [17], [18], [24]-[28]. This work is based
on the All-RF approach which eliminates the I/Q mixers
on each element and the LO distribution network. The RF
beamforming architecture can be scaled to a large number
of elements (16-32) as shown by UCSD, Intel, IBM and
Mediatek at 45-65 GHz [18], [24]-[26]. A single-clement
chip and a 4-element chip are presented capable of operation
at 76-77 GHz, 79-81 GHz, and 81-84 GHz with low power
consumption and wide instantaneous bandwidth.

The phased-array receiver design is single-ended and con-
sumes less power than a differential implementation, but on
the other hand, it is sensitive to the grounding inductance when
packaged with off-chip antennas. One way to solve this problem
is to use on-chip antennas as shown in [29] for a 3 x 3 wafer-
scale power amplifier array. In this case, the antenna and the
amplifier/phase-shifter share the same ground and there is no
ground transition between the chip and the antennas. Another
way is to migrate the design presented in this paper to a differ-
ential circuit which is robust to ground inductance transitions as
shown in [24].

II. DESIGN

A. Architecture

The 4-element phased-array architecture is shown in Fig. 1.
The design is based on an amplifier/phase-shifter cell/ampli-
fier approach [30], and the outputs of the 4-element array are
added together using a two-stage Wilkinson coupler. Wilkinson
couplers are passive devices with high linearity and low loss

0018-9200/$26.00 © 2011 IEEE
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[31], and are ideal at mm-wave frequencies due to their rela-
tively small size and low loss [32], [33]. The amplifiers are im-
plemented using 0.13 pum SiGe transistors with a fr/ fmax of
200/220 GHz, and the phase shifters are based on switched-LC
networks implemented using 0.13 gm CMOS transistors (avail-
able in the IBM 8 HP process) [34]. The phase shifters show in
high linearity (ITP3 of ~23 dBm) and zero power consumption,
but have a simulated loss of 17-20 dB for a 5-bit design due to
the channel resistance and parasitic capacitance of the 0.13 pm
CMOS transistors [33], [35], [36].

Fig. 2 and Table I compare three different topologies for the
phased-array element: Topology 1 is based on a traditional de-
sign with an LNA in front followed by a 5-bit phase shifter,
topology 2 divides the amplifier into two units, one at the input
and one at the output of the phase shifter, and topology 3 dis-
tributes the amplifiers and phase shifters throughout the chain.
The design is done for an input Piqp of —26 dBm and a gain
of 16 dB at 81 GHz. Topology 1 results in the lowest NF but
with the highest power consumption due to the 36 dB amplifier
gain required to overcome the 20 dB phase shifter loss. This
results in an Pi4p of +10 dBm at the output of the LNA and
high power consumption. Also, due to the potential of substrate
coupling, it is not advisable to design 36 dB gain amplifiers in
single-ended systems [37]. Topology 2 results in the highest NF,
and this is not acceptable. It is seen that topology 3 results in a
NF of 11.4 dB and with a power consumption of only 32 mW
per channel, roughly quarter of topology 1.

B. Amplifiers

The 4-element phased array is built using the IBM 8 HP
process with seven metal layers and a 4-um-thick top layer
(AM) (Fig. 3). The coplanar-waveguide (CPW) transmission
lines are built using the AM and MQ layers with a 9.2 zm thick
interlayer dielectric, and have a simulated loss of 0.75 dB/mm
at 80 GHz for a 50 2 line. Fig. 4 presents the simulated f,x
and fr for a 5 x0.12 pm common-emitter transistor given by
the IBM model (reference to M1) and including the full elec-
tromagnetic (EM) simulation up to AM layer. It is seen that the
EM-simulated fr and f,,.x are lower than the values obtained
using the IBM model. This has significant effect on the gain and
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TABLE 1
COMPARISON OF THREE DIFFERENT TOPOLOGIES
Gain NF IP1dB Power Cons.
(dB) (dB) (dBm) (mW)
Topology 1 16 8.4 -26 120
Topology 2 16 12.5 -26 32
Topology 3 16 11.0 -26 32
4 pm Al CPW (50 Q)
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Fig. 3.

NF of mm-wave amplifiers and is therefore essential for accu-
rate circuit design.

A two-stage cascode-based LNA with a center frequency of
81 GHz is used with conjugate inter-stage matching for max-
imum gain (Fig. 5(a)). The second stage is gain controlled using
2-bit current steering (0/—0.2/—2.3/—4.0 dB relative gain). Re-
sistors are placed in shunt with the load inductors in order to
widen the 3 dB bandwidth to 19 GHz at the expense of 0.5 dB
in additional noise. The inductors are designed using microstrip
lines between AM and M1, with a width of 6 um and Q of 18 at
81 GHz, and are EM modeled by Sonnet [38]. C1 (40 fF) is built
using custom capacitors between M3 and M4 with a simulated Q
of 40 at 81 GHz. The current bias is done at 0.6 mA/um to result
in the lowest noise figure and is less than the optimal bias cur-
rent for highest gain as given by the IBM design manual [34]. A
simulated gain and noise figure of 9.9—-12.2 dB and 8.2-8.8 dB,
respectively, are obtained at 76—-85 GHz for a total bias current
of 6 mA. The amplifier results in a wide impedance match (511,
S99 <—10 dB at 72-100 GHz, 74-91 GHz respectively) and a
P1ap of —21 dBm. The other variable-gain amplifiers are iden-
tical to the two-stage LNA.

An essential design tool at millimeter-wave frequencies is the
global analysis and optimization of the two-stage cascode am-
plifier (Fig. 5(b)). In the layout around the transistors, the ground
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plane is dropped from MQ to M1 to result in a low emitter in-
ductance, and the inductors are based on microstrip-lines using
AM and M1 layers. The entire circuit is modeled using Sonnet
with internal ports for the base-emitter-collector nodes, and the
ports are attached to the IBM transistor models in the Cadence.
This takes into account the full-wave electromagnetic effects
of the vias around the transistors and any coupling between
the inductors in the amplifier. The Sonnet simulation takes 4
hours to analyze the cascode amplifier from 0.1 to 200 GHz
on a modern desktop station (Fig. 5(b)). The global modeling
and optimization technique, while time intensive, results in ex-
cellent comparison between simulations and measurements (see
Section III).

C. Phase Shifter Design

The design of the phase shifter is based on switched 50 €2 low-
pass networks for the 11°,22.5°,45°, and 90° bits, and the 180°
bit is built using two 90° bits under the same control voltage
(Fig. 6) [35]. In the bypass-state, T1 is ON and T2 is OFF, Lr
resonates with the off-state capacitance of T2, creates an open-
circuit at node A, and port 1 is connected to port 2 using T1.
In the phase-delay state, T1 is OFF and T2 is ON, T2 connects
point A to ground, and port 1 is connected to port 2 using the
low-pass network Cp-Ls-Cp. The phase delay is determined by

Vop (1.8 V) Vbbp _‘-tsﬂm (AM)

s
* | 150 QL* — L
126 pH
Output

29 fF

Input 160 fF
5 um
96 pH
IB mA =
+
Bias Bias

Fig.5. (a) Schematic and (b) layout of the two-stage W-band cascode amplifier
with gain control.
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Fig. 6. Design of switched-delay CMOS phase shifters.

the choice of Cp and Ls, and is linear with frequency within a
+10% frequency range.

The transistors (T1, T2) must be chosen to result in relatively
low insertion loss when the transistors are ON, but on the other
hand, the 0.13 ;zm CMOS technology results in a large substrate
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TABLE II
PHASE SHIFTER COMPONENT VALUES
1° | 22° | 45 90° 180°
T1/T2 (pm) 7/4 7/4 14/4 14/10 14/10
Ls (pH) 65 70 80 74 74
Cp (fF) 12 12 17 41 41
Lr (pH) 117 107 92 62 62
Bypass loss (dB) 25 29 3.8 4.4 8.7
Delay loss (dB) 14 1.6 2.7 4.0 8.3
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Fig. 8. Simulated S-parameters of a single-stage Wilkinson coupler.

capacitance which contributes to high insertion loss at
77-85 GHz even when the transistors are off. T1 and T2
are therefore chosen to result in similar insertion loss in the
bypass and phase-delay states (see Table II). Fig. 7 presents
the simulated gain and phase response of the individual
phase shifter cells. The 90° bit is challenging due to the
large Cp-Ls-Cp values used, and results in an insertion loss
of 4.0-4.2 dB (8.2-8.5 dB for the 180° bit) and an S1; (or
S99) <—11.5 dB from 75-85 GHz in the phase-delay state. In
order to alleviate the effect of the S7; mismatch, the 90° and
the 180° cells are placed next to the central amplifier which
is a well-matched 50 £2 impedance block. The inductors are
designed using Sonnet and based on high-impedance transmis-
sion-lines (Zo= 70.7 €1, 2 dB/mm, ) = 13 at 80 GHz), and
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Fig. 10. Measured and simulated gain of the 23° /45° /90° phase shifter cell.

global EM simulation is performed (see Fig. 6 for the Sonnet
EM model). Also, the 22°/45°/90° and the 180°/11° bits are
simulated together in Sonnet and Cadence in order to ensure
low electromagnetic coupling between the individual bits and
a wideband impedance match.

This phase shifter topology results in gain variation over the
16 states due to the loss and impedance variation between the
two states of each cell, and the cascade of non-ideal 50 €2 blocks
(especially the 45° and 90° cells). Simulations indicate a gain of
—17 to —20 dB over the 32 states at 81 GHz. The variable gain
amplifiers are therefore essential to compensate for this effect
and to result in a low rms gain error.
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Fig. 12. Measured (a) gain and (b) phase response versus 16 phase states.

D. Two-Stage Wilkinson Combiner

The 50 © Wilkinson combiners are designed using two A/4
sections of 70.7 €2 CPW lines (¢ = 13 at 80 GHz) and re-
sult in an insertion loss of 0.9 dB and S11/S22/S33<<—20 dB at
72-88 GHz (Fig. 8). The isolation between the two ports, Sag,
is >25 dB at 72—-88 GHz. The Wilkinson combiner is wideband
and has no effect on the channel S-parameters except for an ad-
ditional 0.9 dB loss per stage. Again, the 4:1 Wilkinson com-
biner is electromagnetically modeled in Sonnet and its S-param-
eter block is used in Cadence.
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Fig. 13. Measured VGA operation at the (1,1,1,1) state.
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Fig. 14. Measured gain and noise figure using a hot/cold technique. Gain is set
at the nominal state (see text).

-22 T T T T I T T T T
_ i —e— meas.
c% 24 x simul. o
R L i
S
3 -26 [~ m
L x x
-28 1 1 1 1 | 1 1 ! 1
0 5 10

Gain at 77 GHz (dB)

Fig. 15. Measured input Piqp versus gain setting at 77 GHz.

E. Phased Array Simulations

The simulated average gain of a single channel is 16.1 dB
at 80 GHz for the 16 phase states, with a corresponding noise
figure of 11.1£0.6 dB, an input P, 45 of —27 dBm, and a power
consumption of 32 mW (1.8 V, 18 mA). The simulated S1; and
Sos are <—10 dB from 73 GHz to >90 GHz. The gain can be
controlled by 9.5 dB in 1.6 dB steps. An important design aspect
is that the channel phase does not change by more than +4° over
a large gain-control range. This allows the variable gain ampli-
fiers to correct for the gain change versus phase state without
adding additional phase errors. The 4-clement array results in a
similar performance as a single channel but with an additional
2.4 dB loss at 81 GHz: 1.8 dB loss due to two Wilkinson cou-
plers and 0.6 dB for the added transmission lines.
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Since this is a single-ended design, the phased array chan-
nels are placed 600 pm from each other, and the area between
the channels is filled with Vce decoupling capacitors (23 pF
per channel) and with metal walls which connect the AM metal
layer to the substrate. The input GSG (CPW) pad transition is
designed using Sonnet and includes a short high-impedance ta-
pered section to match the pad capacitance at 70-90 GHz, and
results in S7; < —20 dB and S5; < —0.2 dB at 75-85 GHz.

III. MEASUREMENTS

Fig. 9 presents microphotographs of a single-channel chip
and a 4-element chip. All measurements are done on-wafer
using an Agilent E8361 A Vector Network Analyzer with
extenders to 110 GHz. A probe-tip calibration is first done
using the Cascade 138-357 calibration substrate [39], and the
measurements include the GSG pad transition loss. Several
chips were measured and resulted in similar measurements.
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Fig. 10 presents the measured gain response of a stand-alone
test chip with 23°/45°/90° phase shifters. The measured av-
erage gain agrees well with simulations, but has larger variation
versus phase states at >82 GHz than predicted by simulations.
It shows good matching between the simulated and measured
average gain of the phase shifters.

Figs. 11 and 12 present the measured S-parameters of a stand-
alone single channel for 16 phase states and the bias condi-
tions are Vpp = 1.8 V and a current of 18.3 mA/channel. A
wideband input and output matching is achieved with a rms
gain and phase error of 2.2-3.5 dB and <15°, respectively, at
76—-84 GHz. Comparison with simulations indicates excellent
match with S11, Soo and the average Soi, but again with a
higher rms gain and phase error. This is attributed to the phase
shifter cells which showed higher loss than simulations due to
inadequate 0.13 pm transistor models at 75-85 GHz. The mea-
surement also shows 13 dB of gain control with <+4° phase
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change over a 10 dB control range (Fig. 13). The nominal state
in Fig. 13 is the gain-state setting which is used for all measure-
ments (S-parameters in Figs. 11 and 12).

The measured NF and input P4 were also done on the
single channel chip and are shown in Figs. 14 and 15. The NF
measurements are done at the nominal gain state so as to yield
the average NF seen by the phased array channels when the
gain control is used. The measured average NF is 10.5 dB at
80 GHz which agrees well with simulations (11.1+0.6 dB at
80 GHz for all phase states). The measured input P 4p is —26.7
to —23.0 dBm at 77-80 GHz depending on the gain setting and
also agrees well with simulations.

The rms gain error can be substantially reduced using the
variable gain amplifiers, and the rms phase error can also be
corrected using the 11° phase bit as a trim bit. Figs. 16 and
17 present the achieved performance at 76—77 GHz (gain con-
trol only), 79—81 GHz (gain control and 11° phase trim), and

Isolation (dB)

Gain (dB)

1.0 4

72 76 80 84 88
Frequency (GHz)

(c)

Fig. 22. (a) Measured S-parameters coupling between the channels, (b) the ef-
fect of channel 2 phase change on channel 1, and (c) rms gain and phase error
in channel 1 due to the phase change in channel 2.

81-84 GHz (gain control and 11° phase trim). In Fig. 17, the
small phase change between the raw data and the gain control
data is due to the variable gain amplifier. The simulated NF
under low rms gain and phase states is within £0.5 dB of the
nominal-state values shown in Fig. 14. The phased array can be
used in the automotive bands with instantaneous bandwidth of
500 MHz (76.5 GHz) and 2 GHz (79-81 GHz), and is also us-
able in the 81-84 GHz band.

The 4-element chip consumes 74 mA (Vpp = 1.8 V) and
results in virtually identical performance to the single element
chip except for an additional 2.5-3.8 dB loss at 76-84 GHz due
to the Wilkinson network (Fig. 21). Note that each channel in the
4-element array results in near identical gain versus frequency,
which is typical of SiGe-based circuits and a symmetrical pas-
sive combiner [33].

The measured coupling between the different channels is
done using S-parameters first (Fig. 22(a)), and then by changing
the phase of channels 2, 3, 4 and monitoring the S-parameters
on channel 1 (Fig. 22(b)) [37], [40]. In this case, channels 2, 3, 4
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TABLE III
CURRENT CONSUMPTION VS TEMPERATURE
Temp (°C) 25 50 75 100
Current (mA) 18.5 224 26.1 29.3
TABLE IV

SUMMARY OF PHASED ARRAY PERFORMANCE

Technology 0.13 um SiGe BiCMOS (IBM 8HP)
Frequency band  76-84 GHz
Supply voltage 1.8 V (analog), 1.5 V (digital)
Current consumption  18.0 mA / channel
Chiparea 5.4 mm?(2.0x2.7 mm?)
Input return loss  -10 dB @ 70-88 GHz
Output return loss  -10 dB @ 74-88 GHz
Power gain (avg.) 10.1-18.9dB @ 76-84 GHz
Phase resolution  4-bit
Gain error (rms) < 0.6 dB @ 76-77 GHz

<0.8dB @ 79-81 GHz
<1.1dB @ 81-84 GHz
<3.9° @ 76-77 GHz
<7.2°@79-81 GHz
<10.4° @ 81-84 GHz
NF  10.5+0.5dB @ 80 GHz

Phase error (rms)

are left open-circuited which results in a worse-case condition
for testing. The on-chip coupling is very low, estimated to be
<—30 dB between channels 1 and 2 using the vector addition
method. The effect of channel 3 and 4 on channel 1 are negli-
gible (<+0.1 dB, <£1°).
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Fig. 23 presents the measured gain versus temperature at
nominal settings. The gain is constant up to 75°C and then
drops by 3 dB at 100 °C. This is achieved by a simple biasing
network which employs a diode in the current reference path
and results in an increased bias current versus temperature.
As stated above, the amplifiers are biased at 0.60 mA/um so
as to result in a low NF, and the increase in the bias current
results in a near constant gain versus temperature. The phase
performance versus temperature remains essentially unchanged
as shown by simulations and as demonstrated in similar circuits
at 30-40 GHz [33]. The chip performance is summarized in
Table IV.

IV. CONCLUSION

A 76-84 GHz 4-element phased array receiver was demon-
strated in a 0.13 pzm BiCMOS process. The rms gain and phase
error were mostly due to inaccuracies in the transistor switch
model, but can be corrected using a VGA and an 11° trim bit.
Also, the phase shifter loss is high due to the use of the 0.13 pm
CMOS technology. The results indicate that this topology can
be applied at 60—120 GHz using advanced CMOS nodes (65 nm,
45 nm). The single-ended design can be extended to a differen-
tial topology which is less sensitive to ground inductance and
packaging effects.
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