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Abstract—A transmitter and receiver phased array chipset
is demonstrated in the range between 70 and 100 GHz using a
0.18 pm SiGe BiCMOS process with fr/farax of 240/270 GHz.
Each chip comprises four phased array elements with distributed
calibration memory and calibrated direct up- and down-conver-
sion mixer chain. Each receive channel has a conversion gain of
33 dB and noise figure of <7 dB from 75-95 GHz. Each transmit
channel has a flat saturated output power of > 5 dBm between
70 and 100 GHz. Both transmitter and receiver arrays operate
from 1.5 V and 2.5 V power supplies and consume 1 W each.
Using a die-on-PCB prototype with integrated antennas, a wireless
link operating at 10 Gb/s (using 16-QAM) or 8.75 Gb/s (using
32-QAM) is demonstrated at a distance of 1-meter with a carrier
frequency of 88 GHz.

Index Terms—Die-on-PCB, direct-conversion, down-converter,
E-band, integrated antenna, MMIC, multi-gigabit wireless link,
phase amplitude calibration, phased array, QAM constellation,
SiGe BiCMOS, transmitter receiver array, up-converter, W-band.

I. INTRODUCTION

HANKS to the introduction of high-performance SiGe

BiCMOS and nano-scale CMOS technologies, Silicon
has made its foray into mm-wave applications. In the mm-wave
wireless domain, two applications have received significant
research efforts: i) last mile, high-data-rate, point-to-point
wireless links for backhaul cellular applications operating
in the E-band, ii) short-reach, multi-gigabit radios operating
around 60 GHz for uncompressed video streaming and wireless
serial link replacement [1]-[18]. Both applications enjoy a
wide, unrestricted allocated bandwidth (71-76 GHz, 81-86
GHz and 92-95 GHz in the case of E-band and 57-66 GHz
for 60 GHz radios) allowing multi-gigabit wireless links to be
realized. Furthermore, Silicon-based receivers and transmitters
have been demonstrated operating up to D-band and the high
integration density has enabled fully integrated multi-channel
phased arrays to be realized [1]-[4], [6], [7], [10]-[16], [18].
Fig. 1 shows an operational-frequency scatterplot of mm-wave
transceivers and arrays reported in recent years.
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Fig. 1. Survey of state-of-the art Silicon V- and W-band phased arrays intended
for short-reach, cellular backhaul and last mile applications.

In this paper, we present receiver and transmitter arrays
designed for steerable-beam and highly spectral efficient data
links in both E- and W-band. The arrays were designed to span
the complete frequency range in the newly released commercial
bands at 71-76, 81-86 and 92-95 GHz with low noise figure
and good output power. Additionally, accurate 1/Q-calibration
and good linearity enables the use of higher order modulation
format such as QAM for higher aggregated data throughput.
Furthermore, we present an inexpensive die-on-PCB and
antenna-on-PCB prototype for multi-gigabit wireless link
demonstration.

This paper is organized as follows. Section II presents the
transmitter and receiver phased array architecture and design
with detailed block diagrams and schematics of critical com-
ponents. Section III discusses the chipset fabrication details as
well as the design and implementation of the antenna-on-PCB
and die-on-PCB prototype. Section IV presents all wafer probe
measurements and wireless link demonstration. Concluding re-
marks are made in Section V.

II. TRANSMITTER AND RECEIVER PHASED ARRAY
ARCHITECTURE AND DESIGN

The block diagrams of the 4-element receiver and transmitter
phased arrays are shown in Fig. 2. Each integrated circuit
consists of either I/Q direct up- or down-conversion chain with
IF variable gain amplifiers (VGAs) and LO frequency doubler.
Each array element employs 4-bit phase shifters with the addi-
tion of low noise amplifiers (LNAs) or power amplifiers (PAs)

0018-9200/$31.00 © 2013 IEEE
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Fig. 2. Simplified block diagram of the implemented 4-element phased array receiver (left) and transmitter (right) chipset. Each integrated circuit is equipped

with a global SPI interface for settings and calibration.
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Fig. 3. Block diagram of the implemented 4-bit W-band phase shifter. Each phase shifter is equipped with an internal settings and calibration memory which can

be accessed through the global SPI interface.

for the receiver and transmitter array respectively. Active and
passive signal dividers are used to distribute signals from the
phase shifters to the frequency conversion blocks. Various RF
and LO stages are stagger-tuned between 75 GHz-100 GHz
to increase the overall system bandwidth. All calibration set-
tings, phase shifter control and biasing circuitry are configured
through a global Serial Peripheral Interface (SPI) link. Detailed
circuit schematics, simulations and operation of all major
phased array blocks are presented in the following sections.

A. W-Band 4-Bit Phase Shifier

The schematic diagram of the W-band 4-bit phase shifter is
shown in Fig. 3. The phase shifter uses vector summation to
synthesize any phase between 0° to 360°. A quadrature splitter
generates in-phase and quadrature components which can be
described as a function of the input signal (RF,),

— RFia,
{VI _ i (1)
V, = jBEmn

Each signal (V] and V) is then applied to independent VGAs
whose outputs are summed using a linear phase interpolator.

The resulting output vector (RF .t ) can be mathematically de-
scribed as a function of the VGA gains A; and Aq,

RFy, ., RFy,
RFO“t:AIVI-FAQVQ:A]T; +]AQ \/é
Assuming that the normalized VGA gains (At and Aq) can take
any value between {—1, 1}, the phase and magnitude compo-
nents of the output signal can be derived through vector algebra

(91,

@)

[RFoul=" 2!\ Lt g ®
/RFo.,:=/RFp,
0°+tan " (i—‘j) Ar>0,40>0
180° — tan—* (1—?) Ar<0,49>0 \
180° +tan ! (j—f) L Ar<0,Aq <0 @
360° —tan ! (A—Cf) L Ar>0,49<0

1) Transformer-Based Quadrature Hybrid: The quadrature
hybrid is based on the lumped implementation of coupled lines
which was first introduced in [19]. At any desired frequency,
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Fig. 4. Schematic of the transformer-based quadrature hybrid and 1/Q amplifiers. The addition of varactor banks to the transformer structure enables digital

quadrature phase calibration across the W-band.

simultaneous amplitude balance and quadrature outputs are
achieved by selecting the values of mutual inductance, coupling
capacitance and coil inductances as described in [19]. However,
depending on the back-end-of-line technology (BEOL), imple-
menting a transformer with the required coupling factor and
coil inductance may not be possible. Furthermore, acceptable
performance of passive implementation of a quadrature hybrid
is limited to a relatively narrow frequency range. Therefore,
calibration of the quadrature hybrid is essential to enable its
use in broadband phase shifters. Fig. 4 shows the schematic
of our quadrature hybrid with the addition of varactor banks
which can be used for phase calibration. The varactors are
implemented using thin-oxide 0.18 um AMOS devices. These
binary-weighted AMOS varactors provide 3-bits (I50_2 and
Qao-_2) of minor phase adjustment on each of the ‘I’ and ‘Q’
outputs for a total of 16 calibration phase settings. Fig. 5 shows
the simulated phase and magnitude balance of the quadrature
hybrid as a function of the digital varactor settings. These
varactor banks enable quadrature phase generation over a much
broader frequency range compared to a traditional hybrid with
fixed capacitance values. Furthermore, varactor settings have
a weak impact on the amplitude balance. Therefore ampli-
tude calibration can be performed independently from phase
calibration.

Fig. 4 also shows the schematic of the ‘I’ and ‘Q’ amplifiers.
These common-emitter amplifiers operate from 1.5 V and com-
pensate for the losses introduced by the passive hybrid. Fur-
thermore, they isolate the sensitive hybrid output nodes from
impedance variations of the subsequent VGA stages.

2) Variable Gain Amplifiers (VGAs): The ‘I” and ‘Q’
VGAs, whose schematics are reproduced in Fig. 6, consist of
single-ended bipolar cascode amplifiers (Q1-3 and Qg_19) with
transformer loads for single-ended to differential conversion.
The collector of transistors Qs and Qpp, which would nor-
mally be tied to the power supply, are connected to a dummy
inductor Lp. The purpose of this dummy load is to emulate
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Fig. 5. Simulated phase and magnitude balance of the transformer-based
quadrature hybrid as a function of digital varactor settings. A total of +8°
of phase adjustment (solid lines) can be achieved with minimal impact on
magnitude balance (dashed lines).

the transformer’s primary coil inductance (Lp). This approach
minimizes impedance variations of the cascode node at various
gain settings.

The VGA gain is set by adjusting the relative currents be-
tween the cascode transistors Qy_g and Qg_1¢ through the use of
digitally controlled 7-bit pre-distortion blocks. In this design the
VGAs accomplish three functions: i) perform amplitude calibra-
tion of the preceding quadrature hybrid, ii) act as the transcon-
ductance for the phase interpolator stage and iii) enable partial
phase selection for the overall phase shifter. The first five least
significant bits (Igg_4 and Qpo_4) compensate for the quadra-
ture hybrid amplitude imbalance between the ‘I’ and ‘Q’ paths
as well as the arctangent nonlinearity described in (4). The re-
maining two most significant bits (Ips_¢ and Qps_g) are used
for phase selection within each quadrant.
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Fig. 6. Schematic of the I/Q VGAs and phase interpolator implemented in the phase shifters. Transformers are used at the interface of the single-ended VGAs

and the differential phase interpolator which operates from 1.5 V.

3) Phase Interpolator: The schematic of the transformer
coupled phase interpolator is also shown in Fig. 6. It consists of
two identical half circuits operating from 1.5 V. Their outputs
are summed passively using Linr and Lg,. The resulting dif-
ferential output (Outp_y ) is the weighted sum of the signals
Iny and Ing,. The digital selector bits (Ico and Qcg) are used
to select the desired output phase quadrant. After calibration,
the digital settings of the phase interpolator in conjunction
with the VGAs enable 4-bits of phase shifting in 22.5° steps
as described by equation (5), shown at the bottom of the page.
Each phase shifter is equipped with on-chip memory where
calibration, phase and bias settings are stored. This distributed
memory allows for independent calibration of each array ele-
ment through the global SPI interface. The calibration process
may be applied at multiple frequencies within the W-band and
the corresponding calibration bits can be loaded according to
the desired frequency range of operation. This is particularly
beneficial to implement systems which will serve in multiple
channels in the W-band spectrum.

B. RF Signal Distribution

To overcome losses associated with purely passive signal dis-
tribution, the RF path of each phased array is implemented with

a combination of active and passive signal distribution. The
overall response of the signal distribution is designed to offer
a few dB of gain within the frequency band of interest. To re-
duce power consumption and chip size, single-ended RF signal
distribution networks are implemented.

1) Receiver Power Combiner: Fig. 7 (top) shows the
schematic of the receiver RF signal distribution. A pair of
Wilkinson power combiners is used to combine the RF signal
from the four phased array elements. The resulting two signals
are then applied to an active power combiner. It consists of two
common-emitter amplifiers (Q1 and Q2) whose outputs are
summed and applied to a common-base amplifier (Q3). The
output collector of the common-base amplifier simultaneously
drives two transformers which perform single-ended to differ-
ential conversion before the I/Q down-conversion mixer.

2) Transmitter Power Splitter: Fig. 7 (bottom) shows the
schematic of the transmitter RF signal distribution. The dif-
ferential output of the I/Q up-conversion mixer is converted
to single ended by a balun (X;) before being applied to the
RF signal distribution. The active power splitter consists of a
bipolar cascode amplifier (Q;) whose common-base transistor
has been divided into two transistors of the same size (Qs_3).

/RF oy = /RFp, +

11.25° + 22.50(130 + 2[31), QB576 = 13576,100 = 0, QCO =0
168.75° — 22.5°(Igo + 2Ip1),@Bs—6 = IBs_¢s, Llco = 1,Qc0 = 0
191.25° +22.5°(Igo + 21p1),@Bs—6 = IBs_s, lco = 1,Qco =1
348.75° — 22.50(1130 + 2]}31), QBs—6 =Ip5_6,1c0=0,Qco =1
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The resulting two outputs then drive two identical Wilkinson
dividers which directly connect to the phase shifter elements.

C. I/Q Frequency Converters

The schematic and block diagram of various elements of the
1/Q frequency converters are shown in Fig. 8 and Fig. 9. Both the
up- and down-conversion blocks are equipped with a frequency
doubler, LO amplifier chain, transformer based quadrature hy-
brid, I/Q mixers and IF variables gain amplifiers.

1) W-Band Frequency Doubler: The schematic of the fre-
quency doubler is shown in Fig. 8. The half-rate input LO signal
is converted to differential signals via a transformer (X1 ) whose
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Fig. 9. Schematic of the transformer-based quadrature hybrid and I/Q direct
up-conversion mixer. The quadrature hybrid employs varactor banks for I/Q
calibration at the desired LO frequency.

outputs drive transistors Q1 5. The second harmonic is col-
lected and amplified by the common-base transistor Q3 while
the fundamental tone is further attenuated by the LC band-stop
filter Cy and L. This allows efficient doubling of the frequency
while attaining high fundamental rejection over a wide band-
width. The output of the frequency doubler is amplified by a
1.5 V common-emitter amplifier before being applied to the
quadrature hybrid.

The single-ended LO output of the common-emitter ampli-
fier is processed by a quadrature hybrid with phase calibration
capability (Fig. 9). The quadrature outputs (L.Oy and LO,) are
applied to a pair of high-gain amplifiers operating in limiting
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mode. This combination reduces the impact of quadrature hy-
brid amplitude imbalance.

2) I/Q Down-Conversion Mixer: Fig. 10 shows the
schematic of the I/Q down-conversion mixer. Transformers
Xy and X5 are used at the interfaces to the double-balanced
mixer (Q_g) to convert the single-ended RF and LO signal
to differential. The RF cascode amplifier (Q13_14) acts as the
transconductance of the mixer and employs heavy inductive
degeneration for improved linearity and impedance matching.
This combination allows the mixer to operate from 2.5 V.
Unlike the RF amplifier, the ‘I’ and ‘Q’ LO amplifiers operate
in limiting mode and instead use series inductance (Lg) and
shunt capacitance (Cg) to achieve impedance matching. The
mixer output employs a single-pole low-pass filter (I}, and
Cp) to limit the output bandwidth to below 8 GHz.

3) I/Q Up-Conversion Mixer: The schematic of the
BiCMOS I/Q up-conversion mixer is shown in Fig. 11. Similar
to the down-converter, the LO amplifiers interface with the
mixer through a pair of transformers (X; ). The mixer IF inputs
comprise 0.18 pm nMOS transistors which are biased at high
current density (.J 0.3 mA/um). This biasing approach
offers a combination of high-linearity and bandwidth on the IF
path [20]. Furthermore, the mixer uses no tail current sources
in order to operate from a single 2.5 V supply [21]. The differ-
ential mixer output signal from transistors (Q1 _s) is converted
to single-ended using balun X, before being applied to the RF
signal distribution network.

4) Low Noise Amplifier (LNA) and Power Amplifier (PA):
The schematics of the implemented LNA and PA are shown in
Fig. 12. The LNA comprises a single-stage cascode amplifier
(Q1_2). The input pad capacitance (approximately 12 fF) is ab-
sorbed into the matching capacitor Cg. The output matching
uses a split inductor load (L¢j o) with the series capacitor C,y,.

The power amplifier (Fig. 12) performs differential to
single-ended conversion and output signal matching through

the use an output transformer and series matching capacitor
C.,. Common-mode inductive and resistive degeneration has
also been added to the differential cascode circuit to improve
its common-mode rejection ratio.

5) IF Variable Gain Amplifiers: Fig. 13 shows the schematic
of the differential IF variable gain amplifier. The core of the am-
plifier comprises a common-emitter stage (Q; o) with digitally
selectable resistive degeneration (Rgo_3) for gain control. Each
of the four control bits drives an nMOS transistor which oper-
ates as a switch (Q;_g). Both the transmitter and receiver IF
amplifiers offer 6 dB of digital gain control with 0.35 dB steps.
This fine gain control can be used to compensate for I/Q ampli-
tude imbalance and to improve image rejection.

III. FABRICATION AND ANTENNA-ON-PCB DESIGN

The transmitter and receiver arrays have been implemented in
the TowerJazz 0.18 g SBC18H3 SiGe BiCMOS process. The
process offers 0.18 g CMOS transistors, HBT bipolar devices
with fr/farax of 240/270 GHz, thin film capacitors, resistors
and 6 layers of Aluminum metallization. All passive elements
were modeled using EMX from Integrand Software [22].

The die photos of the chipset are shown in Fig. 14. The die
area of both the transmitter and receiver array is 1.7 mm x 2 mm
including pads. Various test structures including that of the
phase shifter, frequency multiplier and RF distribution network
have also been fabricated for the purpose of characterization.
To demonstrate the capability of the chipset in wireless link,
a die-on-PCB prototype with integrated antennas has been
assembled.

A. Die- and Antenna-on-PCB Design

Since the implemented phased array chipset is capable of op-
erating in a wide frequency range extending over almost the en-
tire W-band, it is desirable to have an antenna array that has
broad bandwidth without sacrificing much of gain or efficiency.
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Fig. 12. Schematic of the LNA with split inductor output matching (top) and
differential to single-ended PA using an output balun (bottom).

The antenna array shown in Fig. 15 is designed to achieve the
wide bandwidth while maintaining good gain and efficiency.

Fig. 13. Schematic of the IF variable gain amplifier. Each IF amplifier offers
6 dB of digital gain control with 0.35 dB steps.

While the proposed antenna and array can be realized in con-
ventional microwave substrate such as quartz, we have chosen
a high-speed PCB Megtron-6 [23] substrate for array fabrica-
tion to further advance the knowledge and techniques of mil-
limeter-wave antenna integration. The usage of such substrate
material in this frequency band is a novel attempt to the authors’
best knowledge. Such PCB fabrication process would enable the
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Fig. 15. A 3-dimensional view of the implemented phased array antenna. The
antennas are implemented using the top metal layer of the printed circuit board.

integration of antennas into the rest of the control circuit and
achieve simplification of overall module fabrication.

The proposed antenna element is a dipole antenna fed by mi-
crostrip line with transition to coplanar stripline (CPS). In this
regards, the antenna configuration resembles a previously re-
ported quasi-Yagi antenna [24]. The dipole antenna is backed
by the conductor ground plane that acts as a quarter-wave re-
flector. The antenna’s radiating elements are fed by a uni-planar
balun which eliminates the need for the RF signal vias. The en-
tire antenna array (including all elements and quarter-wave re-
flector) is implemented in a single substrate fabrication process
as opposed to multiple fabrication and integration steps which
may be required for typical antenna super-strate approach [8].
The stripline with ground vias (shown north of dipole driver el-
ements) suppress the endfire propagation and direct the antenna
to form broadside radiation with a simulated gain of 6-dB. Such
broadside radiation is desirable as it enables antenna operation
in low profile implementation. The proposed single fabrication
approach can be extended to add director elements to form Yagi
antennas in broadside radiation to achieve even higher direc-
tivity. The relatively complicated feeding network including
balun (balanced to unbalanced transformer) is integrated to in-
terface with the single-ended outputs from the phased array
elements.
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Fig. 16. Simulated antenna default radiation pattern and return loss. The PCB-
integrated antenna array achieves broadband operation with 12 dB of maximum
gain.

Fig. 16 shows the simulated return loss of the proposed an-
tenna which achieves broadband operation of 19-GHz corre-
sponding to 21-% bandwidth for S;;<—10 dB. Fig. 16 also
shows the simulated default radiation pattern of the antenna
array and the scanned beams at two different scan angles. The
progressively linear phase offsets of 60° and —60° are added to
the excitation source of antenna elements. The computed radi-
ation pattern shows that the antenna gain peak is found at 20°
and —20° respectively. The detail characteristics of the antenna
array including measured radiation patterns is not in the scope
of this paper and will be reported in a future publication.

IV. MEASUREMENT RESULTS

Both the transmitter and receiver phased arrays operate from
1.5 V and 2.5 V power supplies and consume 1 W of total
power. All high frequency measurements have been performed
on wafer and on a single phased array element. All phased array
simulation are performed using the Agilent GoldenGate suite
[25] and show good agreement with the measured results.

A. Phase Shifter Measurements

A circuit breakout is used to measure the performance of the
phase shifter. Fig. 17 shows the simulated and measured S-pa-
rameters. The phase shifter has a measured 3 dB bandwidth of
approximately 20 GHz and a maximum gain of 19 dB.

The phase and magnitude error of the phase shifter is shown
in Fig. 18. The phase shifter has been calibrated at 90 GHz and
the total magnitude error at the calibration frequency is approx-
imately £1 dB (0.57 dB rms) and remains better than +1.5 dB
within the W-band. Similarly, a very low phase error is also ob-
served at the calibration frequency. The phase error is better than
+0.5° (0.27° rms) at 90 GHz and remains better than 5° be-
tween 82 GHz to 105 GHz. Furthermore, the phase shifter can
achieve similarly low rms phase and magnitude errors at any se-
lected calibration frequency within its 3 dB bandwidth.

B. I/Q Phased Array Receiver Measurements

The receiver down-conversion gain has been measured for
each array element individually and is shown in Fig. 19. Each
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Fig. 17. Simulated and measured phase shifter S-parameters. The phase shifter
has a measured 3 dB bandwidth of 19 GHz and maximum gain of 19 dB.
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Fig. 18. Measured phase shifter phase and magnitude error after calibration at
90 GHz.

receiver element achieves a bandwidth of about 20 GHz and a
maximum conversion gain of 37 dB. Under default settings, the
gain variation between the four elements is better than 0.5 dB.
The measured IF bandwidth and gain control is approximately
8 GHz and 6 dB respectively.

The measured total down-conversion noise-figure (Fig. 20)
of a receiver element is 6.5 dB at 90 GHz and remains below
7 dB between 75 GHz to 95 GHz. The input matching is better
than —10 dB between 82 GHz to 105 GHz for each element to
the 50-ohm source. The input compression point of the receiver
elements is better than —35 dBm between 70 GHz to 102 GHz
(Fig. 21).

Fig. 22 shows the phase and amplitude error of a receiver
element versus the input RF frequency. The phase and ampli-
tude imbalance remain better than £2° and +0.5 dB between
81.5 GHz and 100.5 GHz respectively.

C. I/Q Phased Array Transmitter Measurements

The 1/Q transmitter produces a maximum saturated output
power of 8.5 dBm per element and higher than 5 dBm between
70 GHz to 100 GHz (Fig. 21). The image and LO rejection of
the transmitter are shown in Fig. 22. With calibration, the image
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Fig. 19. Simulated and measured receiver gain, LNA input return loss and PA
output return loss versus frequency for each array element at a fixed IF frequency
of 10 MHz.
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figure is better than 7 dB between 75 GHz to 95 GHz.
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signal at 90 GHz can be suppressed to below 40 dB. The LO
rejection is achieved by applying a small differential DC signal
to each of the IF input terminals.
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TABLE I
COMPARISON OF THE REPORTED STATE-OF-THE-ART SILICON TRANSCEIVERS AND PHASED ARRAYS
This Work [10,12] [16] [15] [5]
Frequency (GHz) 70-100 51-65 76-84 57-62 55-65
# of Elements 4 16 16 4 1
Function TX/RX TX/RX RX TX/RX TX/RX
Conversion Direct 1/Q Sliding IF 1I/Q Direct 1/Q No Direct
Phase Shifting Active RF Passive RF Active RF Passive RF No
Bandwidth (GHz) 20 13 10 5 10
Gain Per Element
>25 58 >28 25 >10
(dB)
PSAT Per Element
>6 10 N/A 7 2.4
(dBm)
NF Per Element
<7 7.6 <135 <10 <6
(dB)
Calibration Yes Yes Yes No No
Constellation 16QAM - 32QAM 160AM FMCW N/A BPSK
Die-on-PCB Organic BGA
Beam former
Antenna-on-PCB Beam former . .
1/Q direct conv. Antenna-in-pak.
. Beam former Freq. conv. . R i
Integration Level ) . 1/Q calibration Beam former Direct conv.
1/Q direct conv. Synthesizer
. . . . Self-test
1Q calibration 1Q calibration o
L L Digital interface
Digital interface Digital Interface
Antenna Substrate Megron-6 LTCC N/A LTCC N/A (Horn)
Wireless TX/RX Yes/Yes Yes/Yes No No/No Yes/Yes
Wireless Data Rate 10 53 N/A N/A 6
(Gb/s) ]
P Ch |
°Wer(<N) anne 0.5 (TX + RX) 0.35 (TX + RX) 0.075 (RX) 0.145 (TX + RX) 0.374 (TX + RX)
Area (mm?) 1.7x2 6.5 X 6.75 5.5x5.8 2x2 1.28x 0.81
Process BiCMOS 0.18um BiCMOS 0.12pm BiCMOS 0.12pm 65nm CMOS 65nm CMOS
(Fr/ Frunx) 240/270G 200GHz 200 GHz N/A N/A
6 I T T 74 ¥ VL - [ Demod
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Fig. 22. Measured receiver phase/magnitude error and transmitter image/LO
rejection after calibration at 90 GHz.

Copyright 2000-2011 Rgilent Technologies

Fig. 23. Measured transmitted 256-QAM constellation at 90 GHz carrier fre-
quency. Output power is 0 dBm per channel.

A transmitted 256-QAM constellation with 3% EVM is
shown in Fig. 23. Demodulation symbol rate is limited by the
instrument to 5 MS/s. The total transmitted output power is

0 dBm per channel which corresponds to an 8 dBm backoff
from the saturated output power.
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Fig. 24. Photograph of the established wireless link setup. The transmitter and
receiver PCBs are mounted on tripods which are spaced 1-meter apart.

5]
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Fig. 25. Simplified block diagram of the wireless link measurement setup. The
arbitrary waveform generator (AWG) and the oscilloscope are controlled from
a PC running Agilent VSA software suite.

D. Wireless Link Demonstration

Fig. 24 shows a photograph of the wireless link setup. The
transmitter and receiver PCBs are mounted on tripods which are
spaced 1-meter apart. Both phased arrays interface with a com-
puter through USB-SPI converters for programming calibration
and bias settings. The transmitter baseband data is provided by
an Agilent M8190A arbitrary waveform generator which inter-
faces directly with the transmitter PCB. The received baseband
signal is digitized by an Agilent DSA93204A oscilloscope and
analyzed by Agilent VSA software which performs constella-
tion analysis. An Agilent E8257D signal generator provides the
half-rate LO signal to both PCBs. The simplified block diagram
of the wireless link is shown in Fig. 25.

At a distance of I-meter, a 2.5 GBaud/s 16-QAM or
1.75 GBaud/s 32-QAM link can be established with a measured
EVM of 8.1% and 6.6% respectively. The measured SNR in
both cases is approximately 20 dB. Lower data rates are also
achievable at longer distances. The measured spectrum, con-
stellation and performance parameters are shown in Fig. 26.

V. CONCLUSIONS

In this paper we demonstrated a 4-channel receiver and trans-
mitter array with integrated direct-conversion mixers. Our solu-
tion covers a wide frequency range (70-95 GHz) with low re-
ceiver noise (<7 dB), good transmit output power (>>5 dBm)

1123

W 4t 160am Meas Time TR+ Ch 32041 Mees Tme S Y
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Fig. 26. Measured constellation and spectrum of the complete wireless link
operating using an 88 GHz carrier. At a distance of 1-meter, a 2.5 GBaud/s
16-QAM (left) or 1.75 GBaud/s 32-QAM (right) link can be established with a
measured EVM of 8.1% and 6.6% respectively.

from each element. Active accurate calibration for both array
phase and amplitude settings enable mitigation of I/Q amplitude
and phase mismatch in the direct-conversion architecture. This
calibration can be performed at any of the frequencies within the
70-100 GHz band. By employing a chip- and antenna-on-PCB
design, a 10 Gb/s wireless link is demonstrated at a distance of
1 meter with an 88 GHz carrier. This work is compared with
existing state-of-the art mm-wave arrays and transceivers in
Table I.
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