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Abstract—A fully integrated 802.11ad/WiGig compliant 60 GHz
transceiver is presented in a 130 nm SiGe BiCMOS technology. En-
compassing an area of 2.3 mm 2.16 mm 4.97 mm , the trans-
ceiver covers the entire 60 GHz band, from 57 to 66 GHz. Within
this span, the RX NF, TX OP1dB, and PLL RMS jitter is better
than 5.5 dB, 13.5 dBm, and 7 , respectively. The transceiver is
packaged in 1) a system-in-package substrate with industry stan-
dard WR-15 transition providing an approximate 1 dB insertion
loss, and 2) a cost-effective 7 7 mm organic BGA package with
integrated transmit and receive antennas providing 8 dBi gain.
In system-level testing, the transceiver is fully compliant with all
TX EVM and RX sensitivity requirements of the WiGig standard
up to the top-rate 16-QAM operating mode and across all stan-
dard channel frequencies. Link testing over the air with the an-
tenna-integrated package shows a range of 5.9 m at 4.6 Gbps and
over 20 m at 2.5 Gbps. This system achieves the highest perfor-
mance 802.11ad/WiGig compliant wireless links of any reported
single-element transceiver.

Index Terms—Antenna-in-package, BiCMOS, IEEE 802.11ad,
mm-Wave, radio transceivers, SiGe, 60 GHz, WiGig.

I. INTRODUCTION

T HE unlicensed 60 GHz band offers unprecedented access
to uninterrupted spectrum that is on the cusp of being fully

utilized for a range of applications by both start-ups [1]–[3] and
established communication companies [4]–[7]. Many potential
applications exist, within both consumer and enterprise sectors,
that seek to leverage the high data-rate and low-latency wire-
less links enabled by this technology. Research into 60 GHz
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Fig. 1. Modeled wireless link behavior for a single-element WiGig transceiver
for various PHY data-rates. Blue triangle symbols are for measured LOS results
for [3], and square symbols in orange are for this work. With the exception of
the highest data -rate result, which is slightly worse than predicted, the model
accurately predicts the realized system performance.

transceiver design, including the optimal tradeoff between per-
formance, area, and cost has been extensive and robust [5],
[8]–[16].
The adoption of the Wireless Gigabit Alliance (WiGig)

specification by the Wi-Fi Alliance as part of the next-gener-
ation Wi-Fi protocol, IEEE 802.11ad-2012 [17], was a major
step forward for 60 GHz technology. This demonstrated the
industry's readiness to move forward in a unified manner and
avoid the potential fragmentation that can occur without a
widely accepted industry framework. The IEEE 802.11ad-2012
standard defines up to four 2.16 GHzwide channels with centers
at 58.32, 60.48, 62.64, and 64.80 GHz. Signaling schemes up
to 16-QAM are supported under single-carrier (SC) operation,
or up to 64-QAM with OFDM, delivering peak rates of 4.62
and 6.76 Gbps, respectively. Furthermore, the standard defines
beam-forming protocols permitting the use of phased-array
transceivers that can enable system performance enhancements
at the cost of increased silicon area, package area, and DC
power consumption.

0018-9200 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 2. Block diagram of the transceiver.

This paper presents a fully integrated, 802.11ad-2012/WiGig
compliant transceiver that utilizes high-performance 130 nm
SiGe:C BiCMOS technology in conjunction with an optimized
direct-conversion architecture resulting in very high link-per-
formance without the use of a phased-array [18]. The use of
high output power and low noise figure SiGe BiCMOS tech-
nology, combined with specific architectural and design choices
results in a maximum level of performance for a given area and
power-consumption budget.
This paper is organized as follows. Section II presents results

from a model of the expected performance of a WiGig trans-
ceiver, and Section III describes the transceiver design and im-
plementation in detail. Section IV shows measurement results at
a block level, and Section V shows measurement results at the
system and standards level. Finally, a performance comparison
is carried out in Section VI, followed by a summary of the paper
in Section VII.

II. WIGIG PERFORMANCE MODELING

System models have been developed to guide the
802.11ad/WiGig transceiver design choices. Using standard
channel propagation models, IC-specific performance metrics
and known sensitivities for various modulation and coding
schemes, link distance estimations can be calculated for various
data-rates. The result is shown below, and more detail is given
in the Appendix.
The data-rates shown in Fig. 1 are the effective

802.11ad/WiGig physical layer (PHY) data-rates, which
include the low-density parity-check (LDPC) error-correction
coding overhead but excludes the impact of any higher level

protocol. The sensitivity is defined at a 1% packet-error
rate (PER). For the antenna-integrated packaged solution,
results are shown for both a line-of-sight (LOS) model and
a none-line-of-sight model (NLOS), which consists of a
two-reflection path. Results are shown for both the current
generation silicon represented by this work, and a previous
design [3]. Measured results, which will be fully described
in Section V, follow the trend of the model's predictions,
except for the highest data-rate point, where the measured
results are slightly worse than expected. At this top data-rate,
the performance limitations deviate from mainly thermal
contributions to other impairments like non-linearities of the
transmitter and phase noise of the local oscillators.

III. TRANSCEIVER DESCRIPTION

Designed using a 130 nm SiGe:C BiCMOS technology [19],
the transceiver, shown in Fig. 2, implements direct-conversion
transmit and receive architectures with a fundamental-fre-
quency PLL and integrated crystal oscillator. The design
of these major blocks will be described in the following
sub-sections along with a selection of sub-blocks that provide
testability and configuration options. Certain components of
the implemented system have previously been presented [3],
[18], and this will be indicated when appropriate.

A. Transmitter
The transmitter is a direct-conversion design that supports

differential I/Q zero-IF inputs and a single-ended 60 GHz
output. Variable gain is implemented in the baseband and
RF sections through switched baseband attenuators and
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Fig. 3. Key transmitter building block schematics, including: (a) baseband stepped attenuator, (b) transmit up-convert mixer, (c) dual-range RF power detector,
and (d) the output power amplifier.

variable-gain RF amplifiers. DC-offset DACs are integrated for
LO leakage suppression. Phase/amplitude control is available
in the LO distribution path for image rejection correction and
calibration. Multiple integrated power sensors are included as
well as a temperature sensing diode with a dedicated output pad.

1) Baseband Stepped Attenuator: The baseband input path of
the transmitter has been designed to achieve high linearity and
low noise across a wide range of input signals levels using pro-
grammable attenuators. Shown in Fig. 3(a), the programmable
attenuator consists of a passive (resistive) stepped-attenuator,
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implemented using a series of cascaded - and bridged-T sec-
tions, each with programmable switched resistances to achieve
an attenuation range of 23 dBwith steps of 0.75 dB. The 0.75 dB
LSB is implemented using individual 0.25 dB cells that help en-
sure uniform step size.
2) Up-Convert Mixer and LO Buffers: The transmitter LO

path takes a single input from the PLL, generates quadrature
signals, and buffers them to drive the transmit up-convert
mixer. The mixer performs direct up-conversion of the I and
Q baseband signal and combines them at the output to drive
the PA with a modulated 60 GHz signal. The quadrature LO
signals are generated using a lumped 90 hybrid [20], [21]
with added phase-tuning to support quadrature phase cor-
rection/calibration. The I and Q paths of the LO buffer have
independent variable gain and bias control to support amplitude
offset correction/calibration. The mixer includes an integrated
power sensor on the LO inputs to support this amplitude offset
calibration.
The mixer, shown in Fig. 3(b), is a double-balanced Gilbert

cell that operates from a 2.5 V supply and uses resistive de-
generation for reduced gain and improved linearity. The I and
Q signals are combined at RF in the load transformer, which
also acts as the input to the power amplifier. Not shown in the
schematic is a series of adjustable “bleed currents” [22], situated
at the collectors of the transconductor HBTs, which can provide
a tradeoff between linearity and noise figure performance.
3) Dual-Range RF Power Detector: The output power of

the power amplifier is resistively sensed using a dual-path
power detector, shown in Fig. 3(c). Two paths are provided
(only one of which is active at a time), a high-gain path for
low-power leakage signal level detection, and a high-linearity
path for output signal level calibration. The two detector
HBTs drive a common programmable load resistor, followed
by programmable post-amplifiers with selectable 0/24/48 dB
voltage gain (with offset correction). A reference HBT device
is available for normalizing the detected voltage to a zero-ref-
erence. In high-linearity mode, the detector has a sensitivity of
between 10–12 mV/mW, and in high-gain mode, the sensitivity
is around 60 mV/mW. The high-linearity sensitivity value
results in the detector output voltage remaining below 500 mV
up to around 16 dBm.
4) Output Power Amplifier: The schematic of the power am-

plifier is shown in Fig. 3(d) with emitter lengths indi-
cated for bipolar devices Q1–8. It is a 4-stage common-base,
transformer-coupled design. Stages 1 and 3 utilize capacitive-
neutralization feedback [23] to boost the gain with cold-biased
HBTs cross-connected between emitters and collectors. Stage 2
implements RF-path gain-control using current steering to ei-
ther the signal path or AC-ground. Stage 4 drives off-chip using
an output transformer to convert from differential to single-
ended. The secondary coil of the transformer also enables ESD
protection by providing a low-impedance ground connection at
frequencies relevant to ESD events [24], thus protecting any de-
vices at the PA output. In order to optimize the broad frequency
response of the amplifier, the resonance frequency for each stage
was slightly staggered, with stage 1 and stage 2 centered slightly
lower in frequency (57–58 GHz), stage 3 centered higher in fre-
quency (65 GHz), and stage 4 centered around the middle of

the band (60 GHz). The PA is designed to provide output com-
pression points beyond 13.5 dBm over the whole 60 GHz fre-
quency band (57–66 GHz).

B. Receiver
The receiver is a direct-conversion design like the transmitter

that supports differential I/Q zero-IF outputs and a single-ended
60 GHz input. The RF portion of the receiver is partially based
upon [3], but the general description will be repeated here for
convenience, and differences will be indicated. The receiver
baseband VGA and automatic gain-control (AGC) is new to
this work.
1) Low-Noise Amplifier: The low-noise amplifier, with no

major changes from [3], is a 3-stage design with an output
common-base stage that implements variable-gain control. The
input stage is noise-matched to 50 in the presence of the
expected bump-pad capacitance and offers a low-impedance
DC path to ground for ESD protection.
2) Down-Convert Mixer and LO Buffers: The I/Q LO gener-

ation for the receiver is similar to the transmitter side. A lumped-
element, transformer-based quadrature hybrid is used to gen-
erate I/Q signals from a single input signal from the PLL. Active
buffers are used both to amplify and to generate differential sig-
nals for the mixer. This design revision adds quadrature phase
(in the hybrid) and amplitude (in the amplifiers) offset adjust-
ment/compensation capabilities. The design has also been en-
hanced from [3] for robust frequency and gain coverage through
optimizing passives and improving power and ground distribu-
tion networks.
The down-convert mixer contains only minor re-tuning com-

pared with [3] for improved inter-stage matching, signal dis-
tribution, and floor-planning. It utilizes in-phase active power-
splitting to generate I and Q signals, and couples the signals
from the two transconductor HBTs into the mixing-quad using
a transformer. This transformer permits: 1) the generation of
differential input signals for the double-balanced Gilbert cell
mixing quad, and 2) an AC current-folding that relaxes the head-
room requirements of this design from a traditional “stacked”
double-balanced active mixer design. Robust operation of a tra-
ditional stacked HBT-based design from a single 1.8 V supply
would not be possible.
3) Baseband Variable Gain Amplifier: Constructed from

a cascade of four variable gain stages and a fixed-gain 50
output driver, the baseband VGA is designed to provide uniform
sub-1 dB gain steps over almost 50 dB dynamic range while
providing approximately 1 GHz bandwidth. Fig. 4(a) shows
the distribution of digital variable-gain control in the VGA (as
well as the whole receiver), along with the positions of various
peak-detectors and their associated comparators that are used to
monitor signal levels during operation and to provide feedback
to the AGC state machine.
Each variable-gain stage provides approximately 12 dB of

gain-control range which is implemented using a differential
HBT amplifier cell with programmable emitter degeneration.
Emitter degeneration is controlled using a bank of switched re-
sistors placed across the differential node. Along with the VGA
cell's schematic shown in Fig. 4(b), the schematic for the 50
output driver, an emitter-follower buffer operating from 1.2 V,
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Fig. 4. (a) Block diagram showing the distribution of various digital gain-controls within the receiver between different stages at both RF and baseband. Also
shown are the positions of the various peak detectors, comparators, and offset compensations DACs. The schematics for the VGA stage, (b), and the 50
output driver, (c), are also shown. Measured gain and gain-step are shown in (d). The packet structure for theWiGig standard is shown in figure (e) and the simulated
AGC convergence for various WiGig test-packets is shown in (f) for various input packets (top) and the resultant output (bottom).

can be found in Fig. 4(c). To ensure stable operation without os-
cillation, a fully differential topology was used with extensive
power-supply decoupling and careful bias-network design with
appropriate isolation. A measurement of the baseband VGA's
performance is provided in Fig. 4(d) (from a stand-alone test-
structure) showing just under 50 dB dynamic range, from 6 to

53 dB, and a gain-step that is between 0.5 and 1 dB for all ad-
jacent settings.
Also shown in Fig. 4(a) are the four offset compensation

DACs present on both the I- and Q-baseband paths that are used
in the integrated digital feed-forward DC-offset cancellation
system, critical for high-gain and/or DC-coupled homodyne
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Fig. 5. The block diagram of the dual-VCO PLL in (a) along with the schematics of some key blocks including (b) the VCO, (c) the crystal oscillator (XO), and
(d) the VCO selector buffer.

direct-conversion systems. An integrated calibration process
configures the four 7 bit DACs to eliminate both static (mis-
match related) and dynamic (self-mixing related) offsets from

the baseband receive path to a target of below 1 mV at the
output of the receiver. To accommodate potentially varying
LNA RF-path gain, the calibration routine pre-determines up to
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four separate sets of calibration settings which are automatically
selected by the AGC state-machine during gain convergence.
4) Receive Automatic Gain Control: The 802.11ad/WiGig

protocol requires that the receiver be capable of receiving
packets with a wide dynamic range of powers, approximately
78 to 33 dBm, at any given time (with no specific or

presumed correlation between the powers of adjacent packets).
Additionally, due to the packet structure as shown at the top
of Fig. 4(e), the receiver AGC must be settled within 1.2 s of
the packet start in order to correctly receive the channel esti-
mation field (CEF), which is critical for the baseband modem
to operate. The STF (short training field) period of the pre-
amble offers repeating signal patterns (Golay complementary
sequences) that can be used to drive, among other things, the
symbol-rate recovery block in the baseband, as well as AGC
functionality in the receiver.
To achieve the required wide-dynamic range of operation

and rapid convergence, the AGC implements a multi-stage vari-
able gain architecture with parallel power sensing feedback.
The variable gain is implemented digitally with fine control at
baseband, with dB gain-step size, and more coarsely at RF
within the LNA, with larger programmable step sizes and about
24 dB of additional dynamic range. The gain-convergence is
performed in two steps: 1) a rapid convergence to within 6 dB
over approximately the first 300 ns, followed by 2) a progressive
convergence to within 1 gain-step ( 0.8 dB) of the final target
over the next 1 s, before the start of the CEF. The two plots
in Fig. 4(f) show the results of a mixed-signal simulation of the
receiver AGC operating with input packets of a wide range of
modulation schemes and input powers (SNRs) over time, in ns
(top), and the corresponding outputs (bottom) from the receiver,
showing well controlled average output levels. The levels for
the bottom figure are aligned with the full-scale of the baseband
ADC, here normalized to .

C. PLL With Dual-Bank VCO
Frequency generation for the transceiver is provided by a fun-

damental frequency PLL that is based upon the frequency syn-
thesizer from [3], but has had a number of optimizations and im-
provementsmade with the goal of improved frequency coverage
and phase-noise performance. The PLL covers the four standard
802.11ad/WiGig channel center frequencies while operating in
integer mode (58.32, 60.48, 62.64, and 64.80 GHz), and ad-
ditionally offers half-channel steps when using the 0.5-integer
divider. Additionally a delta-sigma modulator can be enabled
to provide fine-grained frequency selection ( PPM) with a
penalty in integrated-jitter performance.
1) Dual VCO-Bank With Integrated Selector and Power

Detectors: To ensure robust frequency coverage of the en-
tire world-wide 60 GHz frequency band (57–66 GHz), a
dual VCO-bank design has been implemented to ease the
tuning-range requirements of the individual oscillators. A
common topology has been implemented for both high- and
low-band VCOs, as shown in Fig. 5(b), with specific tank and
load inductor designs for the high and low frequency VCOs.
The core design utilizes a modified Colpitts topology [25] with
the placement of fine-tuning varactors in the base/tank node in
addition to the traditional varactors in the emitter, which are

used for coarse band selection. In this design, 4 bit coarse-band
selection in conjunction with high/low-band VCO selection
provides 32 tuning band options for the 9 GHz frequency range.
Dynamic selection between the two VCOs is achieved using

(in addition to VCO-specific biasing control) a combined VCO
buffer/selector circuit shown in Fig. 5(d), which provides both
isolation as well as signal-level amplification. Additionally, the
buffer offers a simple VCO power indicator by sensing small
changes in the voltage across the emitter degeneration resistor.
This VCO power monitor signal is used as part of a robust VCO
calibration scheme which optimizes fine-tune varactor voltages
in conjunction with VCO and VCO-buffer/selector biasing con-
ditions.
2) Integrated Crystal Oscillator With External Resonator:

The crystal oscillator circuit, shown in Fig. 5(c), has been op-
timized to improve its negative resistance generation (and thus
its startup margin) as well as the tuning range in order to better
tolerate a wide range of operating conditions and variation. The
HBT-based oscillator core is designed to generate in excess of
1.5 k of negative resistance, and simulations confirm that at
least 400 of negative resistance is presented to the crystal res-
onator at the chip-interface for all targeted operating conditions
(including all loading circuitry, biasing, ESD diodes, and ex-
pected stray capacitances). This is sufficient margin to enable
operation with cost-effective or very small foot-print crystal res-
onators which typically have modest to high equivalent series
resistance (ESR) parameters and are popular in consumer elec-
tronics or mobile applications. This design expects ESRs in ex-
cess of 100 . Additionally, a large digitally controlled capac-
itor array with an LSB step 50 fF and a total range up to 24 pF
is available for fine-frequency adjustment to compensate for fre-
quency-drift during operation or static offsets between parts.
Frequency resolution below 0.5 PPM is achievable even with
a wide tuning range of about 70 PPM.
Finally, signal levels in the tank and output buffer/level-

shifter design have been improved to ensure a reduced phase
noise floor over all conditions and consequently a reduced jitter
contribution from the reference oscillator to the overall PLL
operation. The phase-noise for the crystal oscillator has a noise
floor below 165 dBc/Hz from a 30 kHz offset and above.

D. Transceiver Biasing, Support, and Control Circuitry
An integrated band-gap with fine-voltage trimming and mul-

tiple LDOs provide stable and robust biasing and power sup-
plies. Multiple programmable GPIOs and a 4-wire SPI interface
ensure fast and robust control over all operational features. The
GPIOs also permit the rapid selection of various chip operating
states, including receive/transmit operating selection and fine
control of the receiver AGC operation.
Numerous features are included on the chip for robust and ef-

fective testing and configuration of the transceiver. A low-speed
sensing ADC (LS-ADC) has been included that offers 10 bit
resolution with an INL less than 0.5 LSB (after one-time cal-
ibration) and a 1MHz sample rate. A high-precision reference
counter provides the ability to either frequency tune the inte-
grated crystal oscillator to less than 1 PPM (using an external
high stability reference clock) or to monitor any internal clock
signals including the 60 GHz VCOs or the bank of process-
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Fig. 6. Die micrograph of the transceiver showing the 2.3 2.16 mm
4.97 mm dimensions.

tracking ring-oscillators. For process tracking, in addition to the
ring-oscillators, resistor sheet resistance and contact/via resis-
tance can be monitored using calibrated reference voltages and
currents.
Analog test and sensing signals from throughout the chip

(such as power-detector outputs or LDO voltage read-back)
are routed and multiplexed to common test-points where they
can be either internally monitored using the LS-ADC, or mul-
tiplexed on to any of the GPIO pins for external measurement.
A dedicated pin is offered with a direct connection to a stan-

dard PN-junction thermal diode (located in close proximity to
the transmitter power amplifier) that can be monitored exter-
nally using industry-standard sensors. Alternatively, the diode
can be monitored using internal temperature sensing circuits
with C accuracy. For the internal monitoring option, addi-
tional thermal diodes are available in the PLL and the process
tracking block.
Finally, a range of factory-level calibration data is stored

on-chip in a bank of one-time programmable anti-fuse cells
that includes LS-ADC calibration, band-gap trimming, and
crystal-oscillator frequency normalization.

IV. BLOCK PERFORMANCE

A. Manufactured IC and Packaging

A die micrograph of the manufactured transceiver IC is
shown in Fig. 6 with a total area of 2.3 2.16 mm
4.97 mm . The design utilizes flip-chip bumps with 160 m
pitch organized in a non-uniform array. From 1.2, 1.8, and
2.5 V supplies, the chip consumes 340 and 720 mW in re-
ceive-mode and transmit-mode, respectively. Under relaxed
phase-noise requirement conditions, a further 50–60 mW of
power can be eliminated through reduced biasing in the VCO
and charge-pump circuits.
Two different packaging/interface solutions are presented in

Fig. 7. First, in Fig. 7(a), is a high-performance ceramic-sub-
strate version, where the IC is mounted directly along with key
passive components and offers an industry-standard WR-15

Fig. 7. Transceiver packaging options: Substrate-integrated wave-guide tran-
sition module (a) and the measured insertion and return loss (b), and the an-
tenna-integrated package (c) with radiation patterns (d). The E- and H-plane
radiation patterns are shown in red and blue, respectively.

waveguide interface. The 24 28 mm substrate includes a
45 MHz crystal resonator and a low-profile 30-pin connector
that is used for all IC-related signals (low-frequency control
as well as baseband I/Q signals) and power supplies. The
substrate includes the necessary mounting holes to directly
attach to a waveguide flange. A compact, low-loss, wide-band
and low-cost transition to waveguide has been designed and
optimized in the presence of the flip chip bump and the die. The
same transition has been used for dedicated transmit and receive
versions of the module (utilizing the same IC). The transition
performance, as shown in Fig. 7(b), shows an insertion loss
below 1 dB for most of the 60 GHz band and a return loss better
than 5 dB across the band, and better than 10 dB from 62 to
67 GHz. The transition has been characterized by measuring

a back-to-back test structure, which is a waveguide to CPW
transition followed by a 2 cm 50 CPW line followed by an
identical CPW to waveguide transition. To de-embed the CPW
line effect, three CPW lines with different lengths have been
fabricated on the same substrate and measured with on-wafer
GSG probes. These waveguide-interface modules were used
for the majority of system characterization and the insertion
loss of the transition was de-embedded for all transmit-related
results but not for the receiver results.
In addition to the wave-guide modules, an antenna-integrated

package was implemented in a low-cost organic material.
Shown in Fig. 7(c), the package is 7 7 mm , utilizes a
0.5-mm-pitch BGA, and is less than 0.8 mm thick when fully
mounted on standard PCB. Dedicated receive and transmit
antennas are integrated, and offer approximately 8 dBi gain
(Fig. 7(d)) across the four 802.11ad/WiGig channels.
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Fig. 8. (a) PLL RMS phase error (integrate from 10 kHz to 100 MHz) and spot frequency (@ 1 MHz) vs. LO center frequency. (b) PLL phase-noise curve for
difference channel frequencies.

Fig. 9. Receiver performance results: conversion gain and for fixed LO frequencies and swept RF around the channel centers (a) and DSB NF versus
baseband frequency (b). Receiver AGC output leveling vs. input power (c) and receiver AGC output leveling for various LO center frequencies with swept RF
input tones (d).

B. PLL
The integrated PLL covers the 60 GHz frequency band with

margin, extending over 1 GHz below and above the standard fre-
quency band edges (57 and 66 GHz). Fig. 8(a) shows the PLL
integrated phase-noise (in degrees-RMS) for the closest avail-
able integer or 0.5x-integer center frequencies. Additionally, the
VCO spot-noise at 1 MHz offset is shown. The phase-noise re-
sults for the four standard 802.11ad/WiGig channel frequencies

are presented in Fig. 8(b) where the nominal loop-bandwidth for
the PLL is around 2 MHz.

C. Receiver

The receiver provides a flat frequency response across
more than 10 GHz of center-frequency settings. The plot in
Fig. 9(a) shows approximately 3 dB of variation at maximum
gain across 900 MHz around the channel centers, and has a
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Fig. 10. (a) Transmitter gain, , and , sideband and carrier rejection ratio (CRR, SRR) for swept LO frequency (with constant IF). Additionally, gain
curves are shown for channel 1–4 with swept IF frequencies. (b) Swept power/gain curves for channel 1 with three different baseband digital stepped-attenuator
settings. The for the shown settings is constant at 15.6 dBm. Example of LO leakage calibration (c), with the resulting impact on the output spectrum (d).

stable output compression points of between 5 to 4 dBm.
Flat baseband frequency response is available with less than
1 dB of noise-figure variation observed within each channel
in Fig. 9(b). The degraded noise-figure result in channel 1 is
a consequence of the waveguide transition mismatch at the
receiver input in the frequency range below 61 GHz.
The robust operation of the receive AGC is demonstrated in

Fig. 9(c) and (d), where the first figure shows AGC's output
leveling ability against a swept input signal from 80 dBm up
to 10 dBm. From 70 dBm, the output signal is kept with
2 dB of the target output level of 6 dBm. When the center
frequency and baseband frequency is varied, the receive AGC
is able to offer consistent and stable output powers, as shown in
Fig. 9(d).

D. Transmitter

The transmitter output 1 dB compression and saturated power
frequency response is shown in Fig. 10(a) for a constant base-
band input frequency, and a swept LO frequency. The output
1 dB compression and saturated power reach 16.5 dBm and

17.5 dBm, respectively, and vary by less than 3 dB over the fre-
quency band between 57 GHz and 66 GHz. The gain is shown
for fixed LO frequencies (equivalent to the 4 WiGig channels),
with swept IF around channel centers, showing gains between
22 and 23 dB and 3 dB responses greater than GHz. Addi-
tionally, the sideband and carrier rejection ratio (SRR and CRR,
respectively) are shown for swept LO frequency. The CRR is
shown after performing leakage calibration (described below).
The SRR is better than 25 dB across the band, and better
than 30 dB for frequencies above 59 GHz. The CRR is better
than 35 dB for frequencies above 58 GHz. The functionality
of the stepped-attenuator is demonstrated in Fig. 10(b), where
three digital attenuator settings are selected, the input power is
swept and the corresponding output power and gain is recorded.
Across the range of attenuator settings, the output remains
constant at 15.6 dBm, while the input improves with the
added attenuation.
An example of standard LO leakage suppression calibration

is shown in Fig. 10(c) and (d). The 9 bit resolution (8 bit plus
sign) current-DACs are swept to generate small DC offsets at
the I and Q baseband inputs, and the corresponding LO leakage
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Fig. 11. Measured transmit EVM vs. TX output power for channel 1 (58.32 GHz) (a), and the transmit mask for MCS9 operation at dBm (c). MCS9 EVM
compliance ( 15 dB) is met up to 14.1 dBm, and MCS12 compliance ( 21 dB) is met up to 10.4 dBm. Additionally, (c) shows the measured peak transmit
EVMs (at dB back-off) for all 802.11ad/WiGig channel centers, including non-standard channels ‘0’ and ‘5’.

signal is measured at the PA output using the RF power detector.
Rapid convergence is achieved by using sequential sweeps on
the I and Q paths before a final sweep on the I path results in
an optimized leakage level. An additional sweep is shown for
the Q path where no further reduction in the detected leakage
is observed. The final output leakage level is limited by the
sensitivity of the RF power detector in high-gain mode, and
not by the offset DAC resolution. The calibration typically re-
duces the LO leakage by more than 20 dB, to levels below 35
dBc, which is sufficient to mitigate any potential degradation of
overall signal fidelity.

V. SYSTEM LEVEL AND LINK TESTING

A. Transmit EVM and Output Power
Transmitter and full link (TX-RX) characterization was

carried out using 802.11ad/WiGig compliant packets gener-

ated by a waveform generator being fed data from a software
package (Keysight 81199A Wideband Waveform Center) that
implements a standard-compliant baseband and can both gen-
erate and analyze WiGig packets. For transmit EVM testing, a
test-fixture was used that utilizes the wave-guide packaged IC
in conjunction with a reference receiver built from off-the-shelf
waveguide components (Quinstar WR-15 mixer) and labora-
tory signal generators (Agilent E8257D). The down-converted
signal is then captured/digitized using a broadband Agilent os-
cilloscope and then analyzed using the 81199AWWC software.
Fig. 11(a) shows the measured transmit EVM for a range of

output powers for both MCS9 (QPSK data with a 2.502 Gbps
effective PHY data-rate) and MCS12 (16-QAM data with a
4.62 Gbps effective PHY data-rate) signals. Here, the output
power was measured separately from the EVM using a wave-
guide power sensor connected directly to the test module.
The 802.11ad standard requires worst-case EVMs for MCS9
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Fig. 12. An example of VCO pulling by high-power transmitter operation.
Single-tone operation (blue trace) at 14 dBm output power results in a 55 dB
spur in the PLL divider path (divide-by-288). High-power WiGig packets (red
trace), 13 dBm, result in a minor, 5 dB increase in the observed noise floor.

at 15 dB and MCS12 at 21 dB. The results show stan-
dard compliant EVMs for MCS9 at 14.1 dBm and MCS12
at 10.4 dBm. For the MCS9 case, the corresponding output
transmit mask is shown in Fig. 11(b) for an output power of
14 dBm. The best-case EVMs for all channel centers while

operating at MCS12 are shown in Fig. 11(c), where the EVM
was measured at back-off. Channels 1–4 show at least 3 dB
margin from the required 21 dB EVM. Results for non-stan-
dard channels ‘0’ and ‘5’ (56.16 and 66.96 GHz) are shown
in order to demonstrate the wide frequency coverage of the
system.
A design concern when implementing a direct-conversion ar-

chitecture with a fundamental frequency VCO is the possibility
of VCO-pulling by the power amplifier [26]. The transmit EVM
testing does not indicate any specific issues relating to this con-
sideration for this work, but the presence of VCO-pulling can be
confirmed by looking at the PLL feedback divider signal in the
presence of a high-power low-IF tone at the transmitter output.
Fig. 12 shows the results when looking at the divider output with
a 450 kHz signal being applied and a resultant output power of
around 14 dBm. Spurs can be seen in the spectrum around the
210 MHz carrier (60.48 GHz 288) offset by 450 kHz with
powers 55 dB below the carrier. Under normal operation with a
high-power modulated signal applied to the transmitter (gener-
ating 13 dBm at the output), only a small, less than 5 dB in-
crease in the noise floor is observed. These observations, along
with the robust transmitter EVM testing results, indicate that
VCO-pulling is not a significant factor for a broad bandwidth
system like this work, where only a small fraction of the signal
power lies within the pulling bandwidth of the VCO.

B. Full Link Testing and Receiver Sensitivity
Full link (TX-RX) performance was tested using setup as

shown in Fig. 13(a), where the lab equipment and off-the-shelf
down-converter have been replaced by a receiver test-module.
Additionally, a set of fixed and variable attenuators are placed in

the waveguide path in order to facilitate a wide-range of signal
levels. An example of a full-link EVM is shown in Fig. 13(b) for
a high SNR condition where an EVM of 22 dB is achieved in
channel 1.
By controlling the level of attenuation between the trans-

mitter and receiver test-modules, the receiver sensitivity was
examined. Fig. 13(c) shows the measured receiver sensitivity
across the whole range of MCS levels (here shown by their cor-
responding data-rates on the x-axis) with the top-trace showing
the standard specification for minimum sensitivity. For these re-
sults, the sensitivity level was determined for all channel center
frequencies (from 1–4), and the worst value used. These results
demonstrate a margin of operation between 5.5 and 9 dB be-
yond the standard for all MCS operating modes. Specifically, for
MCS12 and MCS0, the sensitivities are 59 and 83.5 dBm,
respectively. Within just MCS12, the peak 16-QAM operating
mode, Fig. 13(d) shows the sensitivity for each channel, with
the worst-case margin being approximately 5.9 dB on channel 2.
The figure also shows the nominal “best-case” EVM forMCS12
in each channel when operating under high-SNR conditions.
The results range from 22 dB in channel 1, to 20 dB in
channel 4.

C. Over-the-Air Link Testing

Finally, link-testing was carried out in the open-air using the
antenna-integrated package and the transceiver IC. Testing was
carried out in an indoor office-space environment with cubi-
cles and other standard obstructions present. Transmit data was
generated using an Agilent AWG, and baseband capture of the
received signals was performed by an Agilent oscilloscope. A
block diagram of the test-setup is shown in Fig. 14(a).
Results are shown in Fig. 14(b) for LOS links, where a dis-

tance of 5.9 m was achieved at MCS12 (16-QAM, 4.62 Gbps)
and 20 m at MCS9 (QPSK, 2.5 Gbps). Results from other pub-
lished works are also shown in the figure.

VI. PERFORMANCE SUMMARY AND COMPETITIVE
COMPARISON

Table I shows a comparison between this work and other pub-
lished 60 GHz systems. Emphasis was placed on reported link
results through free-space and results that included package- or
substrate-integrated antennas. Both phased-array and single-el-
ement devices are represented. The comparison indicates that
this work is able to surpass, to the best of our knowledge, all
other published single-element designs, and is competitive with
some phased-array solutions. Further, if the relative power and
area of the different solutions are considered, it is clear that
the achieved range and data-rate of this work is an improve-
ment of the state of the art. The realized link distance of [5]
requires 6 the radio area, and twice the DC power consump-
tion. Similarly, [1] reaches excellent link distances for a very
modest power-consumption increase (relative to this work), but
the required radio area is greater than 10 this solution. These
results indicate that the cost, in terms of power and area, of
achieving high performance 802.11ad/WiGig links through the
use phase-array architectures will be high, regardless of the re-
alized system performance improvements.
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Fig. 13. Measured transmit-receive link setup (a) along with a sample TX-RX link EVM result (channel 1, high SNR) in (b). (c) Receiver sensitivity is shown
against the standard specification. (d) TX-RX link EVM results for all channels (under high SNR conditions) along with receiver sensitivity performance for all
channels at MCS12 (shown against the 53 dBm specification requirement).

VII. CONCLUSION
A fully integrated 60 GHz transceiver has been presented in

a 130 nm SiGe BiCMOS technology. Functioning across the
whole 60 GHz frequency band (57–66 GHz), the system im-
plements a transmitter with an dBm, a receiver
with a noise-figure below 5.5 dB, and a PLL with an integrated
RMS error below 7 . Additionally, system-level testing shows
transmit EVM results better than 24 dB (corresponding to a
3 dB margin), and a receive sensitivity at least 5.5 dB better

than the standard requirement for all channels and modulation
schemes up to 16-QAM (MCS12). Finally, free-space TX-RX
link testing using the package-integrated antenna shows excel-
lent range results with 5.9 m at 4.62 Gbps (MCS12) and over
20 m at 2.5 Gbps. These results represent, to the best of our
knowledge, the best published link results for a single-element
802.11ad/WiGig compliant transceiver.

APPENDIX

A simple system model, based on a link budget analysis,
can be used to estimate link distances, especially in the case of
line-of-sight configurations. For a simple line-of-sight situation
where a basic propagation loss index of 2 is assumed, only the
receiver sensitivity must be known in order to examine the po-
tential link distance for a variety of radio configurations. In this
case, the receiver sensitivity is defined at a 1% packet-error rate
(PER). This number can be determined in a number of ways,
either from the minimum specification defined by the standard,

Fig. 14. Link distance testing setup (a) and results from the testing (b), in-
cluding results from the published literature. Only results that utilize package-
or substrate-integrated antennas have been included (excluding external horn
antennas, etc.). Raw data-rates vs. PHY data-rates have been used interchange-
ably here as the specific reporting is not always consistent. One result, [1], is not
shown in the plot for scaling purposes, even though the result of 50m@3.8 Gbps
is excellent.
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TABLE I
PERFORMANCE SUMMARY AND COMPARISON

through system simulations of the receiver and the baseband, or,
as in this example, through hardware measurements. The sensi-
tivity figure effectively encompasses a number of important pa-
rameters including: system noise-figure, implementation losses,
thermal noise, and signal bandwidth. It typically ignores nonlin-
earities on both the transmit and receive sides.
For the case of MCS (modulation and coding scheme) 9,

which results in an effective PHY data rate of 2.5 Gb/s, the re-
ceiver sensitivity for this work, as shown in Section V.B.
and in Fig. 13(c), is approximately 66 dBm.With this number,
a basic link margin analysis can be carried out:

(1)

where , and FSPL are the transmit power,
transmit antenna gain, receive antenna gain, and free-space path
loss, respectively. The first three parameters will all be known
based on a specific radio configuration, and the sensitivity is
as given above. The FSPL, for ideal conditions assuming no
additional atmospheric absorption (i.e., from oxygen or water),
is given by:

(2)

where is the speed of light, is the center frequency of the
channel, is the distance, and is the propagation loss index,
which we take to be 2. The assumption to ignore atmospheric
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absorption, which could be as high as 20 dB/km in the 60 GHz
band, only applies to links on the order of 50m or less, where the
total effective absorption would amount to 1 dB or less. Solving
for situations with longer links, where this assumption cannot be
made, requires the use of a full path-loss equation that includes
losses from atmospheric effects, and which can no longer be
solved as a closed-form expression. However, simple numerical
techniques can easily solve such a problem.
For the case where the expected link distance is below 50 m,

and using parameters from this work, with
8 dBi and a transmit power, , of 13 dBm, the only unknown
for formula (1), is the distance, . The expression can be rear-
ranged and solved for :

(3)

(4)

This result compares well with the measured link distance of
approximately 20 m.
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