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Abstract—This paper presents a low power 60 GHz transceiver
that includes RF, LO, PLL and BB signal paths integrated into
a single chip. The transceiver has been fabricated in a standard
90 nm CM OS process and includes specially designed ESD protec-
tion on all mm-wave pads. With a 1.2 V supply the chip consumes
170 mW while transmitting 10 dBm and 138 mW while receiving.
Data transmission up to 5 Gb/s on each of | and Q channels has
been measured, as has data reception over a Im wireless link at
4 Gb/s QPSK with lessthan 10! BER.

Index Terms—M illimeter-wave integrated circuits, direct-con-
version transceiver, CMOS, low-noise amplifier (LNA), mixer,
power amplifier, voltage-controlled oscillator (VCO), phase-locked
loop (PLL), 60 GHz, decision feedback equalizer.

I. INTRODUCTION

ITH mobile devices becoming more powerful and in-

cluding more storage than ever before, new applications
are emerging that require fast wireless data transfers while con-
suming very low power. Communication in the 60 GHz band
offers an attractive potential solution to meet the needs of these
applications, and researchers have made significant progressin
the design of CMOS mm-wave circuitry. For example, Floyd
et al. described an integrated mm-wave front-end implemented
in a SiGe processin [1], while other demonstrations have used
CMOS technology [2]-{6].

Despite this progress, many challenges to achieving the
energy efficiency required of multi-Gb/s communication be-
tween mobile devices remain. For example, in many past
mm-wave publications, key components such as the frequency
synthesizer and/or the baseband have been omitted from the
integrated solution, making it difficult to characterize the power

Manuscript received April 23, 2009; revised July 31, 2009. Current version
published December 11, 2009. This paper was approved by Guest Editor Zhihua
Wang. This work was supported by the National Science Foundation Infra-
structure Grant No. 0403427, DARPA, C2S2, Cascade Microtech, VTT, and
Berkeley Design Automation. Chip fabrication was donated by STMicroelec-
tronics.

C. Marcu, D. Chowdhury, C. Thakkar, J.-D. Park, L.-K. Kong, M. Tabesh, B.
Afshar, A. Arbabian, S. Gambini, R. Zamani, E. Alon, and A. M. Niknejad are
with the University of California at Berkeley, Berkeley, CA 94720 USA.

Y. Wang is with Intel, Hillsboro, OR 97124 USA.

A. Guptawas with the University of California at Berkeley, and is now with
Microsoft, Redmond, WA 98052 USA.

Color versions of one or more of the figuresin this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JSSC.2009.2032584

and performance tradeoffs inherent in a complete system.
Furthermore, complete 60 GHz transmitters with both high
output power (~ 10 dBm) and efficiency (> 10% PAE) have yet
to be demonstrated in CMOS, and generating and distributing
alocal oscillator (LO) with sufficient voltage swing typically
requires substantial power dissipation. Similarly, although an
integrated baseband was described in [ 7], the power dissipation
of abaseband suitable for wideband mm-wave communications
remains unquantified.

In order to address these challenges and highlight some of
the critical remaining issues, this paper presents the design of
one of the first integrated, energy-efficient 60 GHz transceivers
including baseband circuitry. This 90 nm direct conversion de-
sign (Fig. 1) includes the RF and baseband (BB) signal paths as
well as an integrated phase-locked loop (PLL) and LO distribu-
tion network. Building on work such as[7], the transceiver also
includes baseband circuitry utilizing mixed-signal techniques
similar to those used in high-speed electrical links in order to
maximize energy efficiency.

By utilizing the available bandwidth at 60 GHz as a single
channel, the transceiver was designed to allow 10 Gb/s com-
munication using QPSK modulation. Except where noted, the
transceiver operates from a 1.2 V supply, consuming 170 mwW
in transmit mode and 138 mW in receive mode. Section Il
describes the techniques used in the transmitter to achieve
> 10 dBm output power while maintaining this relatively low
power consumption. Section IIl discusses the design of the
mm-wave receiver and introduces a transmission-line based
ESD protection circuit used in the low-noise amplifier (LNA) to
enable packaging. Section IV then describes the mixed-signal
techniques used in the baseband to reduce power consumption
at multi-Gb/s data rates. The challenges of low-power LO
generation and distribution are then described in Section V.
Finally, measured resultsfor the entire transceiver are presented
in Section VI, followed by concluding remarksin Section V1.

II. TRANSMITTER

Achieving both high output power and efficiency in transmit-
ters remains a significant challenge at mm-wave frequencies.
This is further complicated by the need for power combining
of | and Q signals in the quadrature transmit chain, which can
be a significant source of loss. Both of these challenges are ad-
dressed in thistransmitter design in order to enable alow power
mm-wave transceiver for mobile applications. Furthermore, a
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Fig. 1. Transceiver block diagram.

key feature of the RF portion of the transmit section (mixer
and PA) is that it employs a transformer-based architecture.
Compared to conventional transmission-line based matching
network design, this approach reduces silicon area, with com-
parable insertion loss. The transmitter design consists of a
digital baseband pattern generator, integrated digital-to-analog
(DAC)/mixer structure, power amplifier (PA), and on-chip
voltage-controlled oscillator (VCO) and PLL. Since we are
not targeting a particular standard and using the entire 60 GHz
band as a single channel, no reconstruction filter was used in
this design.

Thedigital datafrom the on-chip PRBS generator isfed tothe
modulator, which consistsof afully differential combined DAC-
mixer structure (Fig. 2). The modulator uses a double-balanced
Gilbert quad whose tail current sources are digitally switched
by the input data. This structure reuses the DAC current for
the mixer and improves linearity by omitting the transconduc-
tance (g, ) stage of aconventional mixer. The LO signal derived
from the VCO is converted to differential mode using alow-loss
(1 dB) transformer and fed into the LO port of the Gilbert cell.
The mixer nominally requires —4 dBm of LO drive at the tran-
sistor gates. This power is primarily determined by the input
impedance of the LO port and the voltage swing required for
good conversion gain. This has some important implicationsin
the design of the LO distribution, aswill be seen in Section V.

In order to achieve high data rates, the transceiver employs
QPSK modulation, and hence the outputs of both an in-phase
(1) and a quadrature (Q) up-conversion mixer must be com-
bined into a single RF output. A convenient way to achieve this
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Fig. 2. Three-bit digital-to-RF modulator.

combination is through current-mode summation, achieved by
directly connecting the outputs of the two mixers as illustrated
in Fig. 3. However, current mode summation is challenging at
60 GHz dueto the low output impedance of thetransistors (even
when they are in saturation). To achieve low-loss current sum-
mation, it would seem that a matching network is required to
bring the input impedance of the PA down significantly below
the output impedance of the mixer (~100 €2 in this design).
However, if thetransformation ratio istoo high, such amatching
network would have significant insertion loss. Thedesign of this
matching network therefore inherently involves a tradeoff be-
tween achieving low-loss current summation while maintaining
low insertion loss, and thus there is an optimum impedance that
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Fig. 4. Transformer-coupled PA schematic. A 1V supply voltage is used on the output stage and its driver for improved reliability.

balances these two loss components and provides maximum
power to the PA. Matching the input impedance of the power
amplifier to this optimum valueis crucia to minimizeloss. This
impedance transformation was achieved by the use of a trans-
former composed of two loop inductors stacked vertically to
provide high coupling factor. However, connecting the differ-
ential outputs of the | and Q mixers to the input transformer
of the PA creates appreciable lead inductances. If unaccounted
for, these leads would cause unwanted impedance transforma-
tion and thereby increase combination loss. In order to avoid
this, theseleads have been model ed as edge-coupled differential
striplines and absorbed into the impedance matching network
design. The modulator is designed to provide —2 dBm output
power and has a measured power consumption of 19.2 mw
under nominal settings.

The combined output from the quadrature mixer is fed to
a transformer-coupled, pseudo-differential power amplifier
(Fig. 4). This design is an improved version of the PA pre-
sented in [8]; specifically, an extra cascode driver stage (both
common-source and common-gate devices are 40 pm/0.1 pm)

has been added to increase the power gain of the amplifier chain
so that it can be driven by the on-chip mixer. In addition to gain
enhancement, the cascode configuration has better stability, and
its higher reverse isolation maintains the input impedance of
the PA (and hence the impedance seen by mixer) largely inde-
pendent of any possible |oading variations down the chain. The
last two stages are common-source configurations to increase
output power. However, to reduce power consumption and
enhance efficiency, the driver common-source devices (40 pm)
have been scaled by afactor of two in comparison to the output
devices, with optimized transformers performing the necessary
inter-stage impedance matching with minimum possible loss.
The output transformer performs both impedance matching to
the external 50 (2 load, as well as differential-to-single-ended
conversion. It employs two vertically-coupled loop inductors
of diameter 42 ym. The measured minimum insertion loss
(derived from S-parameters) of the transformer is 0.9 dB. The
PA isoperated fromalV supply in order toimprovereliability,
and has a simulated small signal gain of 14 dB at 60 GHz; the
power gain of the PA has been verified by measuring the output
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Fig. 6. Measured transmit eye diagram of the I-channel while transmitting
5 GS/sin QPSK.

power of the modulator in a separate test chip. The PA achieves
11 dBm of output power with a peak PAE of 14.6% (Fig. 5).

The entire transmitter chain was tested using QPSK modu-
lated signals created by on-chip PRBS generators (one gener-
ator for the I-channel data, and onefor the Q-channel data). The
60 GHz output from the transmitter was down-converted using
an external fourth-harmonic mixer and the eye diagram was ob-
served on an oscilloscope. However, due to the availability of
only areal down-conversion mixer (as opposed to a quadrature
mixer which can provide both | and Q), the eye-diagram could
be traced only for either the I-channel or the Q-channel, but not
both simultaneously. Fig. 6 showsthe eye diagram?! when trans-
mitting 5 Gb/s on the I-channel. Thus, with the same data rate
being transmitted on the Q channel, this would be equivalent to
10 Gb/s QPSK transmission.

One of the advantages of a transformer-based design for the
PA isthat it also offers inherent ESD protection. At 60 GHz,
conventional ESD protection diodes can have significant |osses,
degrading the output power in the case of a transmitter, or the
noise figure in the case of areceiver. However, at 60 GHz, the
sizes of the transformersrequired arefairly small, with winding
diameter mostly between 30-70 pm. ESD transients typically
last on the order of a few us (MHz frequencies). Therefore,
at these low fregquencies, the secondary winding of the trans-
former looks like a short circuit that shunts the ESD current to

1Some of the amplitude noise visible in the eye-diagram was traced back to
loss of frequency lock between the two instruments generating the 60 GHz LO
used on-chip for up-conversion and the 15 GHz L O signal used with the external
fourth-harmonic down-conversion mixer. The frequency drift between the two
instruments locking creates a low-frequency beat signal that manifests as am-
plitude noise in the transmitted eye diagram.
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ground. Since the magnetic coupling of the 60 GHz transformer
reduces to very low values at MHz frequencies, there is very
little voltage transfer to the primary side and hencethe active de-
vicesdo not seethevoltage or current spikes. However, themain
limitation of the transformer when used as ESD protectionisthe
transient current handling capacity of the metal traces, whichin
thisdesign are 8 pum wide. Nonetheless, aswill be described fur-
ther in Section V11, ESD testing of the transmitter indicates that
the transformer provides adequate protection against a 400 V
machine model (MM) [9] event.

1. MILLIMETER-WAVE RECEIVER

Thereceiver design consists of an ESD-protected, two-stage,
cascode LNA, quadrature hybrid, 1/Q downconversion mixers,
and a four-stage variable-gain amplifier (VGA). The receiver
shares the VCO and PLL with the transmitter. The basic
building blocks of the LNA, mixer, and VGA follow the same
design presented in [10]. ESD protection was however added
to the LNA as a part of the input matching network in order
to enable packaging (Fig. 7). The ESD protection network
consists of three 300 pm shorted shunt stubs, which at the
< 1 GHz frequencies where most of the ESD energy is concen-
trated [11] shunt the ESD-induced input current to ground. At
mm-wave frequencies, these same shunt stubs form a ladder
matching network that causes an impedance transformation.
This extra transformation requires some adjustment of the
existing transmission line based matching network to maintain
a 50 Q match, but the overall insertion lossis increased by only
0.7 dB from 55-65 GHz. The design of this ESD protection
circuit is described in greater detail in [12].

This ESD circuit was designed to provide protection against
both the human body model (HBM) [13] and the machine model
(MM). However, MM ESD events cause significantly higher
current levels than HBM events and generate a bidirectional
damped oscillation that can destroy resistive metal structures
with thin metal layers. Therefore, the design of the protection
network is largely driven by achieving sufficient protection
against these MM events. Specifically, the protection network
uses three stubs (rather than a single stub) in order to distribute
the large ESD currents and to progressively lower the voltage
as the ESD event propagates toward the LNA. Furthermore,
in order to ensure sufficient current handling capability, each
of these stubs is implemented using the top two metal layers
strapped together with vias. The resulting simulated voltage at
the gate of the nMOS device in the LNA due to a MM ESD
event is less 0.3 V (Fig. 8), and ESD tests (described further
in Section VII) performed on the fabricated transceiver chip
confirm protection against up to 400 V MM events.

One of the largest drawbacks of transmission-line based de-
signs like this receiver are their large required area. It is thus
important to find ways of reducing this area where possible. In
thisdesign, in order to extract the RF | and Q signals, the output
of the LNA is split using a quadrature hybrid that is designed
to provide 50 2 input and output matching. Standard hybrid de-
signs have branch-lines with dimensions on the order of /4,
which is large even at 60 GHz. It is possible to reduce the size
of the branch-lines by employing shunt capacitive loading [14],
but this requires high characteristic impedance branch-lines in
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Fig. 8. Simulated ESD transient voltage applied to LNA (200 V MM) and re-
sulting voltage transient appearing at the MOS gate.

order to maintain 50 €2 input and output matching. Thus, in this
design the branch-lines are realized using asymmetric coplanar
waveguide (ACPW) transmission-linesin order to achieve high
characteristic impedance with low spacing between signal and
ground conductors. This design reduces substrate losses and
helps to alleviate discontinuity effects at the branch-line junc-
tions. To minimize phase errors from process variations, dis-
tributed microstrip shunt-stubs are used to realize the desired
capacitors.

Fig. 9 shows the detailed structure of the hybrid; this quadra-
ture hybrid consumes only 20% of the area of a conventional
design. 3-D EM simulations indicate that this hybrid achieves
2 dB insertion lossand 4% phase error over 7 GHz of bandwidth.
In order to enable further characterization, the hybrid was also
fabricated as a stand-alone test structure. Measured S-param-
eters of this standalone hybrid after 3-port de-embedding [15]
are shown in Fig. 10. The worst case measured insertion loss
across the band was 2.5 dB for the | channel and 4 dB for the
Q channel. The worst case measured magnitude error between |
and Q across the band was approximately 1.5 dB. These errors
are partially due to the fact that the matching was shifted down
to 58 GHz from the expected center frequency of 60 GHz.

A layout error in the test structure made it difficult to mea-
sure phase differences accurately. Instead, the phase error can
be approximated based on the measured isolation and return loss

Port 1 Port 2

M7 : Slotted GND

Microstripline
(M6)
M7 : Asymmetric
CPW Signal

Termination
Resistor

M6 : Microstripline
Signal

Port 3

Fig. 9. Hybrid layout detail.

magnitudes. The hybrid can be analyzed using ABCD parame-
ters based on even-odd mode analysis from the direct measure-
ment of the isolation between Port 2 and Port 3 [16]. Using this
analysis and the S-parameters in Fig. 10, we can estimate that
the 1-Q phase error is maximally bounded at 13 degrees. Be-
cause we assume that the isolation is only dependent on phase
error and impedance variation, this estimated |-Q phase error
bound is somewhat pessimistic, as will be shown later through
a more accurate measurement in Section V1. Since the ACPW
structure has asymmetric fiel d distribution over the oxide layers,
the main discrepancy between simulation and measured results
ismost likely caused by an error in the modeling of the substrate
stackup used in the EM simulation.

IV. HIGH-SPEED BASEBAND

As this transceiver design is targeted for high data rates, the
baseband must operate at GHz frequencies while providing
functions such as phase rotation to account for phase differences
between the transmit and receive LO as well as equalization
to counter 1Sl. Utilizing complex modulation schemes and a
traditional ADC/DSP-based implementation approach would,
however, require baseband power consumption on the order
of 100 mW or more [17]-{19]. Instead, we chose to use a
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simple modulation scheme and follow the approach taken
by high-speed chip-to-chip links. Specifically, the baseband
uses only as many comparators as are required to extract the
data while performing mixed-signal processing around those
comparators to counter non-idealitiesin the transceiver and the
channel.

In order to compensate for the phase difference between the
transmit and receive LO, the mixed-signal baseband includes
a digitally programmable analog phase rotator (Fig. 11). The
phase rotator consists of a switched bank of current-summed
transconductance (g.,) stages whose polarities and input
sources are selected digitally in order to perform a vector
summation. With the phase quadrant selected separately by
polarity controls, achieving ~5° phase resolution requires
the gains of the | and Q channels to be controlled with 4-bit
resolution. In a direct implementation [20] [Fig. 12(a)], this
would require 16 g, cells for each of the rotator’s amplifiers;
i.e., each output would be driven by 32 g,,, cells(16 from | input
and 16 from the Q input). However, since the phase rotator’s
gain should not vary with the phase setting [i.e., the rotator’s
output should remain on the unit circle; see Fig. 12(b)], all 32 of
these cells will never be turned on simultaneously. Therefore,
the direct implementation has extra parasitic drain capacitance
(by afactor of |/2) that leads to a similar increase in the phase
rotator’s power dissipation for a given bandwidth. Therefore,
in this design we leverage knowledge of the phase rotator’s
functionality by alowing 8 of the cells to choose between the
| and the Q inputs, resulting in only 24 total cells per output
[Fig. 12(c)]. Note that instead of shutting down the tail current
source when the “0” input is selected, a common mode voltage
is connected to the input in order to keep the output common
mode constant. Finally, the quadrant selection is implemented
by a Gilbert cell which is hard switched by the polarity control
signal. Each phase rotator achieves a simulated bandwidth of
more than 3.5 GHz when loaded by the DFE current switches
and comparators (described next) with a measured current
consumption of 1.2 mA.

Even under line-of-sight conditions, the receiver must also
be able to counter channel non-idealities such asreflections that
result in residual 1Sl (Fig. 13). In order to counter such IS, a
5-tap mixed-signal complex decision feedback equalizer (DFE)
was implemented. Much like high-speed link DFEs [21], this

~ I'=lcos(6)+Qsin(6)

am e

Q Q'=Qcos(6)-Isin(6)

Fig. 11. Phase rotator block diagram.

design uses a mixed-signal half-rate architecture with a loop
unrolled [22] first tap in order to move the critical timing path
purely into the digital domain. Since the equalizer is complex
and must handle | SI from all four possible previous QPSK sym-
bols (Fig. 14), the unrolled first tap uses 4 comparators with tun-
able thresholds. Since there are atotal of 16 comparators (4 per
clock phase, per 1/Q channel), the comparators use near min-
imum-sized devices to minimize power consumption, which in-
troduces a 3 sigma voltage offset of about 100 mV. An 8-bit
current-mode offset cancellation DAC isemployed to cancel the
DC offset aswell as serve as thefirst tap of the DFE operation.
DFE summation for the rest of the taps is implemented as cur-
rent mode addition at the output node of the phase rotator. Each
tap coefficient is controlled by a 6-bit current mode DAC, and
each phase rotator output is loaded by eight switched-current
cells(four for the direct feedback, and four for the cross-channel
feedback). When clocked at 2.5 GHz (10 Gb/s QPSK), the en-
tire mixed-signal baseband consumes only 12 mw.

V. LO GENERATION AND DISTRIBUTION

Low-power generation and distribution of LO signals is a
challenge in al mm-wave transceiver designs. To generate a
stable LO, this transceiver uses a fixed division ratio, charge-
pump-based PLL witha117 MHzreference (making acrystal or
MEMS source feasible) and atarget |loop bandwidth of 4 MHz.
Since the transceiver is designed to utilize the entire 60 GHz
band as a single channel, programmable division ratios are not
required in the PLL. In order to remove the need for a power-
hungry 60 GHz divider, a push-push oscillator is used, leading
tothe PLL topology shownin Fig. 15. The most challenging as-
pects of this design are the VCO and the first divider that must
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operate at very high frequencies while maintaining good power
efficiency. The core of the oscillator (Fig. 16) is based on a dif-
ferential Clapp topology tuned to 30 GHz. nMOS varactors are
utilized in the resonant tank to allow tuning for process varia
tions. The differential outputs of the core are pushed into a sec-
ondary resonant tank that extracts the single-ended second har-
monic at 60 GHz from the common mode. Due to the inductors,
all three terminals of the MOS transistors in the oscillator core
can have very large swings. To limit these swingsfor reliability,
the VCO is operated from a 0.7 V supply and draws 12 mA.
It has a measured tuning range of 4.4 GHz (59.6-64 GHz) at
the push-push output, as shown in Fig. 18. The tuning range is

shifted upin frequency dueto overcompensation of the expected
parasiticsin the design. The simulated output power at 60 GHz
is —9dBm, whereasthe measured power is6 dB lower. Thepre-
cise source of this discrepancy is presently unknown, although
simulations show that this phenomenon can be explained by a
reduction in the loaded Q of the resonant tank.

The first divider in the chain is the most challenging to de-
sign since it must operate with a 30 GHz input signal. A static
CML flip-flop hasamuch wider locking range but is simply not
fast enough to achieve division with a 30 GHz input. Instead, a
“pulsed-latch” topology [23] is used which can achieve higher
speeds of operation by the use of a single CML latch and two
delay stages. In this 90 nm technology it was not necessary to
use inductive shunt or series peaking techniques inside of the
pulsed-latch in order to achieve the desired speed. Instead, a
triode region pMOS load was employed to allow tuning of the
divider performanceto ensuredivider lock over PVT variations,
while at the same time reducing the required area. The 30 GHz
divider schematic is shown in Fig. 17 and draws 8 mA from a
1.2 V supply. The master-slave design in the 15 GHz divider
reuses the CML latch from the 30 GHz divider and consumes
atotal of 4.25 mA froma 1.2 V supply. The remaining divider
chainiscomposed of TSPC and standard cell D-FF dividers. In-
cluding the VCO, the entire PLL consumes 26.3 mW.

The measured output spectrum of the locked PLL isshownin
Fig. 19. Thehigh spur levelsof —23 dBc arelikely dueto supply
injection, which couples onto the VCO control node through the
loop filter, as well as due to mismatch in the charge pump. The
phase noise spectrum of the locked PLL is shown in Fig. 20.
From thismeasurement it appearsthat the actual |oop bandwidth
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Fig. 14. Five-tap complex DFE with unrolled first tap. The DFE/dlicer circuits operate on both edges of the baseband clock (0. odd, e. even).
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Fig. 16. VCO schematic. For reliability, the VCO is operated from a 0.7 V
supply.

is closer to 1-2 MHz.2 The phase noise of the VCO can be es-
timated from this plot by looking well outside the loop band-
width. At a 10 MHz offset from the 60 GHz carrier, the phase

2Thefast roll-off in phase noise near 2 MHz offset is likely due to excess 1/f
noise in the charge pump.

noise is —112 dBc/Hz. This leads to a FOM for the oscillator
[calculated with (1), below] of —178.4 dB.

fo Ppc

FOM = L{Af} —20log <Af> + 101log <1mW> . (D
Once the LO has been generated by the PLL, the challenge
of distribution still remains. In this design, the VCO is shared
between the transmitter and receiver and must feed both
in-phase and quadrature mixers, thus requiring power splitting
and/or quadrature signal generation. On the transmitter side,
the quadrature splitting is performed in the LO path, while
on the receiver side the quadrature separation is performed in
the RF path in order to maximize our ability to reuse existing
blocks. The LO path (Fig. 21) was designed in a 50 @ CPW
transmission line environment to allow routing the signal over
long distances. The 60 GHz output from the VCO is first split
into the transmit and receive sides using a Wilkinson divider.
On the receive side, another Wilkinson divider splits the signal
into two L O signalsin phase. On the transmit side, a90° hybrid
(Fig. 9) splitsthe signal into two LO signalsin quadrature. The
cascode amplifiers in the LO path provide sufficient gain to
overcome the losses of the passive splitters and transmission
lines and to provide some margin for variationsin VCO output
power. To alow for design reuse, all buffers are sized and
biased identically, consuming approximately 7 mW each.

The complete LO path consumes 50 mW, which is a sub-
stantia portion of the total transceiver power and is larger than
the power consumption of the PLL itself. Thus, optimization
of the LO distribution to reduce its power consumption is an
important area for further research. For example, although the
LO chain power might be reduced by alternative architectures
that require fewer buffers (e.g., quadrature or fundamental-fre-
guency VCOs with higher output power), these architectures
tend to significantly increase the core VCO/PLL power con-
sumption [3], [4]. Furthermore, regardless of the topology used,
the final four buffers must provide sufficient voltage swing to
the four mixers, thus setting alower bound of the power dissipa-
tion of the LO distribution. Aswas mentioned in Section |1, the
transmit mixer requires —4 dBm of LO power, whilethereceive
mixer presents a lower impedance at the LO port and requires
—2.5dBm of LO power for high voltage swing and conversion
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Fig.19. Measured spectrum of thelocked PLL. In simulation, the charge pump
alone causes — 35 dBc reference spurs.

gain. Moving away from a 50 2 environment would allow the
designer to optimize the size and bias of the final four buffers
to provide the required voltage swing to the mixers with lower
DC power consumption. Since this design used a 50 €2 envi-
ronment to facilitate design reuse, the final four buffers are thus
overdesigned and consume more than 50% of the DC power in

Carrier Power -16.12 dBm RAtten 0.06 dB Mkr 1

le Be./H:

Fig. 20. Measured PLL phase noise spectrum.

WILKINSON

90°
QUAD. HYBRID

Fig. 21. LO distribution network with amplifiers providing 7 dB gain and
power splitters each having 4-5 dB effective loss (3 dB from splitting and 1-2
dB loss). The distribution network is designed to provide at least 10 dB gain
from the VCO output to each mixer despite power splitter and transmission
line losses.

the chain. Preliminary calculations show that afactor of two re-
ductionin DC power consumption is possible in thesefinal four
bufferswith a proper redesign, with power reduction limited by
the low output impedance of transistors at 60 GHz and finite
quality factor of matching network components. Furthermore,
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Fig. 22. Transceiver die photo.

the power consumption of the remaining buffers in the chain
can also be reduced by using transmission lines with Z,, higher
than 50 €2 aslong aslow loss can be maintained in the matching
networks and transmission lines.

V1. TRANSCEIVER TESTING RESULTS

The transceiver was fabricated in a standard one-poly-seven-
metal (1P7M) 90 nm CM OS processwith no special RF options.
Thediemeasures 2.5 x 2.75 mm? (Fig. 22) and wasbondedin a
chip-on-board configuration to enable DC signals and clocksto
be driven through a PCB while directly probing the 60 GHz sig-
nals using a probe station. Communication between transceiver
chipswastestedin 3 stages:. loop-back, chip-to-chip over awire,
and chip-to-chip wireless. In theloop-back mode, asingletrans-
ceiver chip was used to test and debug individual components,
with the output from the PA on the transmitter side directly wire
bonded to the input of the LNA on the receiver side. Using the
loop-back mode allows usto transmit controlled signalsinto our
receiver for debug purposes. In the wired and wireless modes
two transceiver chips were used, one serving as the transmitter,
and the other asthe receiver to achieve communication between
two separate chips. In the wired mode, a3 m 1.85 mm coaxial
cable was connected between the PA on the transmitting chip
and the LNA on the receiving chip. In the wireless mode, each
transceiver was connected to a 25 dBi horn antenna placed ap-
proximately 1 m apart. Since this design does not include con-
trol loops such as carrier recovery or clock and data recovery,
these functions were performed manually during testing.

Using the on-chip PRBS generators/checkers, data transfer
rates were tested in each of the three configurations described
above in order to find the maximum data rate possible without
receiving any errors. Due to limited testing time, data bursts
were limited to 10! hits, and thus we define the maximum data
rate here as the maximum achieved data rate while receiving no
errorsin those 10! hits. Furthermore, the bit error rates (BER)
we report are limited to 10~ ! due to this limited measurement
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time and not due to any inherent design limitation. The highest
data rates achieved are 7 Gh/s in loop-back mode, 6 Gb/s over
the wired channel, and 4 Gb/s over the wireless channel.

These datarates are clearly below our target of 10 Gb/s—the
principal limitation to increased data rates appears to be noise
on the global 1.2 V supply caused by the digital baseband test
circuitry (such as the PRBS generators and checkers) coupling
into the inputs of the VGAs. Although this principal limitation
would berelatively straightforward to resolve by splitting and/or
regulating the supplies of the RF/mixed-signal baseband, exam-
ining additional limitations stemming from the RF and baseband
provides further insights into the operation of these circuits.

The phase rotator constellation (Fig. 23) illustrates the non-
idealities present inthe RF path. The constellationis constructed
by sending separately identifiable signals on | and Q in loop-
back mode and varying the phase setting codes in the receiver.
The signals received on the | and Q channels are then measured
using the baseband receiver by sweeping the thresholds of the
comparators and plotting the CDF of the signal [24]. Inthisway
we can identify the crosstalk between the | and Q channels. The
solid curve shows a best fit line through the measured constella-
tion, which should ideally be a quarter-circle. From Fig. 23 we
can identify two effects. First, there is an amplitude mismatch
between | and Q. Second, we can see that | and Q are not truly
in quadrature, but are in fact separated by ~100°. Thisis most
likely due to the I-Q phase mismatches in the transmit and re-
ceive hybrids. As described in Section 111, this phase mismatch
has an upper bound of 13°. However, with this more accurate
measurement we see that the phase mismatch is closer to 5° for
each hybrid. Measuring the phase rotator constellation also a-
lowsusto find the phase rotator transfer curve (Fig. 24) more ac-
curately by deembedding the effects mentioned above. Doing so
reveals that the phase rotator is fairly linear, although the mea-
surements are till relatively noisy due to limited averaging.

As evident in the BER plot in Fig. 25, another limitation to
the achievable data rate is a baseband timing offset between the
| and Q channel. Interestingly, athough this timing offset has
several sources, the mgjority of the offset is actually generated
in the RF path. First, there is some gain and phase mismatch
in the hybrid, which on the receive side is in the signal path.
The more interesting cause of baseband 1/Q timing mismatch
comes from the upconversion mixer in the transmitter. From
Fig. 3 we can see that there are eight large transistors forming
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the switching quads that must be placed in close proximity to
each other to reduce parasitics. This makes symmetric routing
of the mixer inputs and outputs practically impossible. Further-
more, the | and Q mixer outputs are simply shorted together,
leading to complex loading conditions that contribute to timing
mismatch. While the mixer’s output lead inductances can be
somewhat taken into account in the PA input matching network,
the asymmetry cannot be accurately corrected. Unfortunately,
the only way to isolate the outputs would be to use an isolating
power combiner which would add significant area overhead and
introduce additional loss. In all, the mismatch between | and Q
due to al effects in the upconversion mixer is approximately
14 ps. In addition to the RF-induced 1/Q timing mismatch, due
to alayout error, the lengths of the wires connecting the | and Q
VGA outputs are imbalanced, which contributes to the timing
mismatch as well.

Asmentioned in earlier sections, both the LNA and PA were
designed with ESD protection circuitry, either explicit asin the
case of the LNA, or inherent as in the case of the PA. To vali-
date these circuits, ESD tests were performed on the transceiver
based onthe MM, which, asdescribed in Section 111, ismoredif-
ficult to withstand than HBM. A 200 pF capacitor was charged
to the given voltage to model the charged metallic handler and
then discharged into the DUT using a mechanical switch. DC
needle probes were used to contact the pads with the positive
side of the charged capacitor on the signal pad and the negative
side on the ground pad. Both the LNA and PA ESD protection

TABLE |
POWER BREAKDOWN
Block Power (mW) Block Power (mW)
LNA 18 TX DAC/Mixer 19.2
Mixers 15.6 PA 82.2
VGAs 23 VCO 9.8
DFE and Phase Rotator 12 Dividers 17.3
VvCO 9.8 LO Buffers 36
Dividers 17.3 Bias and Clock Dist. 5
LO Buffers 36 TOTAL TX 169.5
Bias and Clock Dist. 6.3
TOTAL RX 138.3

weretested repeatedly using this setup. Based on our tests, both
the LNA and PA were adequately protected for 400 V MM ESD
events.

VIl. CONCLUSION

This paper describes the design and characterization of anin-
tegrated 90 nm CMOS 60 GHz transceiver including RF and BB
signal paths as well as LO generation and distribution. Energy
efficiency isone of the key challengesto utilizing 60 GHz trans-
ceiversin mobile applications, and hence was a principal focus
in this design. Leveraging mixed-signal techniques originally
developed for high-speed electrical links enabled a baseband
receiver signal path that dissipates only 12 mW at 5 GS/s. At
the transmitter, tapered transistor sizing in the PA and current
sharing in the modulator provide significant efficiency improve-
ments. Finally, although L O generation and distribution remain
challenging, the power consumed in these circuits can be sub-
stantially reduced by moving away from 50 2 designs.

To enablelow-cost packaging of such atransceiver, ESD pro-
tection of even the mm-wave padsishighly desirable, and hence
this design featured a simple transmission line-based ESD pro-
tection circuit that adds only 0.7 dB of additional insertion loss
at the receiver. Similarly, utilizing transformer-based matching
networksin thetransmitter providesinherent ESD protection for
the PA and leads to a significant reduction in area.

The transceiver operates from a 1.2 V supply and con-
sumes 170 mW in transmit mode and 138 mW in receive
mode (Table I). Using the on-chip 23! —1 PRBS generator and
checker, a BER of <10 ! (limited by measurement time)
was measured for the transceiver while sending 4 Gb/s with
QPSK modulation over a 1 m wireless channel with 25 dBi
horn antennas. The same BER was measured while sending the
same sequence at 6 Gb/s over a3 m wired channel.
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