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Abstract— A mixed-mode QPSK demodulator for 60-GHz
wireless personal area network application is demonstrated. The
prototype chip realized by 60-nm CMOS process can demodulate
up to 4.8-Gb/s QPSK signals at 4.8-GHz carrier frequency. At
this carrier frequency, the demodulator core consumes 54 mW
from 1.2-V power supply while the chip area is 150 x 150 pm’.
Using the fabricated chip, transmission and demodulation of 1.7-
GSymbol/s QPSK signal in 60-GHz link is demonstrated.

Keywords— QPSK, demodulator, 60-GHz, WPAN, CMOS,
mixed-mode

1. INTRODUCTION

There are growing interests for 60-GHz wireless personal
area networks and the IEEE 802.15.3c standard has been
recently released [1]. As the standard supports Gb/s of
transmission, realization of efficient wideband demodulators
becomes an important task. Although digital demodulators are
widely used, the increase in the data rate makes the realizing
of required ADCs challenging. The IEEE 802.15.3c specifies
the sample rate of 1.7-GSymbol/s [1], and ADCs meeting this
requirement consume much power and chip area. We have
previously demonstrated the mixed-mode binary-phase-shift
keying (BPSK) demodulation scheme using effectively 1-bit
sampler, which can save power and chip area significantly [2,
3]. We showed that slicing BPSK signals with a hard limiter
produces signals that are essentially NRZ data and,
consequently, a mixed-mode clock and data recovery (CDR)
structure can be successfully applied for demodulation of
BPSK signals [3]. As an extension, we demonstrate a mixed-
mode QPSK demodulator in this paper. Although 1-bit
resolution sampling is not enough for complex digital
processing such as frequency domain equalization to avoid
degradation from multi-path fading, it relieves the linearity
requirement of RF circuits and offers simple structures, which
can be advantageous for short-range line-of-sight applications.

II. DEMODULATOR SCHEME

Assuming o represents the carrier frequency and input data
for each I or Q (DI, DQ) have 1 for ‘high (H)’ and -1 for ‘low
(L), the QPSK-modulated signal (MOD) can be represented
as

MOD = DI cos ot + DQ sin ot.

Fig. 1 shows 4 symbols of QPSK-modulated signals in the
time domain. Symbols have sine- or cosine-like shapes or
their inversions, with 90 degree of phase difference. Slicing
QPSK signals with a hard limiter produces signals that are 4-
bit NRZ data sequences. Consequently, CDR circuits typically
used for NRZ data processing can be applied for
synchronizing demodulator clocks to QPSK carrier signals.
For each symbol in Fig. 1, two front bits of 4-bit NRZ
sequence are the inverted version of the two rear bits, which
are identical to input symbols. Consequently, QPSK-
modulated signals are demodulated by inverting two front bits.
This procedure requires only 1-bit resolution sampling.

1/Q Symbol
(D1, DQ) (L L) (L, H) (H, L) (H, H)
Modulated /7 \ \ 7/ \ ~
Waveform \/ v / \ \/
After |_| —I I— |_|
Hard limiter | | | | _|I |_I | |
Sequonce M HILL HLILH LHHL LLiHH
Sequence : i i i

Fig. 1 Sliced QPSK symbols in time domain.

Since 4-bit NRZ data sequence is processed by 4-phase
parallel sampling structure, quad-rate CDR which uses 4-
phase sampling clocks is selected for our approach. Fig. 2
shows how a quad-rate CDR phase-tracks QPSK-modulated
signals. A quad-rate CDR requires 8-phase clocks (CLK1-4,
and their inversions), in which even number clocks (CLK2,
CLK4) track transition edges. If rising and falling edges of
CLK2 and CLK4 lead NRZ data, CDR makes its clocks
slower, and if lag, faster. Then, a quad-rate CDR aligns CLK2
and CLK4 at transition edges of NRZ and, consequently,
CLK1 and CLK3 are placed at the center of NRZ bit.

Fig. 3 schematically shows the data detection flow using
the mixed-mode QPSK demodulation scheme. For given DI,
DQ, and carrier, the modulated signal (MOD) is generated as
shown in the figure. After synchronizing with a quad-rate
CDR, CLK1 and CLK3 are aligned as shown in the figure.
Arrows represent sampling points of CLK1 (solid arrows) and
CLK3 (dotted arrows). White arrows are at rising edges, and
black arrows are at falling edges of CLK1 and CLK3. SI1 and
SQ1 are sampled with CLK1 and CLK3, respectively, at both
rising and falling edges. Finally, inverting circled samples of



2010 Asia Pacific Conference on Circuits and Systems (APCCAS 2010)
6 — 9 December 2010, Kuala Lumpur, Malaysia

QPSK Signal

~—1— Demodulator Core (Phase Detector + MUXS) =——

- ~ R N - N R N
NRZ & Al &4 Al &4 Al & 4 4]l a Al 3 3 3 3 |§ |§ |§ |§
-+ [ |- > | | [+ |> |-
CLK1 -“-“: N I i “““‘: E- )
B - Tomn| - - B -
CLK2 [ Toss 7
CLK3i | i
4 Jomlemm——— < Ll S L L] - tomlemmme- \J—' \J—' \J/ \J—' \J/ \J—' L
oL ¢ S @
(@) @\ @\ r! @\
% T Tt T
Wop \//\\/m\// 3
NRZ A A & 4 |4 o 4 & 2 |4 4|
~ -~ ') ™ ] N~
| « | «| « | «| «| « C'—Kl 4 o zf.) o o § @
CLK1 |} I UL N
CLK2 [ . e e
CLK3 ' “““‘I i “““‘I i “-“-‘I
== ’ . : fnommmmsss 4 -stage Ring VCO J
CLK4
b — \J \J
(®) External Data | Data Q
Loop Filter

Fig. 2 Phase-tracking QPSK-modulated signal with quad-rate CDR; (a) clock
lead (b) clock lag

DI H

DQ

L

shn (O O o © o (B L
st ® - |O |L © O O -
Si2 @ H __H l@ H @ H (:) L
SQ2 @ L L @ H @ H @ H

Fig. 3 Data detection flow

SI1 and SQ1, which are sampled at rising edges, produces SI2
and SQ2 which are identical to DI and DQ as shown in the
figure.

Fig. 4 Block diagram of prototype chip

III. IMPLEMENTATION

Fig. 4 is the block diagram of the prototype chip. Its
structure is identical to that of a CDR consisting of a digital
phase detector (PD) and analog phase control blocks (VCO,
loop filter). In order to demodulate 4.8-GHz QPSK signals
with the proposed scheme, 19.2-Gb/s quad-rate CDR
capability is required, since there are 4 NRZ bits in one period
of the 4.8-GHz carrier. For this, a bang-bang type quad-rate
PD in [4] is employed. This PD consists of D-FFs (D1-8),
XOR gates (X1-8), and comparators (C1-4). 4-stage ring VCO
generates 8 multi-phase clocks (CLK1-4 and their inversions)
and two adjacent clocks have 45 degree of phase differences.
As shown in the figure, two MUXs (M1-2) are added for
demodulation. M1 and M2 use outputs of D-FFs (S1, S3, S5
and S7) to compose double edge triggered flip-flops, and have
one inverted input port in order to invert samples at rising
edges of clock. Consequently, M1 produces inverted version
of S1 when CLK1 is low and S5 when CLK1 is high, and M2
operates similarly with S3, S7 and CLK3. There are two
dummy MUXs to match delay for S2, S4, S6 and S8. These
are not shown in the figure.

Latches in D-FFs and XOR gates are derived from the
MUX circuit. MUXs are realized with the differential current
mode logic (CML). The benefit of this is common-mode noise
rejection. It also provides high switching speed by current
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TABLEI
PERFORMANCE OF FABRICATED CHIP

1000um

Process CMOS 60nm Standard
. 4.8Gb/s (total)
Maximum data rate 2.4 Gb/s (each 1/Q)
Carrier frequency 4.8GHz

1 x 1 mm? (including PAD)

Fig. 5 Layout of prototype chip.
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Fig. 6 Eye-diagrams of demodulated data @2.4Gb/s for each I/Q (X: 52ps/div,
Y: 100mVdiff/div).

steering. Comparators, after XOR gates in the figure, are
implemented with charge pumps. The differential charge
pump scheme is employed for high speed operation. The
additional benefit is power supply noise immunity from
differential topology.

Area 150 x 150 pm? (demodulator)
50 x 90 um? (VCO)
Supply voltage 1.2V

113 mW (including 3 CML 1I/Os)

Power consumption 54 mW (core + VCO)

IV. MEASUREMENTS

The prototype chip was fabricated using 60-nm CMOS
technology. Fig. 5 shows the layout of the prototype chip. The
chip area of demodulator is 150 x 150 pum’. To verify the
operation of the prototype chip, 2.4-GSymbol/s QPSK signal
using 4.8-GHz carrier frequency, which contains 4.8-Gb/s
data in total, is generated by the arbitrary waveform generator
(AWG). The fabricated chip consumes 54 mW from 1.2-V
power supply at this carrier frequency. Fig. 6 shows the eye-
diagram of demodulated data for each 1/Q channel. A single
bit of demodulated data consists of 4 samples, which are
sampled at rising and falling edges of each 4.8-GHz 1/Q clock.
Samples of demodulated I/Q data are misaligned by 1/4 period
of 4.8-GHz clock since 1/Q clock has 90 degree of phase
difference. Input symbol transitions in “sample4” make two
transition lines on the eye-diagram of “data Q”. This problem
is due to the quantized timing error explained in [2], but it will
disappear after CDR. Table I summarizes the performance of
the fabricated chip.

The fabricated chip was tested for 60-GHz link,
implemented with external components as shown in Fig. 7.
40-dB attenuator models 1-meter of air loss in 60-GHz band
using 15-dBi antenna at both Tx and Rx. The whole link has
4.75-GHz bandwidth and gives 12-dB loss. Although a single
LO provides RF clocks for both Tx and Rx in the
measurement setup, the proposed scheme is capable of
tracking the frequency offset which inevitably appears
between Tx and Rx in the super-heterodyne scheme. 1.7-
GSymbol/s QPSK signal was generated for feasibility test of
IEEE 802.15.3¢c using a band-limited QPSK modulator, which
was implemented as shown in Fig. 8. Each of two
programmable pattern generators (PPGs) provides data for I or
Q channel. Two PPGs have to be synchronized, since phase
and frequency mismatch results in undesired symbol
transitions in QPSK signals. Low pass filters limit their
bandwidth and two mixers convert band-limited data to BPSK
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Fig. 10 Eye-diagram of demodulated data in 60-GHz link measurement @ Tx
output power 4.6dBm (X: 115ps/div, Y: 100mV/div).

signal with 4.8-GHz LO signals. In one mixer, LO signals are
90° phase-shifted. Finally, combining two BPSK signals
produces the desired QPSK signal. Fig. 9 shows the measured
BER vs. Tx output power curve. The fabricated chip achieved
BER under 10 for larger Tx output power than 4 dBm, and
the eye-diagram of demodulated data at this point is shown in
Fig. 10. Transition edges of eye-diagram are thick because of
the quantized timing error, as mentioned in [2]. The floor
appears at 107 of BER, and is due to I/Q mismatches in both
Tx and Rx as well as phase noises of both RF and IF clocks.
In addition, the required transmission power can be reduced
by further optimization of RF link.

V. CONCLUSIONS

A mixed-mode QPSK demodulator for 60-GHz WPAN
application is demonstrated. Our scheme saves power and
chip area by lowering required ADC resolution. The prototype
chip achieves 4.8-Gb/s data rate with 4.8-GHz carrier
frequency. 60-GHz link transmitting 1.7-GSymbol/s QPSK
signal is successfully demonstrated with the prototype chip.
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