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Abstract—This paper presents a 16QAM direct-conversion within a limited frequency bandwidth[3], [4]. This paper pro-
transceiver in 65nm CMOS, which is capable of 60-GHz poses a fully-balanced direct-conversion tranceiver to improve

wireless standards. The capacitive cross-coupling neutralization 1y, qjation quality of 16QAM. The capacitive cross-coupling
contributes a high common-mode rejection and a high reverse

isolation, and a fully-balanced mixer can improve the error vector ngutrgl|zat|on[5] IS.employed to aChlgve a high common-mode
magnitude due to the reduced local leakage. The maximum data '€jection and a high reverse isolation, and a fully-balanced
rates with an antenna built in a package are 10Gb/s in QPSK mixer can improve the error vector magnitude due to the

mode and 16 Gb/s in 16QAM mode and the transmitter and the reduced local leakage. The following sections present detailed
receiver consume 181 mW and 138 mW, respectively. implementation and experimental results.

I. INTRODUCTION

According to IEEE 802.15.3c standard, four 2.16GHz- Fig. 1 shows the entire block diagram of the proposed 60-

bir.'dr\:v idth chantr)wlels ?re ﬁ_e f”.md g r50 gnbc} the G?DS:: z frg%“g'&ﬁz transceiver, and it has a direct-conversion architecture due
which are capable of achieving 3. sinQ an osenergy and area efficiency. The transmitter consists of a 3-

in 16QAM 'in raw data rate. This channel allocation i tage PA, 1/Q active mixers and a quadrature oscillator. The 3-

also common for IEEE 802.11ad, WiGig, WirelessHD, an . : .
' PR ' " 'stage PA has a single-ended configuration, and other parts have
ECMA standards. Recently, a couple of dlrect—conversqn g o 'gurat P v

. . o ully differential configurations. A low-loss transmission line,
transceivers for the 60GHz wireless communication ha ich has a loss of 0.8 dB/mm, is used for matching network
been reported[l], [2]. Howgver, it is still difficult to realizeand the de-coupling is implem,ented with MIM transmission,
tbhee st?)(goAr,:i dd}rgrczgﬂ:g/ﬁ%'o; g;/;n rg:gugfhmloBrS'?rl:ﬂanh?SsG&e(MIM TL). Transistors in the 3-stage PA have a finger
Rdth of 2um, and the total gate width of the final stage
is 80um. A double-balanced Gilbert mixer is used, and
Fig. 2 shows a circuit schematic of the mixer. The output is

connected to the 3-stage PA through a parallel-line transformer
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Fig. 1. Block diagram of the 60 GHz direct-conversion transceiver. Fig. 2. Up-conversion mixer.
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and a differential amplifier. The capacitive cross-coupling
neutralization is applied to the differential amplifier. A cross-
coupled capacitor between gate and drain of the opposite-
side transistor cancels parasitic gate-to-drain capacitance an
improves the reverse isolation. The high reverse isolation
realizes high stability and gain enhancement. The common
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differential amplifier using a tail transistor cannot maintain W W
a high CMRR at millimeter-wave frequency because of a ) )
parasitic capacitance at the drain of the tail transistor. Thus,

the common-mode rejection is realized in the matching blocks Ip Qp

of differential amplifiers. The shunt part in the matching block

works as a short stub for a differential-mode signal because it Fig. 5. Quadrature oscillator.

forms a virtual ground. For a common-mode signal, it works

as a open stub. and RX are 2.5mrand 2.3mm, respectively. A post-wall
I1l. RECEIVER waveguide antenna[8] is implemented in a package. It is

The receiver design is shown in Figs. 3 and 4. The receivce?nneaed with the CMOS chip through a 2if@ bonding

. . . ire. The antenna in the BGA package has a 2dBi gain.
consists of a 4-st§ge LNA, 1/Q passive mixers, BB. LNA, an ig. 7 shows the measured spectfum ingQPSK mode Wit% the
a qu_adratgre oscillator. The 4-stage LNA has_ a single-en EB802.15.3c spectrum mask. The measured spectrum meets
co_nflgu_ratlon and a CS-CS topol_ogy so that it improves t.l?ﬁe IEEE802.15.3c standard. An arbitrary waveform generator
noise figure. Output of the LNA is connected to the passi

\V : . .
. . ) (AW ner I/Q modul ignals, and an ill i
mixer through the parallel-line transformer and a dlfferentles G) generates I/Q modulated signals, and an oscilloscope is

amplifier using the capacitive cross-coupling neutralizatioHsed (o evaluate the constellation, EVM, and BER with a built-
- 3 i 0% (-
A wideband low-noise BB LNA is used to compensate thes software. The measured EVM is from 3.87% (-28.2dB)

conversion loss of the mixer, which is realized by a capaciti for 16QAM mode, which uses decision feedback equalization
' y P \éBFE) realized by the built-in software.

cross-coupled common-gate amplifier with a source-follower _ , , L
buffer. Fig. 8 shows the conversion gain of TX, which is 16 dB.

The large-signal measurement is calibrated with the saturated
IV. LOCAL OSCILLATOR output power, which is measured by a probe station. Fig. 9

The LO consists of a quadrature injection-locked oscillat&hows the measured output power, which is 5.4dBm at 1-
(QILO) and a 20 GHz PLL[6]. The QILO design is showr@B compression. The transmitter consumes 181 mW from a
in Fig. 5. The QILO works as a frequency tripler with al-2V supply. Fig. 10 shows the conversion gain of RX. The
20 GHz injection-lock input, and it has a tail I/Q couplingLNA realizes a gain control, and the conversion gain is 27 dB
which is carefully designed to keep the 1/Q balance robustht high-gain mode and 17dB in low-gain mode. The lower
Two quadrature oscillators are used, one for the transmitf@ft-off frequency of the BB amplifier is less than 4MHz.
and the other for the receiver, to maintain 1/Q phase balantl. 11 shows the noise figure. The entire noise figure is

and avoid insertion loss in the 60 GHz LO distribution[7]. less than 6.1dB, and the measured IP3-80dBm. The
receiver consumes 138 mW from a 1.2 V supply. The measured

V. EXPERIMENTAL RESULTS free-running frequency is from 55-63 GHz. The overall phase
The transceiver is fabricated in 65nm CMOS technologgoise is—94.2 dBc/Hz@1MHz-offset at 60.48GHz, which is
The die photo is shown in Fig. 6. The core areas of TKieasured through the entire TX path.
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RF Frequency [GHz] and>20 cm, respectively. The minimum BER in QPSK mode

is also confirmed up to<10~8 (limited by measurement
time). Full-rate communication speed is possible for channel
1 (57.24 to 59.40 GHz) and channel 2 (59.40 to 61.56 GHz)
Table | shows the measured constellation. The symbol rate IEEE802.15.3c within a BER o0k 10~2. The maximum
is 1.76 GS/s with a roll-off factor of 25%, and the datalata rates using wider bandwidth in QPSK and 16QAM with
rates with the 2.16 GHz bandwidth are 3.52 and 7.04 Glas25 % roll-off are at least 10 Gb/s and 16 Gb/s within a BER
for QPSK and 16QAM, respectively. The communicationf <10~3. BPSK and 8PSK can also be realized with the full
distances in QPSK and 16QAM modes are at leas00cm data rates.

Fig. 8. Conversion gain of TX.



TABLE |
MEASURED CONSTELLATION FORQPSKAND 16QAM.

TABLE Il

PERFORMANCE SUMMARY.

V1. CONCLUSION

[2]

= — PLL
g * cG 16dB G 172708 Frequency 17.9-21.2GHz
Constellation 2 Phase Noise| —94.2dBc/Hz
3 3 NF .1dB
31 o i Piap | 54dBm < 6.1d @60.48GHz | @1MHz-offset
R Paat 6.5dBm IIP3 | —20dBm
9506 points 19912 points 13502 points 42024 points Pout —2dBm
Poc | 181mwW || Ppc | 138mW B MW
Modulation QPSK 16QAM QPSK 16QAM DC m
Symbol rate 1.76GS/s 1.76GS/s 5.0GS/s 4.0GS/s
Data rate 3.52Gb/s 7.04Gblis 10.0Gb/s 16.0Gb/s REFERENCES
EVM [1] A. Tomkins, R. A. Aroca, T. Yamamoto, S. T. Nicolson, Y. Doi, and S. P.
(withDFE) -30.5dB -28.2dB -15.2d8 -16.1dB \oinigescu, “A Zero-IF 60 GHz 65nm CMOS Transceiver With Direct

BPSK Modulation Demonstrating up to 6 Gb/s Data Rates Over a 2m
Wireless Link,” in IEEE J. Solid-State CircuifsAug. 2009, pp. 2085—
2099.

C. Marcu, D. Chowdhury, C. Thakkar, J.-D. Park, L.-K. Kong, M. Tabesh,
Y. Wang, B. Afshar, A. Gupta, A. Arbabian, S. Gambini, R. Za-
mani, E. Alon, and A. Niknejad, “A 90nm CMOS Low-Power 60 GHz
Transceiver With Integrated Baseband Circuitry, 1BEE Int. Solid-State

This paper presents a 60 GHz direct-conversion transceiver Circuits Conf. Tech. Dig.Feb. 2009, pp. 3434-3447.

using the capacitive cross-coupling neutralization in 65 nk
CMOS. A fully-balanced mixer is used to reduce the lo-

A. Siligaris, O. Richard, B. M. C. Mounet, F. Chaix, R. Ferragut,
C. Dehos, J. Lanteri, L. Dussopt, S. D. Yamamoto, R. Pilard, P. Busson,
A. Cathelin, D. Belot, and P. Vincent, “A 65nm CMOS Fully Integrated

cal leakage, and the matching blocks of differential am- Transceiver Module for 60 GHz Wireless HD Applications,"IEEE Int.

plifiers realize the common-mode rejection. The propos%ﬂ

transceiver realizes the 60 GHz wireless communication

Solid-State Circuits Conf. Tech. Dig=eb. 2011, pp. 162-163.
S. Emami, R. F. Wiser, E. Ali, M. G. Forbes, M. Q. Gordon, X. Guan,
S. Lo, P. T. McElwee, J. Parker, J. R. Tani, J. M. Gilbert, and C. H.

16QAM/BPSK/QPSK/BPSK mode, which is capable of chan- Doan, “A 60 GHz CMOS Phased-Array Transceiver Pair for Multi-Gb/s

nel 1 and channel 2 operation for the IEEE 802.15.3c standar
The maximum data rate is at least 10 Gb/s in QPSK mode agd

16 Gb/s in 16QAM mode within a BER 0£1072, and the
transmitter and the receiver consume 181 mW and 138 m
respectively.

ACKNOWLEDGMENT

This work was partially supported by MIC, SCOPE, MEXT,

STARC, NEDO, Canon Foundation, and VDEC in collabor

d Wireless Communications,” itEEE Int. Solid-State Circuits Conf. Tech.

Dig., Feb. 2011, pp. 164-165.

W. L. Chan, J. R. Long, M. Spirito, and J. J. Pekarik, “A 60 GHz-Band
1V 11.5dBm Power Amplifier with 11 % PAE in 65nm CMOS,” IBREE

Int. Solid-State Circuits Conf. Tech. Djg-eb. 2009, pp. 380-381.

6]' A. Musa, R. Murakami, T. Sato, W. Chiavipas, K. Okada, and A. Mat-

suzawa, “A 58-63.6 GHz quadrature PLL frequency synthesizer in 65 nm
CMQOS,” in A-SSCC Dig. Tech. Paperblov. 2010, pp. 101-102.

[7] K. Okada, K. Matsushita, K. Bunsen, R. Murakami, A. Musa, T. Sato,

H. Asada, N. Takayama, N. Li, S. Ito, W. Chaivipas, R. Minami,
and A. Matsuzawa, “A 60GHz 16QAM/8PSK/QPSK/BPSK Direct-
Conversion Transceiver for IEEE 802.15.3c,” lBEE Int. Solid-State
Circuits Conf. Tech. Dig.Feb. 2011, pp. 160-161.

8] R. Suga, H. Nakano, Y.Hirachi, J. Hirokawa, and M. Ando, “Cost-

tion with Cadence Design Systems, Inc., and Agilent Tech- Effective 60-GHz Antenna Package With End-Fire Radiation for Wireless

nologies Japan, Ltd.

File-Transfer system,” itMS Dig. Tech. PaperdMay. 2010, pp. 449-452.

TABLE Il
PERFORMANCE COMPARISON
rg?gliMo dulation EVM(16QAM) gi(;ﬁ\(;zte-rsion Integration Power Area
[1]U. Toronto | 4Gbis(BPSK) | N/A Yes oonm, single-chip TRx A i Sy | 1mm
[2JucB 4 Gb/s(QPSK) NIA Yes %i.”?aéﬁ?'i‘ffi&ifhm ggzwg’; ”r;‘;‘cjj?) 6.8mn?
90° hybrid and BB
ke N e s
EcenLen | ssewssan | 2078 (0 N0 | L O age. | sam(rx mode) | osomatonn
65nm, Tx/Rx with BB,
[4SiBeam ;:ét-?)?s/(sl%gQAﬁ/I'\)ﬂ) (_Tiizpedx? No T o2 s k/source 1132&5& Tniffe)) Zimlﬁxﬁ
65 nm, single-chip,
TNk | L Caeomn | Taoo | Y| casete cosweounes | S5EN TR | SRS




