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1. Introduction

As the processing power of silicon electronics éasies every year, the focus of high-performancepating (HPC)
technology moves from improving the sheer speddaoiistors to the memory access speed of thdaotebus. As
the von Neumann bottleneck states, the memory adbesughput can hinder the overall computatiopales in
today’s computing architecture. The multi-core a&tnéng processing solution, such as the 448-coreiaViesla
C2000-Series general-purpose graphics processiitg(@RPGPU), is demanding even faster (over 1000§T/s
memory access speed. In general, large-volume metmocks required for multi-core computing are ubua
outside the processor chip, the meager bandwiditiaute product of copper wires will soon not maetdemands
of the HPC units.

The limitation of copper is mainly due to the péihs at the high frequency. At 20 GHz, a typicdfedéential
pair of copper on a FR-4 board has the loss ofiB@m whereas the low-loss liquid-crystal-polymabstrate still
has around 0.7dB/cm [1]. High cross-talk, RC delaysd radiation loss also restricts the copperstrassion
distance at very high speed. Therefore, the optitakconnect have been proposed to replace thpecopire
because of its extremely low loss and negligibless#talk for the adjacent waveguides. Approximageg2dB/cm
along polymer waveguides was reported by many nw@jmpanies. However, the doubts about the yieldfaihate
rate of vertical-cavity surface emitting lasers ML) are still not clarified, especially for exakc&PC units,
which require thousands of interconnecting channelsking reliably. Moreover, the problem of optiGignment
for multi-channel interconnects slows down bothrl@bility and cost progresses of the HPC systems

In the past, wireless interconnects have not bakent seriously until recently because of the grgwdemand
and component maturity of the millimeter-wave (mna¥®) communication technology for wireless persemah
networks (WPANS) such as wireless-HD and IEEE 883d. The new mmWave technology not only allowstmul
gigabit interconnects but also shrinks the sizéhefradio-frequency (RF) module to a smaller footpi2]. Using
RF signals to transmit data can have better spesffiaiency than baseband signals because ofrifghase and
quadrature (1/Q) modulation. For example, a singulebinary-PSK can have the spectral efficiencytmt/g/Hz. In
addition, since the path loss of wireless transimisis only inversely proportional to the squaretaf distance, the
path loss of the mmWave transmission in the aimisch lower than the copper wire after a certainadise.
However, as the wireless inter-chip interconneaeyd more and more attention recently, there arg few
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Fig. 1. Schematic of the OCCD MIMO RF
modules for inter-chip interconnects.
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discussions about the interference between diffesmeless transmitter-receiver pairs. After dtle tinterference is
inevitable when the transmission distance is ggtlimger. Therefore, we proposed the spatial makipg multi-
input-multi-output (MIMO) transmission, which takaslvantages of the interference to increase the rdé¢ over
the same RF band. And, the central frequency oRtRes globally synchronized by the optical fibgrthe optical
central clock distribution (OCCD).

As shown in Fig. 1, all the RF frequency comes fritn® same source, which distributes the clock bycab
fibers. The carrier frequency of each RF modulesirisultaneously synchronized. This brings two adzges over
conventional wireless interconnects. First, it sathee phase-lock-loops (PLLs) and local oscillgtarsd therefore,
it reduces the power of RF modules dramatically B&cond, it reduces the complexity of phase-laghinthe
MIMO transmission. The spatial multiplexing MIMGatismits RF signals with various location-depengidnatses
at the same time, making the conventional PLL diffi to work. Frequency-division multiplexing (FDMpan be
also easily deployed by the OCCD, as shown in Bigo reduce the complexity and difficulty of the MID
demodulation. The receiver then down-converts tResignals to the baseband. Because the wirelegfitioonis
rigorously fixed in the HPC racks, the demodulat@fnthe MIMO can be achieved by a simple analogutir
instead of power-hungry digital signal processing.

2. MIMO Analog Demodulation

To illustrate the principle of MIMO analog demodidam, we can simplify the MIMO transmission to one-
dimensional array. The pitch distance between tansmitter/receiver antennadiswhile the distance and angle of
the transmitter to the receiver & and 6 respectively. Assuming the arrival time differenoetween any two
transmitter-receiver pairs is much smaller thandht bit period, hence the received signal cambdeled as a

one-tap operation. In our design, we assume tleasybtem has unlimited bandwidth, thus the recepigaal, y =
[y1y2ys ... ]" can be modeled by

y=Hx+w, (1)
wherex andy are the transmitted and received vector respeytiegidw is the noise vector for each receiver. The
channel matrixH describes amplitude and phase relation betweeh &ansmitter-receiver pair. Therefore, the
receiver can recover by the original signal as lasghe channel matrix is known, which is not difft because all
the antenna locations are fixed:

X=H'y+H 'w. (2
This demodulation function gf is simply a series of additions and scalar mudtitlons, which can be achieved by
a simple analog circuit in the baseband. The perdoice of the MIMO analog demodulation, however,ethels on
the channel matrid. As expressed in Eq. (2), If the condition numbieH is high, the noise term will be amplified
to degrade the accuracy of the estimation. Theitionchumber of H depends on the angland most sensitive to
the distance radi&/d. We ran a simulation of a 2x2 MIMO OOK transmissigith R=15¢m,0=75" in the line-of-
sight ray tracing condition. The signal-to-noisgéads defined by:

SNR = E [F22E), (3)
where (.)* represents the Hermitian matrix. FigBrehows the simulation results of the BER versuf® SWith
smaller value ofl, the condition number increases and the BER padaoce is hereby degraded. Figure 4 shows the
simulation results of 2x2, 4x4, 6x6, and 8x8 MIMfrtsmissions witld=1.0 cm. It is observed that the BER
performance is mainly determined by the conditiomber ofH. As a result, to transmit data over ill-conditidne
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situation (such aR/d is too high or the angle is too large) a pre-stiamcan be added before the RF transmitters to
the corresponding channel matkix

3. Experimental Results

In order to quantify the performance of the MIMOalrg demodulation, we set up a 60-GHz 2x2 MIMO
experimental testbed. Due to limited availabiliffeguipment in our lab, we only generated two traitted data by
the optical carrier suppression, as shown in FigTite optical 60-GHz signal was first generatedabphase
modulator and an optical interleaver. Then, thécapmmWave signal was separated by two differength fibers
to represent two independent data. Two o/e modidaserted the optical signals to RF signals and them to the
air by two 15-dBi antennas. At the RF receiversyp 80-GHz in-phase down-converters were used tocti¢he
signal. The 2x2 MIMO subsystem located the foureanas in a position such that the receiver saw-degdee
phase shift from the two incoming signals from thwe transmitters. The amplitudes of the two incagngignals
were adjusted by the electrical amplifiers so theeivers saw approximately the same amplitude. €fbe, the
normalized channel matrix H can be depicted by

_[r
n=[; 1) (4)
The outputs of the two down-converters were sétetp,, = 0, ¢,, = m/2, as shown in Fig. 6. Neglecting the

noise term, the outputs are
= 1 -1 j- -
X = Re {[—j 1]] [j ]1] x} = Re{x}. (5)
In Fig. 6, it shows the transmitted and receive®lis x 2 duobinary signals, occupying only 2.25-GHz
baseband bandwidth. However, in lack of a duobirtlegoder, we can only measure the BER performah@e o
Gb/s x 2 OOK signals. The pitch between the twodmnaitter antennas is about 10 cm and the trangmisistance
is 50 cm. The optical SNR (OSNR) is estimated byptical spectrum analyzer (OSA) at 0.1nm resofutkrror-
free 2x2 MIMO OOK transmission can be detectedrd&fecm at OSNR of 29.6dB. The penalty of the 2x/1K
transmission to the single-input-single-output (3)$s due to the imperfection of the phase orthadjpnand the
RF component bandwidth around 60 GHz.
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Fig. 5. The experimental setup of the 2x2 MIMO éixecation transmission. PM: phi  yersus OSNR of the 2Gb/s x 2 OOK MIMO transmission.
modulator; PD: photodiode; LD: laser diode; LPRydpass filter; IL: 33GHz/66GHz The insets on the right side shows the measuredva2vo

optical interleave error-free eye diagram at OSNR=29.6dB.

3. Conclusions

We propose an optical central clock distributiorC€CD) scheme for millimeter wave wireless intercariseover
ultra-short distance that enables MIMO-based hjgded transmission with a simple demodulation scheme
Wireless transmission of 9-Gb/s x 2 duobinary ustn@ MIMO has been successfully demonstrated. TER B
measurement of 2-Gb/s x 2 OOK 2x2 has been caoriedo verify the error-free transmission at OSNR@.6dB.

In view of the increasing demand of high-speed nrgraocess for high performance computers (HPCshelieve
that the MIMO-enabled OCCD is a promising solutiof inter-chip interconnects for next generation HPC
architecture.
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