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Abstract—A new optical interconnect system for intra-chip (a) (b) Topview of 4x4 nodes
communications based on free-space optics is summarized tinis Package &
paper. All-to-all direct communications is provided using dedi- . %P %= | P | P
cated lasers and photodetectors, hence avoiding packet $ehing Micro-mirrors L | 0| | %o |
while offering ultra-low latency and scalable bandwidth. AN St L e i Fg i (gg

A board-level prototype for technology demonstration is built % % % Gas Q&‘;,&"r’ S ;\\O 1o
using fabricated germanium photodetectors, micro-lensescom-  Fiip-chi substrate R 2| oo |
mercial vertical-cavity surface-emitting lasers (VCSEL3, and  "™"%, VOSEL GePo~y o 0] | O T
micro-mirrors. Measured from the prototype setup, transmission [, ==~ Si subsirate 0\@‘0&&' SO OETEEE
loss in an optical link of 10-mm distance is measured as 5 dB. siiconvia I~ ] %&:*&}
Small-signal bandwidth of the link is 10 GHz. —

. INTRODUCTION Fig. 1. (a) Cross-sectional and (b) top view of an intra-dnge-space optical

o ) ) ] interconnect system in a 3-D integrated chip stack. The IC&fays are in
Continuing device scaling, if not compensated, degrades center and the photodetectors are on the peripherynaéthth node.
performance and signal integrity of on-chip metal intefhis paper, we recap the technological tradeoffs of thegtesi

connects, hence limiting the performance of multi-core migng present some preliminary prototype measurement sesult
croprocessors and high-speed systems-on-chip (SoC). The

communication-centric nature of future high performance!l- |NTRA-CHIP FREE-SPACE OPTICAL INTERCONNECT
computing devices demands a fundamental change in intrain the proposed intra-chip optical interconnect systenA$a
and inter-chip interconnect technologies. Optical imareect photonics and free-space optics layers are placed on tdpeof t
exhibits inherent advantages in delay and bandwidth ov@MOS electronics layer via 3-D integration (Fig. 1). VCSELs
electrical counterparts [1], [2] and thus receives inceglasin the GaAs photonics layer serve as light sources, hence
attention as a possible substitute for electrical intenemts.  removing the need for external multi-wavelength lasersluse

Using optical components only addresses the signalifgDM systems. Each light beam from the digitally modulated
portion of the issue. Applying a conventional packet-shiitg backside-emitting VCSELSs is collimated through a dedidate
architecture to optical networks is unlikely to be an ideahicro-lens, built at the back of GaAs substrate, transgaren
solution for intra-chip environment: Packet switching ung at the target wavelength. The collimated light bounces from
repeated electro-optic (E/O) and opto-electronic (O/Ep-coa series of micro-mirrors, implemented on the chip package
versions, diminishing the advantages of optical signalifg using low-loss metal coatings. Then, it is focused by anothe
avoid packet-switching, bus or ring structures can be usedicro-lens onto a PD, built with a thin germanium (Ge) layer
which generally rely on wavelength division multiplexingon the silicon substrate. In the CMOS layer, the transmit and
(WDM) to achieve a large bandwidth [3], [4]. These systemsgceived electrical signals are converted from/to digdata
however, typically require precise E/O modulators withwacc by the transceiver electronics.
rate wavelengths and minimal transmission losses, herggspo This free-space optical interconnect (FSOI) system uses
significant fabrication challenges and constraints. point-to-point links to construct an all-to-all intra-ghtommu-

An alternative approach is to use free space optics inication network. A single transmission medium (free space
stead of waveguides. Vertical-cavity surface-emittingeld provides links between every VCSEL-PD pair. In comparison
(VCSELs) and normal-incidence photodetectors (PDs) anéth applying a conventional network architecture, thisige
typically linked by a free-space optics fabric made of migro has a number of advantages.
and lenses. For example, systems based on planar optics [SFirst, it avoids packet-switching and the associated 4inter
macro-optics [6], [7], and microoptics [8], [9] have beemediate routing and buffering delays in electrical netvgork
demonstrated for inter- and intra-chip applications. or packet-switching optical networks. Hence, it permite th

From a multidisciplinary angle, we have analyzed the capsignal propagation delay to be extremely low — approaching
bilities and challenges in different layers of the desigackt the ultimate lower bound. Eliminating packet switchingoals
and have proposed a new optical interconnect system sperifduces energy overhead.
ically developed for intra-chip communications in multre Second, it does not require external laser sources imptied |
microprocessors and SoCs based on free space optics [10Jmiany designs and also side-steps the challenges in waeeguid
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Fig. 3. (a) Transmission and crosstalk at different linktatises, and (b)
small-signal bandwidth at L=1 cm. Note that the optical $raission changes
between -5 and -6.5 dB due to the little change in the beam sipet

Fig. 2. (a) 2-D cross-section schematic, and (b) image ob#zen collimated
by the VCSEL lens at different distances. The VCSEL chip isy2% away
from the focal point of the lenslet. The beam size is 248 at 1 cm and

250 pm at 2 cm, corresponding to 1.5 and 1.9-dB optical power Blipgat .
1 e and 2 cm, respecﬁvely_ 9 prcatp P 230m from the back surface and 26n from the focal point

of the lens. The mirrors with 96% reflectivity are mounted on
layout. In addition to making the design more feasible tmp of the micro-lenses with a 45-degree angle approximatel
implement, the design allows VCSELs to be powered dowinmm from the lens.
during idle time and fundamentally reduces energy waste. Th To evaluate the dc properties, both the optical transnmissio
signaling chain is comparatively simple and avoids issueb s for a specific link and the optical crosstalk of adjacent $ink
as thermal sensitivity, accumulating insertion loss ofdften- are measured with respect to distance. As shown in Fig. 3,
used micro-ring modulators in WDM systems. The lack cdt 0.5-mW laser optical power, the transmission loss is 5 dB
waveguides eliminates loss and crosstalk due to waveguitea 10-mm distance and increases to 6.5 dB at 26 mm. The
crossings in densely routed waveguide-based opticaldoter crosstalk power is -29 dB at 10 mm and increases to -25 dB
nects, which limit the optical network performance. at 26 mm. The small-signal bandwidth of the link is measured

Finally, the free space medium provides aerial freedoas 10-GHz does not change with distance.

for scalability and low dispersion. The resulting good sig- Compared to the theoretically-calculated 2.6 db path loss
nal integrity simplifies optical transceiver electroniasg., used in system-level study [10], the larger loss measure is
removing the need for equalization as typically used in higimainly due to the large divergence angle of the commercial
speed electrical interconnects. On the other hand, howaeer VCSELs used. 1.25 dB and 1.5 dB of the optical power is
introduction of a free-space layer does complicate theeisgu clipped by the VCSEL lens and PD lens at 1 cm. To eliminate
heat dissipation. these losses, a VCSEL with a smaller beam divergence is

possible, and/or a larger aperture size lenses with the same
I11. PROTOTYPE ANDFSOI MEASUREMENTRESULTS focal length can be used at both ends [8].

A series of prototype components and subsystems are being
developed to understand the feasibility and validate #stéxal 1] 3w, Good £ 3. Leonb ¢ a1, Ootical Intereations for VLS|
. . .W. Goodman, F.J. Leonberger, et al. Optical Inter onNs for
pa_lram_eters used in the s_ystem-level study [10]. At the tifne d Systems.Proc. IEEE, 72:850-866, July 1984.
this writing, the only available results are measuremernf [2] AV. Krishnamoorthy and D.A.B. Miller. Scaling optoelonic-visi
a link prototype built on a PCB using micro-lenses, micro- SFCU"S inth) the 21st century: agled}n%'(og)y roa%msﬂect%dggomcsin
. uantum Electronics, |[EEE Journal of, 2(1):55-76, Apr 1 .
mirrors, a1.>< 4 PD array, and VCSELs. The VCSEITS are [3] R. Beausoleil et al. Nanoelectronic and Nanophotoniteronnect.
a commerciall x 4 array (Finisar HFE8004-103), with 2- Proceedings of the IEEE, February 2008.
mW optical power at 850 nmi0% conversion efficiency, 30 [4] N. Kirman et al. Leveraging Optical Technology in Futueis-based

. . Chip Multiprocessors. IProc. Int'l Symp. on Microarch., pages 492—
full-angle beam divergence and 10-Gb/s speed. The micro- 503, December 2006,

lenses are built on a 52bm thick fused silica substrate by [5] J. Jahns et al. Hybrid Integration of Surface-EmittingcMlaser Chip
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lindrical phot ist. Th ltant herical sh A Phot. Tech. Lett., 4(12):1369-72, 1992.
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a 13-GHz bandwidth at 7-V bias and 850 nm [11]. [9] M.J. McFadden et al. Multiscale free-space optics iruanects for
As shown in Figure 2 the VCSELs and PDs are wirebonded intrachip global communication: motivation, analysisdaxperimental

to the PCB ith 50 :[ . l ted to th validation. Applied Optics, 45(25):6358-6366, 2006.
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and directly onto PDs with 5@ 1-mm transmission line on

the germanium substrate, respectively. The VCSEL chip is
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