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Communication: requirements vs. state-of-the-art

Multicore/Manycore era calls for new communication solutions

On-chip communication is the major bottleneck in many-core CMP
Metrics: latency throughput power consumption

State-of-the-art: packet-switched electrical on-chip networks

Advantages:

High throughput for unicast

Low power vs. bus & p2p

Disadvantages:

Excessive, non-deterministic latency

Difficult to support multicast
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Electrical on-chip communication latency challenge

Physical level: RC delay of metal wires
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Electrical on-chip communication latency challenge

tion including sleep and wake-up control
bits. The minimum packet size required by
the protocol is two flits. The router
architecture places no restriction on the
maximum packet size.

Wormhole routing results in small buffer
sizes in the routers in spite of large packet
sizes. The source-directed routing enables
the use of any of multiple static routing
schemes, such as dimension-ordered rout-
ing.10 A packet is statically assigned by the
sender to a particular lane throughout its
route. Such static assignments result in
simple routing logic, enabling a high-fre-
quency implementation.

Flow control and buffer management
between routers utilizes an on/off scheme
using almost-full signals, which the down-
stream router signals via two flow-control
bits (FC0 and FC1), one for each lane,
when its buffer occupancy reaches a specified
threshold. This threshold sets a lower bound
on the buffer size and is determined by the
signal’s latency to reach the sender and stall
its output pipeline.

Router architecture
A five-port, two-lane pipelined packet-

switched router core (see Figure 3) with
phase-tolerant mesochronous links forms
the key communication block for the 80-tile
NoC architecture. Each port has two 39-bit
unidirectional point-to-point links imple-
menting a mesochronous interface with
first-in, first-out (FIFO) based synchroniza-
tion at the receiver. The 32 data bits enable
transfer of a single-precision word in a single
flit. The router uses a five-stage pipeline (see
Figure 3) with input buffering, route com-
putation, switch arbitration, and switch
traversal stages. The fall-through latency
through the router is thus 1 nanosecond
(ns) at 5-GHz operation. Control overhead
for switch arbitration can result in an
additional two cycles of latency, one cycle
for port arbitration and one cycle for lane
arbitration. The input queue in each lane is
a 16-entry register file that operates as
a FIFO buffer. Route computation is simply
a matter of decoding the next DID and
updating the header. Data outputs from the
queues are examined by the routing and
sequencing logic. If a packet header is
detected, output-binding requests are gen-
erated and sent to the arbitration unit.

A two-stage, round-robin arbitration
scheme is used, with arbiters replicated at each
port for speed. After the first level of
arbitration is complete, a binding from one
input to one output within a particular lane is
established for the entire duration of a packet.
If additional packets in different lanes are
contending for the same physical output
resource, then a second level of arbitration
occurs on a flit basis. A shared data path allows
crossbar switch reuse across both lanes on
a per-flit basis. The crossbar is fully nonblock-
ing, with a total bandwidth of 100 Gbytes/s.

Interconnect design details
We used several circuit and design

techniques to achieve high performance,
low power, and a short design cycle. By
following a tiled methodology where each
tile is completely self-contained, including
bumps, power, and global clock routing, we
were able to seamlessly array all tiles at the
top level simply by abutment. This meth-
odology enabled rapid completion of a fully

Figure 3. Five-port, two-lane shared crossbar router architecture and

pipe stages.

.........................................................................................................................................................................................................................

5-GHZ MESH INTERCONNECT

.......................................................................

54 IEEE MICRO
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Router latency in Intel 80 core chip

Microarchitecture level

Data buffering
Resource arbitration

6 Spectrum: A Hybrid Nanophotonic–Electric On-Chip Network



Introduction
Design

Experimental Results
Conclusions

On-chip communication metrics: latency, throughput and power
Main challenge: excessive latency in packet-switched networks
Broadcast support is also required for on-chip communication

Electrical on-chip communication latency challenge

Core
R

Core
R

Core
R

Core
R

Core
R

Core
R

Core
R

Core
R

Core
R

Core
R

Core
R

Core
R

Core
R

Core
R

Core
R

Core
R

Request 
node

Directory
node

Remote
node

A cache read miss in directory protocol

Protocol level

Indirection node: directory

7 Spectrum: A Hybrid Nanophotonic–Electric On-Chip Network



Introduction
Design

Experimental Results
Conclusions

On-chip communication metrics: latency, throughput and power
Main challenge: excessive latency in packet-switched networks
Broadcast support is also required for on-chip communication

The need for efficient broadcast/multicast support

Broadcast/multicast traffic characteristics

Critical for performance (coherence and synchronization)

1% multicast traffic results in 37.5% throughput degradation

Communication infrastructure affects protocol efficiency

Snoopy protocol

Deterministic low latency

Pervasive in SoC bus

Cannot scale w/o broadcast

Directory protocol

Long latency, complex

Scales to large core #

Still needs multicast (5.1%)

Data provided by Jerger et al. ISCA08
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On-chip photonic interconnect basics
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Wavelength-division multiplexing (WDM) basics

Off-
chip 
laser 

source Fiber
Grating 
coupler

Wavelength Division Multiplexing Waveguide

Ring 
filter

Electrical signal
Electrical signal

01010 10011

01010 10011
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Integration of photonic device on chip is about to be ready

High efficiency
gratings coupler

Low loss SOI waveguide carry
optical power and signal
across the chip

Ultra compact ring
resonator could serve
as modulator, filter,
and demultiplexer

614 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 27, NO. 5, MARCH 1, 2009

Fig. 3. SEM-pictures of focusing 2-D-grating couplers using a two-step etch
process (70 and 220 nm depth). Left: short nonadiabatic taper configuration.
Right: Shallow aperture configuration.

an alignment accuracy of around 50 nm between both. SEM-
Pictures of fabricated structures are shown in Fig. 3.

IV. CHARACTERIZATION

The structures are characterized through fiber-to-fiber trans-
mission measurements. An input grating is used for coupling
light from a tunable laser into the SOI waveguide circuit. The
light is first coupled to a 500-nm-wide single-mode photonic
wire as described below. The 500 nm wire is immediately ta-
pered adiabatically to 800 nm width. At the output, the 800 nm
waveguide is tapered down to 500 nm and the light is coupled
into a fiber with an identical grating coupler and measured at
a photodetector. Input and output coupler are spaced by 3 mm.
The wires have a propagation loss of 2.4 dB/cm, resulting in an
on-chip propagation loss of 0.8 dB.

A. Short Taper Versus Shallow Aperture

The different designs are evaluated for different configura-
tions of the interface where the light is focused on. In a first ap-
proach, we use a focusing grating coupler in combination with
a short taper to the single-mode photonic wire of 500 nm width
(Fig. 3 left). In this case, the focusing wave is “guided” to the
wire by the short taper. In a second approach, the light is focused
in the slab onto a low lateral refractive index contrast aperture,
having a shallow etch of 70 nm in order to reduce reflections
at the interface (Fig. 3 right). An adiabatic transition of 30 m
length is used from low-contrast to high-contrast single-mode
photonic wires (500 nm width). Fig. 4 shows measurement re-
sults for focusing 2-D-gratings based on design 2 . We
made two different gratings with different focal distances (deter-
mining the minimum q-value of the grating lines) corresponding
with two different shallow apertures. The focal distance for a
2.0 m wide aperture is 21.4 m , while the focal
distance for a 0.8 m wide aperture is 11.9 m . For
both gratings we also measured the performance for the short
taper case where the taper length to the 500 nm photonic wire
equals the above focal distances. Note that in all these measure-
ments, we use angled coupling in combination with orthogonal
waveguides.

For the grating with the largest focal distance, the shallow
aperture (2.0 m) and short taper configuration perform equally
well. In this case, the fiber-to-fiber loss is 12 dB, of which
0.8 dB is propagation loss in the waveguides. The total coupling

Fig. 4. Fiber-to-fiber transmission measurement for different focusing gratings
in both short-taper and shallow aperture configuration. The reference curve is
measured for standard 1-D-grating (nonfocusing). For the longest focal distance
case, taper and aperture curves coincide.

loss is 11.2 dB or 5.6 dB per grating coupler, corresponding
with a coupling efficiency of 27%. This is slightly better than
standard nonfocusing 2-D-couplers having a coupling efficiency
of 21% (or coupling loss of 6.7 dB) [7]. The coupling effi-
ciency can be further increased, as described in [13], [14]. For
the grating with the smallest focal distance, the shallow aperture
(0.8 m) configuration has 0.75–1 dB higher fiber-to-fiber loss
(or 0.37–0.5 dB per coupler) than the short-taper configuration.
The reason is that the light cannot be focused to a spot as small
as the aperture width (0.8 m) resulting in excess loss, while in
the short-taper configuration, the light is confined and “guided”
towards the photonic wire by the taper. The ripple on the trans-
mission curves is higher in the shallow aperture case especially
for the small aperture, which indicates that there are still reflec-
tions at the interface. The grating with the shortest focal distance
in short taper configuration has 0.5 dB excess loss per coupler as
compared to the grating with longest focal distance, indicating
that the “guiding” taper is too short in the first case.

B. Focal distance

In order to evaluate the design regarding the focal distance,
we have varied the distance from grating to aperture or photonic
wire around the value used in the calculations. We used again
design 2 with calculated focal length of 21.4 m
and design 2 with calculated focal length of 11.9 m

), both for shallow aperture and short taper configuration. We
measured the transmission for defocus values of 10, 5, 2,
0, 2, 5 and m. The results are shown in Fig. 5.

For both cases, the optimal focus value is as calculated or
slightly higher. In the longest focal distance design in short-
taper configuration, a defocus of m results in 1 dB excess
loss per coupler, while a positive defocus (i.e., taper longer than
necessary) has nearly no influence on performance. The taper is
in that case long enough to guide the light onto the wire, without
extra loss. Note the high loss for a defocus of m (very
steep taper). In the shallow aperture (2.0 m) configuration, a
defocus of m results in 1 dB excess loss per coupler and
a defocus of m in 1.5 dB excess loss per coupler.

Authorized licensed use limited to: University of Gent. Downloaded on June 24, 2009 at 03:43 from IEEE Xplore.  Restrictions apply.
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The waveguide cross-section shows a continuous profile with a smooth, discontinuity-
free transition between the thickest (center) and thinnest (either sides) parts of the waveguide, 
as is evidenced from the measurements and simulations (see Fig. 3). In addition, the oxidized 

surface of the silicon core is extremely smooth. Fig. 4(a) shows an AFM scan of a 1.5 !m 
waveguide which reveals that any sidewall roughness transferred during the oxide RIE etch is 

not present in the silicon core. On the slab surface, the roughness, measured over a 1 !m by 

1 !m area, is 0.3 nm RMS. For comparison Fig. 4(b) shows an AFM scan of an etched strip 
waveguide with typical losses of 3 dB/cm where one can see much higher sidewall roughness. 

 

 

Fig. 3. Cross-section SEM image of an etchless waveguide. 

 

 

Fig. 4. (a) AFM scan of an etchless waveguide core. Original pattern width was 1.5 !m. 
(b) AFM scan of strip waveguide with typical losses of  3 dB/cm.  

We measure the losses of the etchless waveguides to be as low as 0.3 dB/cm. We test the 
waveguides using an amplified spontaneous emission (ASE) source with a wavelength 
centered at 1520 nm. The output of the ASE source, following a polarizer and a polarization 
controller, is coupled into the waveguides via a single mode tapered fiber. The output of the 
waveguides is then sent through a polarizer and focused onto a detector. In Fig. 5 one can see 
the measured output of the waveguides as a function of their lengths. We measure 

0.3 ± 0.02 dB/cm loss for 1 !m wide etchless waveguides operating in the TE mode. The 

1.5 !m wide waveguide shows losses of 0.5 ± 0.05 dB/cm. We suspect that the difference in 
loss is due to e-beam stitching errors in the wider waveguide during fabrication. Fiber 
coupling to these waveguides can be maximized by using nanotapers [19] to enhance the 
coupling efficiency. 
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Cross section of an low loss
etchless waveguide

 

Fig. 3. (a): An SEM picture with 40º titled view of the microring resonator with 1.5-µm radius 

coupled to a waveguide with reduced width. (b): A microscope picture of the cascaded 
microring resonators coupled to a U-shaped waveguide at the edge of the chip. 

 

Figure 3(a) shows an SEM picture of a microring resonator with a radius of 1.5 µm before 
it was cladded with PMMA. Both the waveguide and the ring have a height of 250 nm and 
sidewall angle of ~ 84º. The waveguide forming the ring has an average width of ~440 nm. 
The straight waveguide coupling to the ring has an average width of ~290 nm, and the gap 
between the waveguide and the ring is ~340 nm. The width of the straight waveguide used in 
the FDTD simulation happens to equal the height of the waveguide. Here, in order to avoid 
the cross-coupling between the quasi-TE mode and quasi-TM mode in a square waveguide, 
we increased the width of the straight waveguide. This ring is one of the five rings coupled to 
the same waveguide, as shown in the top-view microscopic picture in Fig. 3(b). The five rings 
are designed to have slightly different radius, so that their resonances are uniformly 
distributed throughout the FSR.  

5. Optical measurement setup and results 

Figure 4(a) shows the experimental setup for measuring the transmission spectrum of the 
device. The output of a tunable laser is collimated and focused by a lens onto one end of the 
U-shaped waveguide. The output light at the other end of the U-shaped waveguide is 
collimated by the same lens and sent to a detector.  A polarizer is placed in front of the 
detector to separate the quasi-TE and quasi-TM modes. 

Figure 4(b) shows the normalized transmission spectrum of the quasi-TE mode. The 
resonance features from the five microring resonators coupled to the waveguide (see Fig. 
3(b)) can be identified on the spectrum. Figure 4(c) shows the spectrum around the second 
resonance in Fig. 4(b). The FWHM width of the resonance is 0.17 nm, corresponding to a Q 
of 9,000, close to our target of 10,000. The extinction ratio of the resonance is ~16 dB, 
showing that the ring is close to being critically coupled to the waveguide. Therefore, the 
intrinsic Q of the ring is about twice the coupled Q, or 18,000. This is lower than the 
simulated intrinsic Q mainly because of the scattering loss from the sidewall roughness.  To 
estimate the level of scattering loss, we measured an intrinsic Q of ~ 40,000 on microring 

resonators with radii of 2.5 µm, which is primarily due to scattering loss, since the bending 

loss at this radius (can be estimated by extending the line in Fig. 1) is negligible. If a 1.5- µm-
radius ring has the same scattering loss, it would have an intrinsic Q of ~21,500. The 

measured Q of the 1.5- µm-radius ring (18,000) is slightly lower than the above calculation, 

showing that the 1.5- µm-radius ring has a slightly higher scattering loss. This is mainly 
because the optical spatial mode in a smaller ring shifts more to the outer side of the ring, and 
therefore has higher overlap with the sidewalls.  From the transmission spectrum, the FSR of 

(C) 2008 OSA 17 March 2008 / Vol. 16,  No. 6 / OPTICS EXPRESS  4314
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Ring resonator with
1.5 µm radius
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On-chip nanophotonic interconnect

Optics is the ultimate communication medium

Low latency light speed propagation (vs. Elmore delay rcL2

2 )

High bandwidth WDM in THz band (vs. GHz operation limit)

Low power low loss waveguide (vs. charge capacitor)

Existing works focus on throughput and power optimization

Shacham et al. DAC07 Photonic mesh/torus + electrical setup

Vantrease et al. ISCA08 Snake shape photonic crossbar on-chip

Pan et al. ISCA09 Photonic crossbar connecting on-chip clusters
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A hybrid nanophotonic-electric on-chip network

Observations

Latency is the challenge photonic interconnect addresses

Electrical network continues to provide high throughput

Support efficient protocol needs broadcast/multicast ability

Design: a hybrid nanophotonic-electric network

An optimized electrical network ⇒ high throughput/unicast

A planar waveguide photonic network ⇒ low latency/broadcast

A realizable design with fabrication results

13 Spectrum: A Hybrid Nanophotonic–Electric On-Chip Network
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Overview

Nanophotonic broadcast
Optical vias
Modulation/Multiplexing
Electrical vias
Electronics layer 

      (processor, memory)

3D heterogeneous system integration with a many-core CMP

A broadcast based photonic network fabricated in different layers

A throughput-optimized electrical network resides in CMOS layer
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Nanophotonic subnetwork
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Antenna model

The antennas fabrication: vacuum deposition → a thin layer of Au;
photolithography → Au islands; FIB etching

SEM image

Fig. 9. Micrographs taken by a scanning electron microscope (SEM) of the
surface of a sample where 20 nm of Au was deposited on the silicon. (To the
left) The surface does not exhibit cracking before the FIB antenna fabrication.
After the antenna is fabricated (To the right), the Au layer remains with the
same surface characteristics.

Fig. 10. Plasmonic antenna model used for electromagnetic modeling. (To
the left) The antenna is a gold platform within a silicon dioxide layer that
lies on top of a silicon layer. (To the right) The antenna is a gold platform
on top of a pure silicon layer.

maximum transmission and reception. The antenna we are
considering here is an annular slot also known as diffraction
antenna and appears as in figure 10. These antennas are effi-
cient, with a few % bandwidth and omnidirectional radiation
patterns in azimuth, as desired for the optical broadcasting
system. The design of a broadcasting layer is challenging
since:

• optical antenna technology, including the numerical anal-
ysis thereof, is in its infancy;

• design requires the development of a non-traditional an-
tenna feed able to efficiently and properly couple signals
to/from electronics from/to the antennas;

• many design trade-offs between the fabrication limita-
tions including aspect ratio and surface roughness effects,
and electrical performance must be considered;

• the domain of the broadcasting interconnect is electrically
large and direct modeling of realistic systems with accu-
rate prediction of a high throughput and low latency is
likely impossible;

• measurement of antenna parameters such as gain, effi-
ciency, impedance, return loss, etc., needed for accurate
determination of link-budgets (in traditional of-air broad-
casting) are difficult.

To address the computational electromagnetic modeling
issues, we exploit the flexibility of finite element method
(FEM) and finite integration techniques (FIT) implemented in
software tools HFSS and CST, respectively, for robust (accu-
rate and efficient) 3-D modeling of inhomogeneous materials,

Fig. 11. Input impedance comparison between the FEM and FIT computa-
tions with reference MoM results for an optical monopole. Shown are input
resistance (left) and input reactance (right).

as shown in the results given in the Fig. 11. As seen, a copper
monopole antenna was simulated with HFSS and CST and
results are favorably compared with the reference simulations
obtained with a method of moments [5]. It is important to
note that the performance of this infrared monopole with
any combination of silica/silicon and metal patterning within
its computational domain, including surface roughness and
misalignment of layers, can be straightforwardly tracked in the
two methods of choice. Radiation patterns of the simulation
are shown in figure 12 and figure 13 The very same set-
up will be impossible with the method of moments unless
time consuming and memory demanding (full system matrix)
volumetric method of moments is used.

Fig. 12. Computed realized gain pattern at two constant azimuth angle of a
difraction antenna shown in Fig. 10. Results are obtained using FIT.

Fig. 13. The antenna is designed and optimized by HFSS and verified by
CST. (To the left) Radiation pattern at Phi = 0. (To the right) Radiation pattern
at Phi = 45. Radiation efficiency HFSS: 59.97% and CST 63.56%.

VI. Near field measurements
The configuration for the imaging and measurement of the

antennas sample consists of a 1550nm fiber-optic light source,

4

Radiation pattern
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High-throughput electrical subnetwork design

2D mesh network

Packet-switched/circuit-
switched

Virtual channel flow
control

Each router connects to

Processor core/cache
Electrical network
Photonic network
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Router microarchitecture
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Electrical subnetwork: router, arbitration and protocol support

Support for coherence and consistency
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Support:

Global ordering, multiple channel groups, and split transaction

Snoopy, token coherence, HyperTransport, QuickPath et al.
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Photonic subnetwork: broadcast and antenna
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Fabrication results

Antenna fabricated in-house

Ring resonators with various radii
Fabricated in CEA-LETI
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Simulation setup
Performance and power evaluation

Parameters setup

Nanophotonic subnetwork

Throughput per wavelength 4Gb/s

Number of wavelengths N = 64

Broadcast channels K = 32

Coherence protocol Snoopy protocol MESI

Electrical subnetwork

Router frequency 2GHz

Topology 4-ary 2-mesh

Traffic traces: SPLAH2 ALPBench SPECJbb TPC-H TPC-W et al.
Two electrical alternatives as references:

EL baseline: 2D mesh w/ a five-stage pipeline router

EH ideal: minimal-latency bandwidth-abundant
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Simulation setup
Performance and power evaluation

Performance
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serialization memory L2 data protocol

Protocol transaction latency 88.0% improvement over EL
and 72.7% improvement over EH

L2 cache miss latency 61.0% improvement over EL
and 31.0% improvement over EH
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Observations

Latency is the major challenge in on-chip network design

Latency-critical messages need to be broadcast/multicast

Solutions: a hybrid nanophotonic-electric interconnect

Latency-critical packets planar waveguide based photonic network

Large data packets packet-switched electrical network

Results

Network performance significant increase, esp. protocol msg.

Power consumption reduce electrical power, overall power scales

Implementation compatible with CMOS fabrication
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Thank you!

Contact: Zheng.Li@colorado.edu
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Backup: broadcast waveguide

Broadcast medium is a planar SOI waveguide

Power consumption is determined by broadcast

Power transmission is estimated by the 2D Friis equation:

T =
Pr

Pt
= GtGr

1

2π

λ

2πnr
Antenna gain G 6 dB from antennas’ directivity

Operating wavelength λ around 1550 nm

Index of refraction n 3.5 for silicon

Propagation radius r 0.7 cm on chip

Receiver power Pr -30 dBm for 10−12 BER

Power source need to provide 16dBm per wavelength channel.

29 Spectrum: A Hybrid Nanophotonic–Electric On-Chip Network


	Introduction
	On-chip communication metrics: latency, throughput and power
	Main challenge: excessive latency in packet-switched networks
	Broadcast support is also required for on-chip communication

	Design
	A hybrid nanophotonic-electric network
	Photonic subnetwork: broadcast and antenna
	Electrical subnetwork: router, arbitration and protocol support

	Experimental Results
	Simulation setup
	Performance and power evaluation

	Conclusions

