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MULTITIER NETWORK TOPOLOGIES COMBINE SCALABLE TOPOLOGIES FOR LOCAL AND

GLOBAL INTERCONNECTS TO IMPROVE BISECTION, MINIMIZE RADIX, AND REDUCE LINK

COSTS, ALBEIT AT HIGHER PACKET LATENCY. THE AUTHORS ENVISION AN ENTIRE

EXASCALE NETWORK COMPRISING PHOTONIC LINKS FOR COMMUNICATION AND CMOS

ROUTERS FOR SWITCHING. COMPARED TO THE SINGLE-LEVEL DRAGONFLY TOPOLOGY,

MULTITIER TOPOLOGIES PROVIDED SIMILAR POWER AND LATENCY, HIGHER BISECTION, AND

REDUCED AREA OVERHEAD.

......Technology scaling and increased
demands from high-performance computing
applications are accelerating the growth and
performance of future supercomputers and
large datacenters. The next frontier in super-
computers is exascale machines that can
deliver exaflop (1018) computational capabil-
ity. Exascale machines can be built by com-
bining hundreds of thousands of individual
nodes that combine CPUs and GPUs with
stacked DRAM modules.

The interconnection network, which con-
nects all the exascale system’s nodes, should
deliver high communication bandwidth
within the allocated power budget.1 The in-
terconnection network topology determines
critical network characteristics, such as the
switch degree or radix, diameter (maximum
hop between two nodes), bisection width,
and number of links. These variables directly
relate to the exascale computing system’s
power, performance, and area.

Researchers have studied network topol-
ogy extensively for high-performance com-
puting systems starting with direct networks
such as the k-ary n-cube, flattened butterfly,2

and dragonfly3 topologies, and indirect net-
works such as the folded-Clos or fat-tree top-
ologies.4 The Cray XC5 was designed on the
dragonfly topology instead of folded-Clos
because dragonfly avoids the need to add net-
work stages as the system size increases. The
dragonfly topology comprises groups of
nodes; at the intragroup (local) level, the
routers are fully connected, and at the inter-
group (global) level, all groups are fully con-
nected. Although the dragonfly network has
low diameter for exascale networks, it has
fewer global links, which reduces the avail-
able bisection bandwidth, and its minimal
path diversity could cause congestion, requir-
ing adaptive routing. Moreover, the number
of ports in a high-radix router affects the
router area and design complexity.
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In this article, we advocate multitier net-
work topologies with a two-tier hierarchy
similar to a dragonfly network (local and
global), but designed with topologies that
minimize radix and router complexity, in-
crease bisection bandwidth, and provide sim-
ilar throughput with slightly higher latency.
We target 100,000 nodes for exascale net-
works, comparable to the Cray XC series
with 92,544 nodes.

Because power consumed by metallic
interconnects increases with distance, re-
searchers are investigating emerging optical
technologies for implementing interconnec-
tion networks in large-scale networks. Hybrid
integration by direct modulation using an
on-chip package of vertical-cavity surface-
emitting lasers (VCSELs) can deliver data
rates up to 25 Gbits/second (Gbps) at 1 pico-
joule (pJ) per bit of power consumption.6

Commercial VCSELs are commodity com-
ponents, and most of the optics available for
data communication today are based on
VCSEL technology. Hybrid integration is a
near-term solution because the technology is
mature, and wafer-level testing, easy assembly
(80,000 per 3-inch wafer), high reliability,
and high-speed modulation are available.

Silicon photonics is the alternate technol-
ogy solution; it can deliver high-density band-
width at higher energy and area efficiencies.7

Both academia and industry are actively pur-
suing fabrication of silicon photonic devices.
Silicon photonic-enabled, wavelength-division
multiplexed devices are expected to achieve
energy requirements of 1 pJ/bit at short dis-
tances (less than 10 cm). However, the tech-
nology is immature, and thermal sensitivity
and device capability are still being researched.
In this article, we analyze the impact of
VCSELs for implementing exascale systems
with an injection bandwidth of 256 GBps or
2 terabits/second (Tbps).

Single-tier and multitier network topology
We develop network topologies using sin-

gle-tier and multitier approaches employing
four scalable topologies (k-ary n-cube, flat-
tened butterfly, dragonfly, and fat tree),
because these topologies have been imple-
mented in prior supercomputers.8-12 Table 1
shows the network characteristics of these
scalable topologies. To determine the ideal
parameters using each of these topologies, we
ran analytical models by varying one of the
parameters used for designing the exascale
network with a single-tier topology. For
example, with k-ary n-cube networks, we
asked, what ideal values of k and n will yield
100,000 nodes such that network degree and
diameter are minimized while providing high

Table 1. Network characteristics of scalable topologies for exascale systems.

Topology Node (N)

Degree

or radix

(d)

Diameter

(D)

Bisection

width

(Bc)

Avg. hop

count

(Havg)

No. of

routers No. of links

k-ary, n-cube kn 2nþ 1 nk/2 4kn–1 nk/4! even k;

n(k/4 – 1/4k)

! odd k

kn N(2nþ 1)

Fat tree

(k-ary, n-tree)

kn 2k 2n¼ 2logkN N/2 2[n – (1/(k –1))] N/k(logkN) N(logkNþ 1)

Flattened butterfly

(k-ary, n-fly,

c¼ concentration)

ckn cþ n(k – 1) n (k/2)2kn–1 n/2 kn (N/c)[cþ n(k – 1)]

Dragonfly

(a¼ local routers,

h¼ global links,

c¼ concentration)

ac(ahþ 1) cþ a –1þ h 3 (2 local,

1 global)

(ah/2)2 �2 a(ahþ 1) a(ahþ 1)�
(cþ aþ h – 1)
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bisection, a minimal number of switches,
and a nominal number of links? We imple-
mented a similar optimization for each net-
works to design a 100,000-node system
using a single-tier approach.

The motivation for using a multitier
approach to design exascale networks is based
on the fact that, generally, nodes are first
combined to reduce the number of switches
(via concentration) and then grouped to
form a cabinet. Several cabinets are then con-
nected to form the system. Networks must be
modular at the cabinet level to allow for serv-
icing in case of faults and for expansion with
new cabinets when workloads demand more
computing. This naturally splits the system
design into two levels: intracabinet and inter-
cabinet networks. At the intracabinet level,
all the system supernodes (after concentra-
tion) can be connected via the backplane
using optical waveguides. Each supernode
can be connected directly to other cabinets at
the intercabinet level using optical fibers. To
reach 100,000 nodes, for example, we could
connect approximately 200 cabinets that
each contain 500 nodes.

Extending the example, consider a multit-
ier design that combines a 3D torus and a
flattened butterfly as shown in Figure 1. We
chose a 3D torus instead of higher dimension
to reduce the link penalty generally associated

with higher dimensions. Four nodes are con-
centrated into one supernode (see the inset in
the figure), and each supernode is connected
using a 3D torus. With c ¼ 4, k ¼ 5, and
n ¼ 3, a total of 500 ¼ 4� 53ð Þ nodes can
be connected at the intracabinet level. Now
each cabinet is connected using a flattened
butterfly network in three dimensions with
k ¼ 6 and n ¼ 3, giving 216 ¼ 63ð Þ total
cabinets. Figure 2 shows the actual connec-
tions between the cabinets. For clarity, only
two dimensions out of three are shown. Each
supernode within the 3D torus has exactly
three outgoing connections to three other
supernodes along each dimension.

As a second example, Figure 3 shows two
levels of a dragonfly network. Unlike other
topologies, there are several combinations for
designing multitier dragonfly networks; for
example, the first-level topology yields the
total number of routers within a cabinet. To
connect all routers (intercabinet), the global
links can be connected with a 1:1 ratio or
overprovisioned (1:2 or 1:4). This increases
the global bisection width because there are
more links at the intercabinet level when
these are overprovisioned. To illustrate the
overprovisioned example, consider the first
level (intracabinet) with a ¼ 7 and c ¼ h ¼
3, as shown in Figure 3. The total number of
nodes at the intracabinet level, N 0 ¼ ac(ah þ

Node
0 

Node
2 

Node
1

Node
3 

Concentration

3D torus 

3D flattened butterfly  

Cabinet
System 

Figure 1. Multitier design in which supernodes are combined (c¼ 4) into a 3D torus (k¼ 5,

n¼ 3), and each 3D torus is connected as a flattened butterfly network (k¼ 6, n¼ 3). With

c¼ 4, k¼ 5, and n¼ 3, a total of 500 ¼ 4� 53
� �

nodes can be connected at the intracabinet

level. Each of these cabinets is connected using a flattened butterfly network in three

dimensions with k¼ 6 and n¼ 3, giving 216 (¼ 63) total cabinets.
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1)¼ 462. The total number of routers within
a cabinet is R 0 ¼ a(ah þ 1) ¼ 154. To reach
100,000 nodes, there must be at least 216
cabinets. This implies that with a 1:1 global
link connection per router, a single cabinet
can connect to only 154 cabinets. However,
if we overprovision 1:2, then we can connect
all cabinets and are left with 92 extra global
links. Although overprovisioned global links
increase the bisection width, they also
increase the link cost. In this example, we
overprovision 1:4 per router (h0 ¼ 4), which
results in an approximate overprovisioning of
1:3 at the cabinet level.

Table 2 shows the overall analysis of sin-
gle-tier and multitier topologies. The evalua-
tion shows the network parameters, degree or
radix, diameter, bisection width, average hop
count, total number of links (and percentage

of long cables), and total number of switches.
The first four rows are from our analysis on
single-tier optimization. Higher-dimension
k-ary n-cube networks (k ¼ 7, n ¼ 6) have
a low degree, but a higher diameter and
link cost. Flattened butterfly networks (c¼ 4,
k ¼ 4, n ¼ 8) reduce the switch cost (because
of concentration) and the average hop count,
but have both higher link cost and larger de-
gree requirements. Fat-tree topologies (k¼ 10,
n ¼ 4) show a high bisection width (50 per-
cent of the total number of nodes) and low
diameter but high switch counts. In a fat-tree
topology, the number of levels dictates the
total cost: more levels imply lower degree or
smaller radix but a higher number of links,
and fewer levels imply higher degree but a
lower number of links. Dragonfly topologies
(a ¼ 26, c ¼ 12, h ¼ 12) show low diameter,

Cabinet (0, 0, 0) Cabinet (1, 0, 0) Cabinet (2, 0, 0) Cabinet (3, 0, 0) Cabinet (4, 0, 0) Cabinet (5, 0, 0) 

Cabinet (0, 1, 0) Cabinet (1, 1, 0) Cabinet (2, 1, 0) Cabinet (3, 1, 0) Cabinet (4, 1, 0) Cabinet (5, 1, 0) 

Cabinet (0, 5, 0) Cabinet (1, 5, 0) Cabinet (2, 5, 0) Cabinet (3, 5, 0) Cabinet (4, 5, 0) Cabinet (5, 5, 0) 

System 

Figure 2. Connections between cabinets. Each supernode within the 3D torus is connected to three supernodes in each

dimension (only two dimensions are shown). Each cabinet is numbered as (x, y, z), and all connections from cabinet (0, 0, 0)

are shown for clarity.
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average hop count, and low number of
switches. However, dragonfly offers lower
bisection width, but the switch’s radix is high
because it must support the local radii, concen-
tration, and global links. Because the bisection
is determined only by the global links, fewer
global links imply less bisection (approxi-
mately 25 percent of the total number of
nodes).

For the multitier designs shown, the total
radix is reduced to below 20, the diameter is
less than 10, and the average hop count is less
than five. For (knþ Fbfly) and (FbflyþFbfly)
topologies, the link costs dominate because
of the flattened butterfly topology. For (kn þ
Dfly) and (Fbfly þDfly) topologies, because
the network topologies are not overprovi-
sioned, the bisection is 25 percent of the
injection bandwidth. Although there are sev-
eral combinations of (DflyþDfly), three pro-
vide higher bisection bandwidth with
reduced radix. More importantly, these top-
ologies double the diameter, owing to the
two dragonfly levels the packet must travel
from source to destination. Multitier topolo-
gies (two-level Dfly or Dfly þ FT ) can pro-
vide the ideal combination of lower degree

and average hop count with a lower number
of links.

Photonic technology and router
microarchitecture

VCSEL-based optical interconnects satisfy
bandwidth and energy-efficiency requirements
for exascale topologies. Current VCSELs sup-
port 16 Gbps of data rate per laser, and
25-Gbps prototypes are being tested.6 There-
fore, we expect 32-Gbps data rate VCSELs to
be available in 2 to 3 years and available in vol-
ume in the 2020 timeframe. To achieve a link
bandwidth of 256 Gbytes/second or 2 Tbps,
we need 64 VCSELs running at 32 Gbps
each. Each VCSEL array will contain four
VCSELs and occupy 1 mm� 0.25 mm. This
is similar to the area needed for the photode-
tector (PD) to receive the photonic signals.

Because these VCSEL and PD arrays
would be attached to the bottom of a router’s
organic carrier, substrate pads need to be
eliminated to fit the transceivers. The size of
the package pad is 1 mm � 0.6 mm, and
pitch (separation between pads) is 1 mm.
Therefore, to pack four VCSEL arrays (16

0 1 2 3

654

0 1 2 3

654

Cabinet

0
1 2

3

4

5

216

Group 153 

Group 0 c = 3, a = 7, h = 3 

System

h ′= 4

Figure 3. Multilevel dragonfly topology design (a¼ 7, c¼ 3, h¼ 3, and h0 ¼ 4). With a¼ 7,

c¼ 3, and h¼ 3, the total number of nodes at the intracabinet N 0 ¼ 462, and the total number

of routers is 154. To reach 100,000 nodes, we need at least 216 cabinets; however, with 1:1

provision, we can only connect 154. With 1:4 overprovision (h0 ¼ 4), we can increase the

global bandwidth.
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total VCSELs) and four PD arrays, we must
eliminate 8 mm of package pads on the sub-
strate edge.

Polymer waveguides are needed to route
signals from the VCSELs to the PDs. Poly-
mer waveguides have a 60-micron pitch.
Therefore, 16 waveguides need 1 mm, and
64 waveguides need 4 mm. The total area for
two sets of 16 VCSELs and PDs is 60 mm2.

We determined the total link power by
adding power for the transmitter (42.5 mW
per channel at 32 Gbps, which includes total
laser driver, clock generation and distribu-
tion, and serializer) and the receiver (17 mW
at 32 Gbps, which includes the three-stage
transimpedance amplifier, clock and data
recovery, and deserializer). The total achieved
power is 60 mW at 32 Gbps or 1.86 pJ/bit.

Table 2. Evaluation of multitier hierarchical topologies.

Hierarchical

design

(topology 1 1

topology 2) Parameters

Degree

or radix

(d)

Diameter

(D)

Bisection

width (Bc)

(in thousands)

Avg. hop

count

(Havg)

Total no.

of links (L)

(in thousands),

long links

percentage

No. of

switches (S)

(in thousands)

7-ary 6-cube (kn) k¼7, n¼ 6 13 21 67 12 1,300 (46%) 100

Flattened

butterfly

(Fbfly)

c¼ 4, k¼ 4,

n¼ 8

32 8 65 4 800 (38%) 25

Fat tree (FT) k¼ 10, n¼ 4 20 8 50 7.8 600 (40%) 50

Dragonfly (Dfly) a¼ 26, c¼ 12,

h¼ 12

50 3–5 26 2 430 (25%) 8.7

3D torusþ Fbfly

(knþ Fbfly)

c¼ 4, k¼ 5,

n¼ 3; k¼ 6,

n¼ 3

13 10.5 40 �5 670 (60%) 27

Fbflyþ Fbfly c¼ 4, k¼ 5,

n¼ 3; c¼ 6,

n¼ 3

19 6 40.5 �3 830 (48%) 27

3D torusþ
Dfly (knþ Dfly)

c¼ 4, k¼ 5,

n¼ 3; a¼ 6,

c¼ 4, h¼ 4

14 8.5 25 �4 350 (28%) 27

Fbflyþ Dfly c¼ 4, k¼ 5,

n¼ 3; a¼ 6,

c¼ 4, h¼ 4

20 4 25 �2 500 (20%) 27

Dflyþ Dfly (a¼ 7) a¼ 7, c¼ 3,

h¼ 3; h0 ¼ 4

16 7 35 �3 530 (25%) 33

Dflyþ Dfly (a¼ 8) a¼ 8, c¼ 2,

h¼ 2; h0 ¼ 3

14 7 67 �3 660 (21%) 47

Dflyþ Dfly (a¼ 5) a¼ 5, c¼ h¼ 3;

h 0 ¼ 5

15 7 43 �3 500 (33%) 33

Dflyþ FT a¼ 7, c¼ h¼ 3;

k¼ 16, n¼ 2

16 8 67 �4 550 (27%) 41
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Figure 4a shows the router microarchitec-
ture, and Figure 4b shows the router pipeline.
Our proposed architecture has six router
pipeline stages (optical-to-electrical, buffer
write, virtual channel allocation, switch allo-
cation, switch traversal, and electrical-to-
optical). The proposed high-radix switch has
either waveguides (from onboard and back-
plane) or fibers (from intercabinet) as I/O
ports. Each port has 16 � 32 Gbps of pho-
tonic signals arriving and departing from the
router. Each of the photonic links is con-
verted to electrical signals via the optical-to-
electrical blocks shown. This corresponds to
the first router pipeline stage. This is followed
by converting serial links into parallel using a
1:8 serializer-to-deserializer (SerDes) to gen-
erate 256 bits of data. The head flit is

extracted for routing information; we propose
source routing, which has the output port
selection embedded in the header flit. This
process simplifies route computation and
reduces the routing logic to a simple lookup.
The packet already has the virtual channel
(VC) or buffer information embedded to
simplify the destination static RAM (SRAM)
buffer selection (via a demux). We also embed
flow control information within the flit. We
implement credit-based flow control for
our proposed architecture. Therefore, every
incoming flit maintains credit information
that is transferred to VC allocation.

The second pipeline stage is the buffer-
write stage combined with route computation
lookup. For the header flit, the information is
then written to the VC state table maintained
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Figure 4. Router microarchitecture (a) and pipeline stages (b): optical-to-electrical conversionþ serializer-to-deserializer

(SerDes), buffer writeþ route computation, virtual channel allocation, switch allocation, switch traversal, and SerDesþ
electrical-to-optical conversion.
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at the router. This enables payload flits to fol-
low the same route to the destination.

The next stage is the VC allocation stage,
when a buffer at the downstream router is allo-
cated. The credit information is critical to indi-
cate if the flit can propagate to the downstream
router. The VC will also create credit informa-
tion to be sent to the downstream router.

The next pipeline stage is switch alloca-
tion, when all the flits contend at the switch
stage. We propose a nonspeculative switch
allocation that follows the VC allocation. The
next router pipeline stage is switch traversal,
when the parallel data is converted back to
serial data using a SerDes and then transmit-
ted using the VCSELs. Finally, the electrical
signals are converted to photonic links.

Performance evaluation: power,
area, and throughput

In this evaluation, we estimate router and
link power and area for different topologies.
For CMOS router power, we used DSENT
0.9.12 DSENT models D-flip-flop (DFF) for

buffers and multiplexer-based crossbars. For
a complete evaluation, we also considered
two-stage switch allocation as well as clock-
ing. For switch allocation, we used the first
stage to arbitrate between VCs in the same
input port, and the second stage to arbitrate
between input ports. We modeled broadcast-
based H-tree for clocking. We considered
32-nm bulk CMOS technology for modeling
CMOS components. For on-chip communi-
cation, we use DFF for buffers. However, the
round-trip latency for global channels in
exascale topologies can be high because of
long links; therefore, SRAM is a better tech-
nology choice. We modeled this only for the
buffers using CACTI 6.0. Figure 5 shows the
power breakdown for different topologies.

SRAM reduces the impact on overall
power consumption compared to DFF
because of the large number of buffers
needed to overcome the round-trip time.
This is especially true for long global chan-
nels connecting cabinets that span distances
of 12.5 meters þ 26 meters (from Titan).
Except for dragonfly, all single-tier topologies
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consume the most power for both SRAM
and DFF-RAM. Single-tier dragonfly re-
duces the total power because there are fewer
switches. The other scalable topology is k-ary
n-cube, which also consumes less power
because there are more local connections.
Most of the combined topologies evaluated
(Dfly þ Dfly; Bfly þ Dfly; Dfly þ FT ) con-
sume less power than single-tier networks.
We expect an exascale system to consume 20
MW of power, which includes the processor,
memory, and network. Current petaflop
machines consume 10 to 12 percent of the
system power for the network, which implies
that most of our multitier topologies (2 to 3
MW) are suitable candidates.

Figure 6 shows the overall area each router
required for different topologies. Single-tier
dragonfly consumes the most area simply
because of the high radix, which is almost
3� more than other combined topologies.
Most combined topologies have an area of
1000 mm2, which when compared to the
Aries router from Cray XC with an area of
16:6 mm� 18:9 mm ð¼ 313:74 mm2Þ, is
only 3� larger.

To gain insight into network performance,
we modeled a small-scale network of 1,000
nodes. The proposed network evaluation
merges single-level networks such as mesh, flat-
tened butterfly, and dragonfly with multilevel
networks such as meshlocal-dragonflyglobal

(G dragon-L mesh), flattened butterflylocal-
dragonflyglobal (G dragon-L fb), and dragon-
flylocal-dragonflyglobal (G dragon-L dragon).
We restricted the analysis to direct topologies
and therefore did not model the fat-tree

network. For open-loop measurement, we var-
ied the network load from 0.1 to 0.9 of the net-
work capacity. The simulator was warmed up
under load without taking measurements
until a steady state was reached. A sample of
injected packets was then labeled during a
measurement interval. We allowed the simula-
tion to run until all the labeled packets reached
their destinations. We tested all designs with
different synthetic traffic patterns such as uni-
form-random, bit-reversal, butterfly, matrix-
transpose, complement, and perfect shuffle.

Figure 7 shows the latency plots for uni-
form-random and matrix-transpose traffic
patterns. For uniform traffic, both dragonfly
and flattened butterfly show the best per-
formance (that is, best latency and bandwidth
before saturation), which is almost 10 per-
cent better compared to multilevel designs.
We expected this because the hop count in
multilevel topologies is greater than in drag-
onfly and flattened butterfly. The combined
topologies—G dragon-L dragon, G dragon-
L fb, and G dragon-L mesh—perform rea-
sonably well given that these topologies
increase the network’s diameter. For matrix-
transpose, dragonfly topology provides the
best performance by saturating at 25 percent
of network load. G dragon-L dragon per-
forms the next best by saturating at 20 percent
of network load. The multitier topologies
have higher zero-load latency because of the
larger network diameter.

Figure 8 shows the saturation throughput
for various traffic patterns. The last column
shows the geometric mean for various traffic
patterns. The results follow the earlier
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network saturation points; if a network top-
ology saturates at a higher network load, then
the throughput also is higher. For example,
uniform-random, flattened butterfly, and
dragonfly provide the highest throughput,
which is marginally higher when compared
to the multilevel topologies. The geometric
mean of the averages provides some insights
into how diverse traffic will affect per-
formance. Flattened butterfly provides the
best overall performance for the majority
of traffic patterns; however, its increased
radix and router complexity render it in-
feasible for an exascale network. Although
easier to implement, mesh topology has ex-
tremely high diameter, which again makes it
uncompetitive.

When we consider dragonfly and the
remaining multitier topologies that implement
dragonfly globally, multitier topologies per-
form 15 to 50 percent better than a single-tier
dragonfly topology. One reason for the im-
provement is the increased path diversity in
multitier topologies. Another reason is that the
routing algorithm implemented in our models
is mostly shortest-path, which could lead to
increased congestion. Multitier topologies pro-
vide improved performance and do not have
to resort to Valiant’s algorithm for distributing
the hot spot. Moreover, the same performance
is delivered at a much-reduced radix, thereby
decreasing the router complexity and cost.

Figure 9 shows the power dissipated for
1,000 nodes with SRAM buffers implemented
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for routers. The multitier topologies consume
40 percent less power than single-tier dragon-
fly and 60 percent less power than flattened
butterfly. The higher radix of the router, as
well as the optical links, contribute to
increased router power use; however, as the
network size increases, higher-radix topologies
will have a power advantage because they can
connect more routers directly than multitier
topologies.

O verall, our work finds that multitier
topologies for exascale and datacenter

networks reduce router complexity and radix,
both of which become critical when imple-
mented with emerging optical interconnects.
Although we have estimated the power of the
VCSEL-based transceivers, more attention
needs to be paid to the actual layout, which
can have significant effects on power and area
overhead. Electrical CMOS router and pho-
tonic transceivers do not scale in a similar fash-
ion; this could result in underestimation of the
transceiver power consumption. Given the
likelihood that CMOS router and optical
transceivers will be designed in future technol-
ogy nodes, further evaluation is required to
estimate or extrapolate the expected power
consumption with technology scaling. Fur-
thermore, newer technology such as silicon
photonics should be carefully evaluated for
designing optical transceivers. With silicon
photonics, researchers should focus on three
important issues: laser coupling efficiency;
thermal stability of modulators and demodula-
tors; and losses due to high-density waveguide
crossings, bends, and crosstalk. While silicon
photonics has the potential to reduce the area
overhead and provide significant power effi-
ciency, more research at the device and tech-
nology levels is necessary before the technology
can be deployed for exascale networks. Finally,
we need to evaluate latency and throughput
when we scale the network to a large number
of nodes (beyond 1,000 nodes). MICRO
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