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Abstract

The advent of optical technology that can feasibly sup-
port extremely high bandwidth chip-to-chip communication
raises a host of architectural questionsin the design of dig-
ital systems. Terabit per second (and higher) bandwidths
have not previously been available at the chip level. In this
paper we examine the use of this optical technology in the
design of a network router, a system for which previous de-
signs have been I/O limited at the chip level. Specifically,
we examine the benefits of bandwidth reconfigurability, a
capability of the proposed switch fabric, and illustrate the
performance impact associated with different reconfigura-
tion rates.

1. Introduction

One of the significant issues the networking industry
faces is meeting continually increasing bandwidth require-
ments. Optical technology has made significant contribu-
tions to this need by providing high bandwidth link solu-
tions in the form of long distance fiber optics. Signifi-
cant additional benefits can be attributed to the devel opment
of Wavelength Division Multiplexing (WDM) and Dense
Wavelength Division Multiplexing (DWDM) [4], which
provide additional capacity on existing fiber optic channels.

The above advances focus on link technologies. In this
paper our interest is on router technology, traditionally an
al-electronic function. Core routers are responsible for
connecting links at alow-level network protocol layer (tech-
nically layer 2 of the OSI model)*. Higher capacity routers,
and the switch fabrics within them, are needed to fully uti-
lize the capabilities of current link technology.

There has been a significant effort focused on all-optical
switching, which completely eliminates the signal conver-
sion between the optical and electronic domains. Fast opti-
cal switching components, however, are still expensive thus

INote that routers that are located near the network periphery may also
perform higher level layer functions.

limiting commercial optionsin this area. Research has also
focused on identifying suitable architectures and associated
router switch technologies (e.g, ring, mesh, multiring [7],
etc.) and on routing issues[1, 8].

Our approach exploits the high bandwidth of optics for
chip-to-chip communication, but retains the benefits of tra-
ditional silicon CMOS technology for decision, control,
and signal switching functions. This paper presents a
simulation-based performance analysis of a router’s switch
fabric constructed using optical technology for communi-
cating between the CM OS chips that implement the fabric.
The extremely high bandwidth afforded by the opticsis en-
hanced further by the ability to reconfigure the fabric, es-
sentially matching the bandwidth capability of the switch to
the bandwidth requirements imposed on the switch by its
external environment.

Although the ability to reconfigure a switch fabric is not
uniqueto an optically-connected system, the specific mech-
anisms employed are pertinent to the architecture of the fab-
ric. Asaresult, this study focuses on a specific system de-
sign tailored for use with optical chip-to-chip communica-
tions capability.

With the ability to reconfigure the fabric comes the re-
sponsibility of controlling the reconfiguration. We have pre-
viously investigated this issue in an environment where the
bandwidth requirementsare known a priori, and the config-
uration can be performed statically [3]. In this paper we
consider the situation where the bandwidth requirements
are unknown until traffic passes through the switch. Thus
dynamic reconfiguration techniques must be employed if
one is to exploit the full bandwidth capabilities available.
We consider a particular switch topology (i.e., multiring)
that derives from the characteristics of the optical technolo-
gies employed and explore the performance of a particular
dynamic reconfiguration algorithm. A key aspect of this ex-
ploration is the time period associated with reconfiguration
activities.

The outline of the paper is as follows. Section 2 de-
scribes the design of the switch fabric, and Section 3
presents the simulation model of the system. Section 4 fol-



lows with performance results, and Section 5 concludes.

2. System Description

At the core of the proposed switch fabric are two dimen-
sional arrays of lasers and detectors. Thelasers are Vertical
Cavity Surface Emitting Lasers (VCSELs) which emit light
perpendicular to the surface of the chip. Chip-to-chip opti-
cal interconnections can then be supported through the use
of flexible fiber image guides. Figure 1 illustrates an optical
ring that connects four chips.
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Figure 1. A 4 chip optical ring topology using
flexible fiber image guides

The availability of a large number of lasers and detec-
tors on a single CMOS chip facilitates the partitioning of
these the optical linksinto channels, such that each individ-
ua channel is composed of multiple light paths or optical
links. Figure 2 illustrates the allocation of lasers and de-
tectors for a four channel system utilizing 32 x 32 arrays
of optical elements. As shown in the top of the figure, one
quarter of the elements are used for each channel. Each
square in the top view of Figure 2 containsa single laser or
detector. If the individual element communicates at 1 Gh/s,
thisyields (32 x 32)/4 = 256 Ghb/s per channel. The side
view of the figure illustrates (conceptually) how two adja-
cent chips communicate with each other using aflexible op-
tica pipe. The feasibility of such an interconnect system
has been demonstrated by Plant et al. [10]. Their system
flip-chip bonded a 32 x 16 array of inter-digitated lasersand
photodiodes to a CMOS chip using heterogeneous integra-
tion techniques. Derivative systems are now commercially

available from Teraconnect Inc. (e.g., Teralink ' 24 and

Teralink' 48 modules[12]).

Our proposed design uses this technology to build a
switching fabric for network routers. Though there has been
much work donein the area of optical switching, fabricsare
still primarily all electronic/electrical designs. Optical tech-
nology on the other hand, has primarily been used as alink
technology. We propose a dual approach, where the optical
paths (laser-detector pairs) are used for chip-to-chip com-
munication and CMOS | ogic provides control and switching
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Figure 2. Allocation of laser-detector pairs to
a four channel system. 32 x 32 laser-detector
arrays are used, with a 8 x 32 array allocated
to each channel

functions. This system will then exploit the high bandwidth
available with optics and aso the ssimplified switching in-
herent in using CMOS.

We next describe the architecture of the switch aswell as
its reconfigurability capabilities. The reconfiguration capa-
bility providesfor flexible control over the bandwidth allo-
cations to the flows supported by the switch.

SWITCH FABRIC
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Figure 3. Optical chip-to-chip communication
as part of arouter’s switch fabric. The heavy
lines indicate optical links.

Figure 3 shows a logical view of an eight port switch.
The switch ports are attached to a multiring topology with
each subring being dedicated to delivering traffic to a partic-
ular destination chip (output port). Asillustrated in Figure 4
for a4 node multiring, one subring is associated with each
of the ports (or destinations).

The subrings within the multiring share the bandwidth



Figure 4. Four node multiring topology show-
ing logically different channels (subrings)

of the entire system wherethetotal bandwidthis determined
by the number of |aser-detector pairsavail able and the band-
width associated with each pair. Bandwidth sharing is done
by alocating a portion of the laser-detector pairs to each
subring. Within each subring only one source can be ac-
tive atime. The Deficit Round Robin scheduling algorithm
has been selected to arbitrate across competing sources for
access to each channel or subring.

Thus, this architecture gives us two levels of bandwidth
alocation in the multiring. The first level is among the
subrings for sharing the total bandwidth, and the second is
among sources within each subring for sharing the band-
width of asingle subring. These two, when combined, give
us the flexibility to allocate bandwidth on a per-flow basis.
There are two methods of reconfiguring the interconnect
corresponding to the two levels of bandwidth allocation.
Thefirst method is called Laser Channel Allocation (LCA).
With LCA, bandwidth is alocated by changing the hum-
ber of laser-detector pairs on a per-subring (per-channel)
basis. This determines the absolute bandwidth allocated to
that particular subring.

For the second method, within a subring, media access
is arbitrated using the Deficit Round Robin (DRR) fairness
protocol [6, 11]. The protocol supports the assignment of
arbitrary bandwidth ratios to sources in a subring, accom-
plished by varying the “quanta’ alocated to each of the
sources. Over agiven time period, each source has a quanta
(i.e., equivalent to a bandwidth resource) that it can utilize.

The DRR protocol determineswhether a source has used all
its quanta and determines interconnect access so that each
source obtains its minimum quanta over the specified time
period. Thus, within a subring, the bandwidth associated
with each of the sources can be matched to the needs of the
application. Note that with DRR, unused quanta are reallo-
cated to sources requesting bandwidth in around robin fash-
ion. These methods are described in greater depthin [3, 5].

Inthisanalysiseach of the ports associated with the mul-
tiring interconnection network is connected to a router line
card that acts both as a source and asink of communications
(e.q., packet) traffic. If one knows a priori the bandwidth
requirements and routing statistics (i.e., the probabilities of
a given packet arriving on port i being sent to port 5) asso-
ciated with traffic coming into a port, then LCA and DRR
can be adjusted so the network bandwidth is used optimally
and the latencies through the network are minimized [3].
However, telecommunications traffic is difficult to predict
and changes over time. Thus, a dynamic approach to uti-
lizing these two reconfiguration methods is taken. That is,
periodically the methods are applied and the multiring and
DRR characteristics are optimized for a given time period.
This is done based only on the current state of the system
(i.e., the control system is memoryless) as measured by the
gueue lengths associated with the system sources. If it is
done often enough, then system performance is improved.
Theremainder of the paper considers a set of simulation ex-
perimentswhose goal isto quantify these gainsand examine
the effects of frequency of reconfiguration on performance.

We now consider the control algorithm itself, that is, the
way source queue lengths are used to change source band-
width allocations. Our control agorithm synchronously
changes the per flow bandwidth based on the instantaneous
gueue lengths for each source destination pair. We first di-
vide the total bandwidth available in the system across the
8 channels, giving each an amount directly proportional to
the backlog at each destination port. We also ensure that
each subring is given a bandwidth of at least 8 Gb/s. We
then proceed to allocate relative bandwidth for the sources
within each subring. Thisis done by changing the quantum
associated with each source in the DRR scheduling algo-
rithm. The quantum each source gets is proportional to its
relative load within each subring. In this case also we give
each flow a minimum quantum to prevent starvation of any
source.

3. Simulation Model and Experiments

To study the performance of this reconfigurable switch
fabric, an eight port switch is smulated using the ICNS
framework [2]. The ports are arranged in a multiring con-
figuration as described in Section 2.



3.1. Traffic Modeling

At the highest level, traffic associated with each port is
generated by applications (e.g., interactivefile transfer) that
execute on some remote site. Such traffic has been modeled
using a self-similar (i.e., bursty) input arrival distribution.
The distribution itself is implemented in the simulations
(discussed in the next section) using the approach described
in[9]. The size of the bursts generated in this manner cor-
respond to a heavy-tailed distribution that is characterized

by:

PX >zl ~27% 2= 00

where0 < a < 2. Such heavy-tailed distributions are ob-
tained from the Pareto distribution, where the probability
density functionis given by:

p(r) = akz=o"!

where a, k > 0 and x > k. The cumulative distribution
function has the form:

F(z) = PIX<z] = 1-(k/x)*

where the parameter £ represents the smallest possible
value of the random variable. The interarrival time between
two such burstsis exponentially distributed and corresponds
to the OFF period of the ON/OFF model [13]. The mean
burst sizeis ~ 4.1 K B as obtained from [9]. Empirical re-
sultsfrom [9, 13] reinforce the validity of this traffic arrival
model.

Such heavy-tailed distributions lead to the generation of
very long bursts. Both for design purposes (e.g., buffer
sizes, etc.) and to reduce the potential of such long bursts
from capturing network resources for long time periods
(and thus blocking other users), we divide all input bursts
into packets that are a maximum of 64000 bytes in length.
The DRR protocol gives access to the link based, in part,
on the size of each packet at the beginning of each source
gueue in the subring. This ensures that all the flows have
the opportunity to share the link (based on their DRR prior-
ity), even when a particular flow is transmitting avery large
burst. The bandwidth requirement for each flow is charac-
terized by its instantaneous state which is captured by input
gueue length associated with each subring source.

3.2. The Simulation

Due to the effects of using a heavy-tailed distribution
some very long bursts are generated and, under different re-
configuration approaches, halting the ssimulation and gath-
ering statistics while there remain packets in the various
gueues can produce misleading results. Let us call the case
having uniform allocation of bandwidth across the sources

in each multiring and not performing any reconfiguration
the Base Case. Say wewould liketo comparethe Base Case
with the case of using periodic reconfiguration with a given
period p (called the RC(p) Case). If both cases are halted
at the same arbitrary time point, the result will be that each
case processes a different number of packets and a direct
performance comparison will be misleading. To deal with
this, the simulations have been implemented so that each
simulation is halted when the same number of packets have
been processed. In practice this means that after a certain
number of packets have been generated, the packet traffic
generation component of the simulation is halted, however,
the simulation continues until all packets remaining in the
system are processed. Thus, for the experiments to be de-
scribed, the generation process is halted after 40 ms. Each
simulation experiment is performed multiple times to en-
sure the statistical significance of the results. The specific
traffic pattern that is present for an individual experimentis
referred to as an input pattern.

We study the effect of reconfiguring the system periodi-
cally with the period, p, being the reconfiguration parame-
ter of interest. In particular, we reconfigure the system with
p = 4ms, 400 us, and 4 ps. These correspond to 10,
100 and 10,000 reconfigurationsfor each input pattern. The
minimum period between reconfigurationsis 4 us (i.e., the
RC(4 us) Case). This time is dependent on the underly-
ing signaling mechanism for used for distributing data and
control messages which hasareset period of 4 us[6]. Addi-
tionally, aburst is dividedinto packets with amaximum size
of 4 us(i.e., 64,000 Bytes). Thus, inasystem wherethereis
no overhead associated with reconfiguration, this represents
the fastest rate at which reconfiguration can occur and re-
sultsin the best possible performancefor the system. Later,
overhead delays are included in the overall model and these
effects on performance are examined.

4. Reaults

The results presented in this section correspond to an of-
fered load to the switch of 50%. At loads closer to 100%
utilization, the switch is busy all the time, thus there is no
significant advantage to system reconfiguration. All the re-
sources are being fully utilized. Similarly, at very low loads
there is enough bandwidth to fully satisfy all requests and
thus there are no performance benefits to reconfiguration.
Thus, it isin this middle load range, where some links may
be bottlenecks while others are underutilized, that reconfig-
uration can aid performance.

4.1. QueuelLengths

The first set of performance graphs (Figure 5), illus-
trate the behavior of the system for a particular input traffic
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pattern. The different plots show the instantaneous queue
length associated with each destination port corresponding
to a particular subring. Each plot is designated by a differ-
ent printing pattern (e.g., dashed, dotted, etc.). This queue
length information is used as a basis for reconfiguration.
Figure 5a corresponds to the Base Case where there is no
system reconfiguration and the bandwidth is evenly divided
across al sources and subrings. Since al sources have the
same priority and bandwidth, the rate at which packets are
removed from the destination queues is the same for al
gueues. This dequeue rate corresponds to the downward
slope of each queue length plot and can be seen to be con-
stant and roughly equal. The random vertical jumps corre-
spond to traffic being generated for the switch that is tar-
geted to a particular destination port. Note also that large
bursts can occur since the traffic model is heavy tailed.
These bursts represent requests for bandwidth and stay in
the system for long periods since, in the Base Case, no ex-
tra bandwidth is allocated to them. Thus, they will have an
adverse effect on overall performance averages.

In contrast to this, Figure 5b illustrates the response of
the system for the same input traffic pattern used above, but
with the system reconfigured every 400us (i.e., RC(400 us)
Case). The dope of the plots when dequeuing occurs are
significantly different than in the Base Case. They are
steeper for more heavily loaded sources (indicated by high
gueue lengths) and flatter for the ports with lower traffic.
This illustrates that the redistribution of bandwidth based
on source queue length using LCA and DRR is operating as
expected. Thus, the higher the load on a source, the greater
the bandwidth allocated to it.

From the plots, it is also clear that the average queue
length over al sources is significantly lower for the
RC(400 ps) Case. Thisis quantified in Table 4.1 where the
average queue lengths over the entire simulation are given
for each of the destination nodes. This data is obtained by
simulating 10 different input patterns. Over al the nodes
thereis a 72% reduction in queue length for the RC(400us)
Case over the Base Case.

4.2. Packet Delays

Figure 6 illustrates the average packet delay over the en-
tire system and also the average delay acrossindividual sub-
rings. Figure 6a shows the overall packet delay, aggregated
from 10 different runs. The overall packet delay for the
RC(4 ms) reconfiguration case is higher than the uniform
allocation case. The RC(400 us) and RC(4 us) reconfigu-
ration cases, on the other hand, give an improvement in the
mean packet delay in the system.

Figure 6b givesthe delay numbersfor theindividua sub-
rings across 10 runs. We see here that the spread of these
numbers in the uniform allocation is much higher than the
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Figure 6a. Average packet delay in the system
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reconfigured cases, which is expected, because of the con-
trol algorithm controlling the variability in the reconfigured
runs.

The degradation in mean packet delay performance for
the RC(4 ms) reconfiguration is a result that is common
to memoryless control systems. The system is configured
based on demand at a particular point in time. At a later
time, however, the demand is potentially significantly a-
tered, and unless the control system reacts to the demand
change, the system itself is poorly configured to service
the actual demand present. An illustration of this effect is
shown in Figure 7, which shows the instantaneous queue
lengthsfor a4 ms reconfiguration period (RC(4 ms)). The
input pattern generating the trace isthe same asis shown in
Figureb.

We see that at time 28 ms when the system is recon-



Table 1. Mean queue lengths (bytes)

Port 1 Port 2 Port 3 Port 4 Port 5 Port 6 Port 7 Port 8 Average
Base Case | 6835328 | 4158080 | 20745216 | 20634496 | 4724224 | 57565632 | 53452800 | 46317824 | 20227008
400 ps 4645056 | 4125824 | 5144960 6070784 | 4878656 | 7358528 | 3556608 | 9388416 | 5646 080
%Improv. | 32.04% 0.77% 75.19% 70.57% -3.26% 87.21% 93.35% 79.73% 72.09%

figured, the number of packets in queue for port 8 is quite
small. Thiswill imply the bandwidth allocated to that port
is low. This port then receives a huge burst after a short
time, which we see is not detected by the control algorithm
until the next period (at time 32 ms). Until this later recon-
figuration, few packets in this queue are serviced, which is
seen by theincreasing slope of the queuelength for destina-
tion 8. Thisincreases the average packet delivery time due
to a poorly configured system. Further analytical analysis
of thiseffect isgivenin [5].

One metric that is of interest is the Speedup of the re-
configurable system over the Base Case. The speedup is
defined as:

_ AverageDelayuniform

- AverageDelaygecontig

For the RC(4 us) Case and the RC(400 us) Case the
speedups are 1.71 and 2.22, respectively, when comparing
the average packet delay for the overall system. The RC
(4 ms) case has a speedup of 0.57, suggesting that a4 ms
reconfiguration period is clearly inappropriate for this sys-
tem.

4.3. Delay Variation

Another important performance metric is the variability
in packet delay. Given the control algorithm in use, we ex-
pect a significant reduction in the delay variability for the
reconfigured system. Table 2 presents the standard devia-
tion of the packet delays experienced over all 10 simulation
runs.

Our reconfiguration mechanism, as mentioned earlier,
makes the bandwidth all ocations proportional to theload on
individual flows. As expected, the variability of packet de-
livery times decreases with the number of times the system
isreconfigured. It is also seen that the numerical difference
is not significant between the 400 us and the 4 us reconfig-
uration periods.

4.4. An Expanded Performance M odel

The reconfiguration performance results shown up to
now don’t consider the cost of reconfiguring the system. We
now present an analytic model that includesthis overheadin
a performance prediction of mean delay.

Table 2. Overall standard deviation over all

runs
Reconfiguration Period | Std. Dev. (ms)
Base Case 10.74
RC (4 ms) 1.32
RC(400 ps) 0.9172
RC (4 ps) 0.9142

We add a post simulation reconfiguration penalty delay
for al the packets present in the system at times when the
system is to be reconfigured. This reconfiguration cost is
obtained using Little's law and simulated mean packet de-
livery time. We estimate the number of packets present in
the system at each reconfiguration period and add penalties
to all these packets, averaging the total reconfiguration cost
over the total number of packets delivered by the system.
The average reconfiguration penalty per packet (R .) can be

derived as
Qi x Px M

N

where @), is the mean gueue length during the simulation
run, P is the reconfiguration penalty, M is the number of
times the system is reconfigured during the entire smula-
tionrunand N isthetotal number of packets delivered dur-
ing the entire simulation run. From Little's law we know
that Q; = A x W3, where W, isthe wait time in the system
and ) is the mean arrival rate. Using the numbers we have
from the simulation, the expression for R . now becomes

CAXWyx Px M
- N

R, =

R.

_ N
Where A= Simulationduration”
pressionfor R, to

This now reduces the ex-

WtXPXM
40 ms

Since Little's law holds only for steady state conditions
in the system, it is important to show its validity in com-
puting the reconfiguration cost. To estimate the error intro-
duced by using Little's relationship we ssimulated a pair of
input patterns in which a delay histogram with abin size of
4 us was constructed. We proceeded to cal cul ate the recon-
figuration penalty for each bin assuming the mean of the bin

R. =
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corresponded to the mean delay for the packets in that par-
ticular bin. We calculated the probability that a packet with
this packet delay is present in the system during reconfigu-
ration. With this probability, the number of packetsin each
bin, and the penalty P associated with each reconfiguration,
we calculated the reconfiguration penalty.

The results are tabulated in Table 3, which shows the
per packet additional delay (to account for the reconfigu-
ration cost) for both Little's law and the histogram that re-
sults from the simulations. When comparing the numbers
in Table 3 we can concludethat using Little'slaw givesusa
fair estimate of the reconfiguration cost. The numbers pre-
sented in the table correspond to a reconfiguration penalty
of 1 ns(P = 1ns),i.e,ittakes1 nsto reconfiguretheinter-
connect. Figure 8 shows the mean delay in a system under
different reconfiguration penalties.

0 0.5 1 15 2 25 3 35 4
Reconfiguration Penalty (us)

Figure 8. Average packet delay with reconfig-
uration cost (using Little’s law)

Figure 8 shows the effect of adding reconfiguration cost
to the mean delay numbers. This figure corresponds to re-
configuration times in the range of 0 — 4 us, which is a
good estimate for the time to reconfigure the system. It
is shown that a system with 4 ms or 400 us reconfigura-
tion penalty has almost zero dlope for the entire range. This
does not hold for the 4 us reconfiguration period, as there
are large numbers of reconfigurations of the system. The
benefits obtained by reconfiguring the system frequently is



consumed by the overhead cost associated with those re-
configurations. As shown in Figure 8 the 4 us reconfigu-
ration case gives the same performance as the 400 us case
at around 1.2 us penaty for reconfiguration and becomes
worse at higher penalties. It tends to approach the uniform
allocation case at around 4 s penalty.

5. Summary and Conclusions

This paper investigates the performance implications
of dynamically reconfiguring a router switch fabric con-
structed using optical chip-to-chip communication. A
simulation-based performance study explores the question
of setting an appropriate reconfiguration period for the sys-
tem, as well as quantifying the performance benefits that
can be expected due to reconfiguration.

The speedup of the system, which is measured as the ra-
tio of the average packet delay under uniform alocation to
the reconfigured case, ranges from 0.57 to 2.22. A speedup
less than unity for the 4 ms reconfiguration case demon-
strates that a poorly chosen reconfiguration period can have
undesirable effects on system characteristics. The speedup
of 1.71 for the 400 ps reconfiguration period illustrates the
clear potential for overall improved performance dueto re-
configuration without the need to unduly burden the system
with frequent reconfiguration operations. The mean queue
length improvement of 72% and dramatic improvement in
delay standard deviation for this case are further evidence
of the appropriateness of this reconfiguration period.

The use of optica chip-to-chip communication enables
the construction of a network router switch fabric that can
support aggregate throughputs of 1 Th/s. The ability to re-
configure the fabric enables oneto utilize the bandwidth re-
sources even more effectively.
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