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Abstract

A photonic fast packet switch is proposed for low-latency
intra-node routing in high-speed optical networks. Applications are demonstrated in telecommunication and
parallel computer environments. The switch fabric is
based on integrated directional-coupler technology. It
has low complexity and is geometrically suitable for realestate ecient single substrate implementation. The
switching architecture relies on time-division multiplexing an optically-coupled tree-structured active routing
stage. Both synchronous and asynchronous TDM operation modes are modeled and analyzed to obtain packet
bu ering and total switching latencies.

1 Introduction

The development of photonic switching architectures is
motivated by the recent advances in device technology
and the need for high-bandwidth switching to accommodate the increasing o ered trac to a high-speed optical network. In large multi-hop networks, a signi cant
amount of trac arriving to a node is non-local (trunk
trac) and need to be further routed. In telecommunication networks, this trac is conventionally handled
by the same switch handling local trac. In parallel
computer networks, small-dimension space switches have
been considered for intra-node routing in [1]. High-speed
multiaccess protocols [2] and routing protocols [3] have
been investigated for the same purpose. Figure 1 illustrates the requirement of trunk trac routing in both
environments.
This paper proposes the use of a simple time-division
multiplexed photonic fabric to achieve intra-node trunk
routing in either telecommunication or parallel computer
networks. The fabric consists of an optically-coupled
tree routing structure with time-division multiplexing
(TDM) scheduling access to the photonic tree router.
The architecture is denoted as time-division multiplexed
tree routing stage (TDM-TRS). Integrated directional
coupler switching devices are considered for the fabric
realization. In these devices, surface optical waveguides
 This
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Figure 1: Intra-node trunk routing in telecommunication
and parallel computer networks
are formed onto a LiNbO3 crystal by Titanium di usion.
LiNbO3 possesses a relatively large linear electrooptic effect that allows some variation of the waveguide's refractive index by means of applying an electric eld. Reconguration times of Ti:LiNbO3 directional couplers have
been demonstrated on the order of fractions of a nanosecond [4]. Crossbar switches with dimension of up to 8  8
(64 couplers) have been fabricated [5]. However, topological restrictions are imposed by the physical limit on
the number of couplers that can be integrated on a common substrate. The coupling length required to produce
sucient intensity modulation results in a long narrow
dimension of directional couplers [6].
The following factors are considered when applying the
proposed fabric to intra-node routing in telecommunication and parallel computer network environments:
High bandwidth: due to the photonic switch fabric, no
electronic bottleneck is imposed on the wide-band trunk
trac. This is in consistency with the use of optical
bers for serial transmission.
Dimension: The number of nonlocal connections in
both telecommunication network nodes and large parallel computer systems is fairly small as determined by
the node topological degree. It is practical with current
directional-coupler integration technology to fabricate a
two-fold of the proposed fabric with dimensions up to
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Figure 2: Organization of the TDM-TRS fast packet
router
32. Due to TDM, the smaller the dimension, the higher
the achievable line rate.
Multiplexing modes: a time-division multiplexed fabric is
applicable to the ATM trend in telecommunication networks. In particular, synchronous TDM is suitable for
routing highly uniform (pre-multiplexed) trunk trac.
On the other hand, asynchronous TDM is applicable to
ecient low-latency routing of bursty computer trac
in optically-interconnected parallel computer systems.
The switch organization is detailed in Section 2. Both
synchronous and asynchronous modes of operation are
modeled and evaluated respectively in sections 3 and
4. Packet bu ering delays and switching latencies are
obtained. Results and conclusions are summarized in
Section 5.

2 TDM-TRS Architecture

The TDM-TRS organization can be viewed as two subsystems: TDM subsystem and active tree router subsystem, as shown in Figure 2. The TDM subsystem couples the connected lines and drives them at a higher rate
into a single aggregate optical channel. The synchronized packets are further fed to a tree-structured active
routing network. A simple controller provides address
decoding and drive signals at the synchronous switch
mini-time slots. For a switch dimension of N, complexity is O(N) in terms of the number of directional couplers
and O(log2 N) in terms of the number of voltage drivers.
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The fact that the geometries of the coupler and router
networks are similar and oppositely situated suggests the
fabrication of a two fold switching network onto a common LiNbO3 substrate. It is desirable to have the couplers stacked rather than cascaded on the substrate to
take advantage of their physical dimension. De ning the
width and height of a Ti:LiNbO3 substrate in terms of

Configuration (a)

V

V

V

Configuration (b)

Figure 3: Directional coupler geometry for singlesubstrate two-fold implementation
the number of directional couplers in each dimension,
respectively as w and h, the objective is to minimize
w. Two possible two-fold con gurations are illustrated
in Figure 3. Con guration (a) has w = 3log2 N and
h = N2 + 1 while con guration (b) has w = 2log2 N and
h = N. A one-fold integrated crossbar has w = 2N ? 1
and h = N.
I/O Ports

Input/output ports perform bit rate adaptation and provide packet bu ering. The bit rates of the switching
fabric and line are denoted respectively as Rs and Rl .
The packet transmission time (time slots) of the line
and fabric are therefore respectively TSl = 1=Rl and
TSs = 1=Rs. The ratio L = Rs=Rl is de ned as the
switching bandwidth representing the maximum number of packets that could be routed during a line time
slot.
In an input port, a received serial optical signal is converted into an L-bit parallel bus using a hybrid package
that contains both an optical detector/ampli er and a
bit demultiplexer. Incoming packets are held in a parallel (L-bit)-word FIFO bu er. The bu er output data
bus is converted back to an optical serial line using another hybrid device that contains both a bit multiplexer
and an optical source. Bit parallelism is introduced at
the bu er stage to avoid the cost implications of using
memory with access time comparable to the switch bit
rate. Hybrid mux/demux packages have been fabricated
with clock rates of up to 3.2 GHz [7]. This is the only
component in the system that is clocked at a rate higher
than the line rate. A processor with parallel data bus
bit rate Rb and width Wb may directly connect to an
L-bit parallel port so long as Rb  Rs=Wb L [8]. Output
ports perform the complement function. Figure 4 shows
the input port organization when Rl = 0:4 Gbps, L = 4
and consequently Rs = 1:6 Gbps. The dashed line at
the input to the FIFO bu er represents the option of
connecting an 4-bit parallel bus at 100 Mbps.
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Figure 4: Input port organization
Multiplexing Modes

The TDM subsystem may operate in either synchronous
or asynchronous multiplexing modes. The system is denoted respectively STDM-TRS or ATDM-TRS according to the multiplexing mode. TDM is thought of as a
cyclic contention resolution scheme. It is implemented
by a token loop that consists of a closed ring of edgetrigerred delay elements, clocked at the TSs rate [8].
Only one token is active at any TSs .
In STDM-TRS a one-packet input bu er is required for
synchronization and hold till selection. STDM slightly
simpli es the routing control, but it requires a high
switching bandwidth (L = N). This implies higher complexity of the switch I/O ports in terms of the hybrid
mux/demux package. It is only practical to use STDM
routing for very uniform loads (eg. high-level trunk
switching in telecommunication networks) and when the
switch dimension-node bit rate product is implementationally possible.
In ATDM-TRS ports that are not backlogged in a particular round are bypassed by the token loop. Packets
are queued on both inputs and outputs. When L = 1,
queueing is only at inputs, while the opposite holds when
L = N. ATDM-TRS has a potential application as an internal routing structure in optically-interconnected parallel computer systems with topologies of proportionally
high node degree such as the hypercube [1].

3 STDM-TRS Performance Analysis

An exact queueing model for the STDM-TRS is introduced in this section. We obtain the mean waiting time
and the total switching latency a packet encounters as it
enters the switch enroute to its next destination. It is to
be noted that the STDM-TRS performance is similar to
that of a nonblocking switch with strict output queueing
[9], since it provides guaranteed packet transport within
the line time slot TSl of arrival. An independent model
is developed for the STDM-TRS and the output waiting
time results are shown to match those of [9].
The system queueing model is shown in Figure 5. The
arrival process is assumed to be Poisson and the source
nodes are assigned switch mini-time slots in a cyclic man-
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Figure 5: STDM-TRS queueing model (Geom/D/1)
ner. The process of synchronized packet arrivals has a
corresponding geometric distribution with parameter p.
All source and destination nodes are assumed symmetric in terms of packet generation process and likelihood
of being addressed. At each TSs , the probability of a
labeled output queue being addressed is p=N (uniform
reference model), since each source node will be sampled
only once at a TSl = N TSs . The arrival process to
the labeled output queue is then a geometric progression
of Bernoulli trials with success rate equal to p=N. The
service time for this Geom/D/1 queue is N TSs , which
is the packet transmission time at the line rate.
The packet hold time at the input stage Th , until allocated a mini-time slot, is uniformly distributed and
bound by (N ? 1) TSs : P[Th = k] = N1 ; k =
0; 1; :::;N ? 1, so
NX
?1

k TS
s
N
k =0

= N 2? 1 TSs

? 1  TS
= N2N
l

E[Th ] =

(1)

The hold time approaches 0.5 TSl for large N. The following result of discrete-time queueing theory [10] is used
to obtain the mean waiting time in the output queue:
? t=S0 )
E[Wo ] = S0 (1
(2)
2(1 ? )
where S0 is the xed service time, t is the unit "embedding" time and  is the output trunk utilization in
p=N = p, the
Erlangs. Using S0 = N, t = 1 and  = 1=N
output bu er mean waiting time is:
? 1) TS
W o = p(N
2(1 ? p)  s 

(3)
= N N? 1 2(1 p? p) TSl
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Figure 7: ATDM-TRS queueing mode (Geom/D/L with
batch arrivals)
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Figure 6: STDM-TRS total switching latency in line
time slots
The total system time Tsys (referred to alternately as total switching latency) consists of three components: hold
time Th , fabric transmission time Tx = 1 TSs , and output bu er waiting time Wo . From the linearity property
of the expectation of a summed random variable:
T sys = T h + Tx + W o
+ (1 ? 2p) TS
(4)
= N2N(1
l
? p)

For an arbitrarily large switch dimension
T sysjN !1 = 2(1 1? p) TSl
(5)
The total system time is plotted in Figure 6 for N 2
f2; 4; 16; 1g. The normalized switch throughput: o =
p. The results have been validated by simulation [11].
It is interesting to note that the result of Eqn. (3)
agrees with the result obtained in [9] for the mean output queueing time in the multicast-select space-division
architecture of switching bandwidth equal to N 2. The
queueing model of [9] assumed batch arrivals to multiple parallel bu ers at output and random selection to
exit the queue. The mean waiting time is found to be
equivalent to our case where arrivals are scheduled to enter the output queue on cyclic basis at mini-time slots,
each equal to (1=N) TSl . In addition to the output
bu er time, the cyclic scheduling requires selection time
at the input stage Th = [(N ? 1)=2N] TSl and transmission time Tx = (1=N) TSl . The multicast-select policy requires transmission time of 1 TSl since the fabric
operates at the same bit rate as the lines. The cyclic
scheduling therefore incorporates less total switching latency. The di erence is Th = [(N ? 1)=2N] TSl which
approaches 0.5 TSl when N >> 1.

Model assumptions of the previous section are considered
holding in this section. An exact descriptive model of
the input bu ers dynamic behavior under ATDM would
require the solution of an array of inter-dependent difference equations, each representing a single input queue
[8]. This is due to the dynamic assignment of the fabric's mini-time slots based on the backlog status of input
ports throughout the multiplex cycle. A simpli ed exact
model based on Kleinrock's work conservation law for
queueing systems [12] is derived.
The work conservation law states that in a workconservative queueing system, the distribution and consequently the mean, of the waiting time in the queue
is independent of the order of service. This is provided
that the service priority discipline is not a function of the
service time of the customers, or any variation of their
service time. The ATDM-TRS is work-conservative since
switching time between ports is insigni cant and not neglected. As a result a single aggregate queue may be considered instead of the array of inter-dependent queues.
Since the service priority is determined by the cyclic policy and is independent of the service time, a FCFS queue
is considered instead, without a ecting the waiting time
results [13]. The resulting queue is a Geom/D/L with
batch arrivals, shown in Figure 7. The L servers represent the relative bit rate of the switch fabric (the switching bandwidth). The behavior of this queue is described
by
(6)
Xm+1 = Xm + Am+1 ? Xm
where Xn is de ned as the bu er occupancy at the epoch
of TSl m, and Am is the number of packet arrivals during
m, now given by the binomial distribution whose PGF
is A(z) = (pz + 1 ? p)N . The number of transmitted
packets during m is:

Xm if Xm  L
=
(7)
Xm
L if Xm  L
The mean bu er occupancy is obtained as X =
lim d X(z). The standard approach of [14] can be folz!1 dz

lowed to obtain X(z). When both sides of (6) are raised
to the power of z and the rst moment is taken, the
following term needs to be evaluated:
E[z Xm ? Xm ]

=

1
X
k=0

P[Xm = k]z k? k

= P[Xm = 0] + : : : + P[Xm = L ? 1]
+

1
X

k=L

P[Xm = k]z k?L

Aside from the diculty of evaluating the summation
on the right hand side, the knowledge of P[X~ = 0],
P[X~ = 1], : : :, P[X~ = L ? 1] is mandatory (X~ is the
steady state queue occupancy). Only P[X~ = 0] is known
and equals 1 ? , where  is the queue utilization factor
[14]. The remaining probability terms may be determined by solving an individual Markov chain for each
value of L > 1. We choose to solve exactly for L = 1
and rather obtain an approximated general solution for
1 < L < N which is justi ed by simulation.
Case 1: L = 1
When L = 1 both the arrivals and departures of the
aggregate queue take place at synchronous and equal
time slots. The queueing model has a single server in
this case, the service time is equal to 1 TSl .
? 1)
X(z) = (1 ? ) A(z)(z
(8)
z ? A(z)
The mean bu er occupancy is obtained using  = pN:
? N(N + 1)p2
X = 2Np 2(1
(9)
? Np)
Case 2: 1

<L<N

Since the steady state probabilities of the queue occupancy being between 1 and L ? 1 are not known, we
remain with the solution of normalizing the arrival rate
to the switch mini-time slots. Therefore, at each TSs , a
packet arrives with probability p=L. Based on this normalization, the queue is the same Geom/D/1 with batch
Bernoulli arrivals and a single server. Substituting for
the normalized arrival rate:
? N(N + 1)p2
X = 2NLp2L(L
(10)
? Np)
This solution is an approximate one since breaking down
the arrival rate into 1=L segments results in loss of independence between successive arrivals. For example, if an
arrival took place at TSs n, it is known in advance that
no other arrival may take place until TSs n + L. This
dependence loss, as proven by comparison to simulation,
has little e ect for L < N.
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Figure 8: ATDM-TRS input/output bu er time latence
(analysis vs. simulation) in line time slots; N=16
In the two previous cases with bu ering on inputs (i.e.
1  L < N), the mean waiting time at input bu er Wi
is given by the mean bu er occupancy multiplied by the
deterministic service time
Wi = XL ;
1L<N
(11)
Case 3: L = N
In this case simulation has predicted the insigni cance
of input bu ering time [11]. Reference can be made to
the STDM-TRS case when the server was N times faster
than the nodes. Due to the asynchronous server being
dynamic, it may appear that packets are moved to the
output bu ers in a faster manner than by a synchronous
server. However, due to the work conservation law, the
ATDM server at steady state will not do more work
than the work pending in the system. Therefore, output bu ering time of ATDM-TRS with L = N and that
of STDM-TRS are essentially the same. This conclusion
is veri ed by simulation.
Model Results

Figure 8 shows the bu ering latencies for N = 16 and
L 2 f1; 2; 4; 8; 16g. When L < N, bu ering takes place
at the input stage with no signi cant output bu ering
delay, as was veri ed by simulation. An exact model is
used for L = 1, while L = 2; 4 and 8 are obtained by
normalizing the arrival rate. Input bu ering latency is
insigni cant when L = N, and the corresponding curve
represents output bu er latency as given by Eqn. (10).
Simulation curves are plotted for all cases to verify the
model accuracy.
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takes place only when L = N, and the switch saturation
load was shown to be given by L=N in all cases. This
ratio represents the bu er delay singularity. The total
switching latency was evaluated by simulation, accounting for the insigni cant input/output (depending on L)
bu ering that has not been analytically evaluated. The
domination of transmission time, below saturation, appears when the dimension is small (N = 4).
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Figure 9: ATDM-TRS total switching latency (simulation) in line time slots
The total switching latency is evaluated by simulation and plotted in Figure 9 for N 2 f4; 8; 16g and
L 2 fN=4; N=2; N g. The plots show that for low offered loads the transmission time dominates when L is
small. It appears in the graphs of Figures 8 and 9 that
the switch always saturates at an o ered load p = NL ,
which is the bu er delay singularity expected from Eqn.s
(9), (10) and (3).

5 Summary

The paper has introduced and analyzed a photonic fast
packet router based on time-division multiplexing a treestructured routing stage (TDM-TRS). Two fabric geometries have been suggested, based on integrated directional coupler switches for two-fold single-substrate
fabrication. Delay analysis has been conducted for synchronous and asynchronous TDM modes.
STDM-TRS is simpler to implement but requires the
fabric to operate at a bit rate equal to the sum of the bit
rates of the connected lines. It is practical for small dimensions to handle uniform trunk trac sources. It was
shown that the performance of STDM-TRS resembles
that of a nonblocking space switch with strict output
queueing. Due to its narrow time slot (packet transmission time through the fabric), it results in lower total switching latency than the multicast-select approach.
This di erence is proportional to the dimension N and
approaches half the line time slot period for large N.
ATDM-TRS was modeled using the work conservation
law of queueing systems. Exact results were obtained
for the cases L = 1 and L = N and an approximated
result was obtained for 1 < L < N. Output bu ering
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