
Abstract—In optical packet switching, the reconfiguration time 
of optical switches should only be a small fraction of the packet 
transmission time for efficient utilization of the bandwidth. This 
constraint puts a very stringent demand on the switch reconfigu-
ration time as the transmission rate of optical fiber increases.  By 
using batch transfer of packets, we propose an optical switch ar-
chitecture that can significantly relax the requirement on switch 
reconfiguration time. The utilization of the transmission links is 
greatly improved because the guard time between packets is no 
longer related to the switch reconfiguration time. We have also 
demonstrated analytically that the proposed switch architecture 
can significantly reduce the packet loss probability, at the expense 
of an increase in the delay variations, if the packets are not re-
stricted to their original time slots at the switch output.   

Index Terms—optical switch, switch reconfiguration time, loss 
probability, slotted optical network 

I. INTRODUCTION 
Optical network is one of the technologies that can provide 

the required transmission bandwidth for the rapidly growing 
communication traffic. Although terabits per second 
point-to-point transmission has been realized [1], a light path 
(wavelength channel) must be set up before any two nodes can 
exchange packets [2]. Owing to the lack of sophisticated optical 
signal processing devices and of effective means to buffer light, 
all-optical packet switching is still in the research stage [3].  A 
comparatively accessible approach of realizing optical packet 
switching is the hybrid approach, i.e., we optically switch the 
data packets but electronically process the packet headers for 
routing information. In spite of the less stringent demand of the 
hybrid approach, a practical optical packet-switched network is 
still difficult to realize. 

One problem in implementing a practical optical 
packet-switched network is the difficulty of guaranteeing high 
bandwidth utilization, i.e., packet exchange rate and link utili-
zation when the fiber transmission rate is high. Since very fast 
all-optical switching technologies have been demonstrated, the 
packet exchange rate and link utilization should only be limited 
by the processing speed of the packet header [4]. However, fast 

optical switches with switching time in nanoseconds or pico-
seconds range are only available in small sizes such as 2 × 2 [4]. 
Large optical switches with up to a thousand ports have been 
demonstrated using the micro-electro-mechanical systems 
(MEMS) technology but the required switch reconfiguration 
time is in milliseconds [5]. Owing to the lack of large, fast 
optical switches, optical burst switching (OBS) has assumed 
millisecond long data bursts for reasonable system throughput 
[6]. Since one cannot lengthen the packets by too much, the 
switch reconfiguration time will become increasingly signifi-
cant in determining the throughput performance of optical 
packet switched networks unless the switch reconfiguration 
time can be reduced in proportion to the continual increase in 
the fiber transmission rate. 

In OBS networks, we can reduce the negative impact of 
large switch reconfiguration time by retrieving prior informa-
tion of the switch status from the OBS reservation signaling [6]. 
This approach, however, may not be applicable to some types of 
optical packet-switched networks such as the slotted optical 
networks. Many important types of networks are slotted, for 
example the asynchronous transfer mode (ATM) networks [7] 
and the deflection-routed networks [8]. The size of a time slot is 
in general a compromise between a wide diversity of traffic 
requirements [7]. Consequently, increasing the packet size to 
maintain reasonable throughput is not feasible. 

Although slotted networks cannot provide prior information 
of the switch status as in OBS networks [6], the features of fixed 
packet size and synchronous transmission allow another way to 
tackle the problem. At present, we have optical switches that are 
fast but small. Although multi-stage approach has been com-
monly used to build large electrical switches from small 
switching units, the rapid accumulation of optical loss through 
the stages and the high interconnection complexity make it 
impractical for optical switches [9]. We also have optical 
switches that are large but slow.  Thus it makes sense to utilize 
both kinds of optical switches for effective switching of the 
packets [4]. Taking advantage of the time slot property, instead 
of transferring one packet at each time slot we can simply use 
fiber delay lines and optical splitters (or small fast optical 
switches) to rearrange the packet transmissions so that a large 
optical switch can transfer a batch of K packets in the period of 
K time slots, where K  2.  Serial-to-parallel conversion has 
been used in optical signal processing at the bit level such as in 
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packet label recognition and processing [10]. We demonstrate 
that the principle can also be applied at the packet level to sig-
nificantly reduce the hardware requirement of optical switches. 

In this paper, we propose a multi-slot batch-transfer optical 
switch architecture that uses serial-to-parallel packet transmis-
sion conversion to transfer the packets between the input and 
output links. In Section II, we describe the proposed switch 
architecture. The operation of packet serial-to-parallel trans-
mission conversion and the timing for packet transfer are dis-
cussed. In Section III, we discuss the design principle and de-
sign parameters of the proposed switch. The improvement of 
the link utilization using the proposed switch is also demon-
strated. The packet loss performance of the proposed switch is 
analyzed in Section IV. We find that the packet loss probability 
can be significantly reduced if the packets are not restricted to 
the original time slots at the switch output. The tradeoff be-
tween the reduction in packet loss probability and the delay 
variance is investigated. We conclude the paper in Section V. 

II. MULTI-SLOT BATCH-TRANSFER SWITCH

Figure 1 shows the proposed multi-slot batch-transfer switch 
architecture of a 2 × 2 optical switch where I1, I2 and O1, O2 are 
the input and output links, respectively. To simplify the illus-
tration, we assume that the optical signals at all input links and 
output links are with the same wavelength . In Fig. 1, K du-
plicates of an optical signal from an input link Ii are made by 
using the 1 × K optical splitter. Each of the duplicated signals is 
delayed by Di, i = 1, …, K with fiber delay lines (FDLs) and is 
sent into the inputs I1,i, i = 1, …, K of the 2K × 2K optical switch 
SW. We assume that switch SW is a commercially available 
internally non-blocking optical switch. The optical splitter and 
the FDLs form a simple optical packet serial-to-parallel trans-
mission converter such that packets from the input link Ii will 
appear sequentially on the inputs Ii,1 to Ii,K of the switch SW. A 
new set of input packets is therefore presented to the switch SW 
every K time slots. As we will discuss in equation (3), K can be 
large if the reconfiguration time Tsw of switch SW is larger than 
the transmission time of a packet Td. Since the output signal 
quality of the optical splitter degrades rapidly with K, a fast 
1× K optical switch should be used to replace the optical splitter 
if K is large. For ease of illustration, however, the packet se-
rial-to-parallel transmission conversion shown in Fig. 1 is as-
sumed in this paper. 

Figure 2 shows the timing diagram for the packet transfer at 
the input link I1 of the proposed optical switch with K = 3, 
where Td is a packet transmission time, Tg is the required guard 
time for preventing packets from crosstalk each other, and Tsw is 
the required reconfiguration time for switch SW.  A slot time is 
equal to Td + Tg. In general, Tsw includes the time to detect the 
packet address and to set up the required switch internal path for 
the packet transfer. No packet transfer is possible during the 
switch reconfiguration duration Tsw. Hence, a packet transfer 
process will last for a time period of Tsw + Td. To simplify the 
illustration in Fig. 2, we assume that switch SW can immedi-

ately detect the packet address when a packet arrives at input 
link I1. In Fig. 2, packet 1 arrives at the input link I1 at time t0
when the system is idle. Because of the non-zero reconfigura-
tion time (Tsw = 1.3 time slots in Fig. 2), switch SW is not able 
to directly transfer packets from I1. As shown in Fig. 2, the 
incoming packets are delayed by D1, D2 and D3 when they are 
sent to the inputs I1,1, I1,2 and I1,3 of switch SW, respectively. At 
time t1 = t0 + D3 – Tsw, switch SW starts the packet transfer 
process, i.e., to reconfigure the switch to prepare for packet 
transfer. The packets 1, 2, and 3 are finally transferred to the 
switch outputs in time duration t2 to t3 after the completion of 
the switch internal path setup. From Fig. 2, one observes that 
switch SW can also start the packet transfer process at time (t0 + 
D2 – Tsw) or (t0 + D1 – Tsw) instead with one or two empty output 
slots in the initial round of packet transfer. The average added 
packet delay, however, remains unchanged. In Fig. 2, switch 
SW starts the reconfiguration for the next round of the packet 
transfer process at time t4.  The switch can be idle for a period 
Tidle between two reconfigurations. In general, Tidle should be 
smaller than a slot time if the bandwidth efficiency is the only 
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Fig. 1  The proposed multi-slot batch-transfer switch architecture of a 
2 × 2 optical switch. The 1 × K optical splitter and its associated K sets 
of fiber delay lines form a packet serial-to-parallel converter. Also, the 
K × 1 optical combiner and its associated K sets of FDLs form the 
packet parallel-to-serial converter. The 2K × 2K optical switch is 
assumed to be a commercially available internally non-blocking opti-
cal switch. 
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Fig. 2  The timing diagram for the packets at input link I1 of the proposed 
optical switch with K = 3, where Td is a packet transmission time, Tg is 
the required guard time for preventing crosstalk between packets, and Tsw
is the required reconfiguration time for switch SW. 
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concern. We will discuss it in more details in Sections III and 
IV. 

In Fig. 1, a K × 1 optical combiner and the associated K sets 
of FDLs form an optical packet parallel-to-serial transmission 
converter. Packets on the outputs Oi,1 to Oi,K of switch SW are 
individually delayed and sent to the K × 1 optical combiner to 
combine into the optical signal on output link Oi. As the delay 
added to each packet should be a constant, the delays of the 
FDLs on the outputs Oi,1 to Oi,K are the complement of that on 
Ii,1 to Ii,K, i.e., Di,k + ki,D is a constant for any i and k. Also, a 
K × 1 optical coupler can be used to implement the K × 1 op-
tical combiner in Fig. 1 if the switch SW can turn off its outputs 
during the switch reconfiguration. Otherwise, a fast K × 1 op-
tical switch is required. 

III. SYSTEM DESIGN PRINCIPLE

For the proposed switch to operate as shown in Fig. 2, we 
should appropriately choose the values of K and Di, i = 1, …, K. 
Since switch SW can transfer the input packets only after it 
completes the reconfiguration process, all packets must be 
delayed at least Tsw. In principle, any value larger than Tsw can 
be used for setting D1, e.g., D1 is set to 1.1 times Tsw in Fig. 2. 
To minimize the added packet delay, we should choose 

D1 = Tsw.                    (1) 

Owing to the requirement of packet serial-to-parallel transmis-
sion conversion, the delay difference between two adjacent 
FDLs should be equal to a slot time, i.e.,  

Dk = Dk-1 + Td + Tg,   2 ≤ k ≤ K.           (2) 

Also, since switch SW transfers K packets from an input link Ii
after each switch reconfiguration, the time between two switch 
reconfigurations is therefore K(Td + Tg). All transmissions 
between the inputs and outputs of switch SW must be com-
pleted before the next switch reconfiguration. The maximum 
switch reconfiguration time becomes (K – 1)Td + KTg.  In this 
case, Tidle  in Fig. 2 is zero. Hence, the required minimum value 
of K can be written as  

Kmin = (Tsw + Td) / (Tg + Td)             (3) 

where x  is the smallest integer larger than x. In Fig. 2, Tsw is 
1.3 time slots and the required Kmin is therefore equal to 3. From 
equation (3), Kmin is equal to 1 only if Tsw ≤ Tg, i.e., the optical 
switch is fast enough, or we have extended Tg to prevent the 
packets from interfering each other as in the traditional ap-
proaches. As the transmission rate of optical fiber grows, the 
reconfiguration time of large optical switches will likely be 
comparable to the packet transmission time in the near future. 
As a result, the proposed optical architecture will provide an 
excellent solution in terms of bandwidth efficiency.  

Figure 3 shows the maximum link utilization of the switch 

outputs if the proposed switch architecture in Fig. 1 has been 
used. In Fig. 3, the curves with crosses, asterisks, circles, and 
squares are the maximum output link utilizations of the pro-
posed switch with K = 2, 3, 4, and 5, respectively. The curve 
with pluses is that of the normal optical switch, i.e., the pro-
posed switch with K = 1. The horizontal axis is the switch re-
configuration time normalized by the packet transmission time, 
i.e., (Tsw/Td). The maximum link utilization in the vertical axis 
is calculated using Td / (Td + Tg) where the packet guard time Tg
is set to the minimum value to get the required K in equation (3) 
with the given Tsw and Td. From (3), we have  
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We assume that the delays D1 to DK of the FDLs are changed 
accordingly. In Fig. 3, we vary the normalized switching time 
(Tsw/Td) between 10−2 and 101 to show the effect of switch 
reconfiguration time variations. For a normal optical switch, the 
switching overhead in general should only be a small fraction of 
the packet length, e.g., (Tsw/Td) < 10−1. Otherwise, the link 
utilization will drop rapidly as shown in Fig. 3. The maximum 
link utilization for a normal optical switch drops to 0.5 when 
(Tsw/Td)= 1. In contrast, all curves for the proposed switch re-
main unity until (Tsw/Td) is larger than K – 1. With the proposed 
switch architecture, the tolerable switch reconfiguration time 
Tsw increases from a fraction of a packet transmission time to 
several packet transmission times.  

The proposed switch architecture reduces the reconfiguration 
frequency of an optical switch from one per time slot to one per 
K time slots. This significantly lowers the response time re-
quirement of the optical switch at the expense of larger switch 
size and additional optical hardware, e.g., the 1 × K optical 
splitters, FDLs, and K × 1 optical combiners in Fig. 1. To 
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Fig. 3  The maximum link utilization of switch outputs for the proposed 
switch architecture in Fig. 1. The curves with crosses, asterisks, circles, 
and squares are the maximum output link utilization of the proposed switch 
with K = 2, 3, 4, and 5, respectively. The curve with pluses is that of the 
normal optical switch, i.e., the proposed switch with K = 1. 
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minimize the additional optical hardware and the added delay to 
the packets, the minimum K value in equation (3) should in 
general be used. Moreover, a packet at an input Ii in Fig. 1 will 
be distributed to K FDLs before switching. The length of each 
FDL must be carefully controlled to prevent the packet from 
collapse with others. Although we assume the precise FDL 
length control technique that has been demonstrated in the work 
of packet compression/decompression [11], a small K can 
surely simplify the switch implementation. In most of the 
situations, however, the setting of K = 2 already provides a large 
advantage for optical packet switching node implementation. 
While packets have length of kilobytes, we can use optical 
switches with reconfiguration time thousands of the normally 
required for packet switching.  

IV. PACKET LOSS PERFORMANCE

The switch architecture proposed in Fig. 1 not only relaxes 
the requirement of switch response time, but also reduces 
packet loss probability of the optical switch at the expense of an 
increase in the delay variance. In a normal internally 
non-blocking optical switch, packet discard occurs only if two 
or more packets request the same output link at the same time 
slot. The probability of output contention can be reduced with 
the proposed batched packet transfer if the packets are allowed 
to be shifted from their original time slots at the output of the 
switch. This function is easy to implement if a packet from input 
Ii,j of switch SW can be transferred to any output Om,n for 
1  n  K, not to output Om,j only, where m is the preferred 
output of the packet. This will provide a set of K time slots to 
the packet instead of the only default time slot. A packet will be 
discarded at an output link Oi in Fig. 1 only if the output link is 
requested by more than K packets. In such case, the packet has 
the loss probability of (W – K)/K, where W is the total number 
of packets requesting the output link.  

From Fig. 1, the loss probability of a packet is determined by 
the number of available switch outputs connected to the in-
tended output link, and the number of packets contending for 
the link. The number of switch outputs is equal to K, but in-
creasing K will also increase the number of potential contending 
packets. To demonstrate the effect of K in the packet loss 
probability reduction, we define pi(L) as the probability of 
having L other contending packets for an output link Oi when a 
packet is at input Ii,k, and switch SW is starting to transfer the 
input packets to its outputs, i.e., at time t2 in Fig. 2, where 
1  i  N, 1  k  K, 0  L  (NK – 1), and N is the number of 
input/output links. We assume that the arriving packets choose 
the output links at random. Hence we have  
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where q(M) is the probability of M other packets arriving at 
other inputs of switch SW. pi(L) is in binomial probability dis-
tribution with parameters M, L and (1/N) when M is fixed. 
Assuming that the packets arrive uniformly at all input links, M 

is also a binomial random variable. We have  
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M
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where  is the utilization of the input links. Since the packets 
choose output links at random, the average packet loss prob-
ability is equal to that of the packet being dropped at any output 
link Oi. Assuming that each packet has the same priority, the 
average packet loss probability B can be written as 

( )
−

= +
+−=

1NK

KL
i 1L

1KLLPB .             (6) 

Figure 4 shows the packet loss probability of the proposed 
optical switch with 2 input and 2 output links (N = 2) for dif-
ferent values of K. We assume that the packets are allowed to be 
shifted from their original time slots at the switch output, and 
calculate the packet loss probability using equations (4) to (6). 
Similar to that in Fig. 3, the curves with crosses, asterisks, cir-
cles, and squares represent the loss probabilities of the proposed 
switch with K = 2, 3, 4, and 5, respectively. The curve with 
pluses is the packet loss probability of the normal optical 
switch. In Fig. 4, the packet loss probability decreases when K 
increases, especially when the system is lightly loaded. Thus the 
proposed switch architecture can greatly improve packet loss 
performance of the switch in addition to easing the constraint on 
the switch response time. However, the reduction in loss prob-
ability (compared with the loss probability when K = 1) de-
creases when the link utilization increases.  As we have dis-
cussed in Section IV, the FDLs in both outputs and inputs of 
switch SW are complementary to each other, i.e., Di,k + ki,D is a 
constant for any i and k. The delay added to each packet is Tsw + 
(K – 1)(Td + Tg) if the minimum D1 in (1) is used. However, the 
constant delay requires that the packets remain in their original 

0 0.2 0.4 0.6 0.8 1
10

−8

10
−6

10
−4

10
−2

10
0

link utilization

pa
ck

et
 lo

ss
 p

ro
ba

bi
lit

y

normal optical switch

proposed switch with K = 2

proposed switch with K = 3

proposed switch with K = 4

proposed switch with K = 5
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time slots at the output of the switch, i.e., a packet from input Ii,k
of switch SW has to be transferred to output Om,k, where m is the 
preferred output of the packet. Violation of this criterion will 
cause the packets to have a maximum delay fluctuation of K – 1 
time slots. 

Figure 5 shows the packet delay variance of the proposed 
optical switch with N = 2 and different values of K. We assume 
that the packets will choose any available output of switch SW 
at random if the default output is unavailable. The other as-
sumptions and notations are similar to that in Fig. 4. The equa-
tions of the delay variance can be derived similarly to that of 
equations (4) to (6) but are omitted here to simplify the discus-
sion. In Fig. 5, there is no packet delay variance with the normal 
optical switch, i.e., the curve with the pluses. For the proposed 
switches, the delay variance increases with K and also increases 
with the link utilization in the range 0 to 0.8.  

Figs. 4 and 5 show that we can reduce the packet loss prob-
ability of a switch at the expense of additional delay and delay 
variance to the packets. We can maintain the packet sequence 
integrity by optimizing the switch output port to packet as-
signment, but the packet delay variance cannot be avoided 
unless additional optical hardware such as optical time slot 
interchangers are used. Since packets can accumulate signifi-
cant delay variance in the path, large buffers are required in the 
end nodes to smooth the jitters if real time traffic is carried in 
the networks. There is a tradeoff between the reduction of 
packetloss in the intermediate nodes and the increased proc-
essing in the end nodes. 

V. CONCLUSION 
In this paper, we have proposed an optical switch architecture 

that can significantly relax the requirement of reconfiguration 
time in optical switches. With serial-to-parallel conversion for 
the packet transmissions, the proposed switch transfers the 
packets from input links in batches to its outputs. The packets 

are then converted from parallel back to serial at the switch 
outputs for the output links. With the proposed switch archi-
tecture, the tolerable switch reconfiguration time increases from 
a small fraction of the packet transmission time to several 
packet transmission times. The utilization of the transmission 
links is improved because the guard time between packets is no 
longer related to the switch reconfiguration time. 

The proposed switch architecture not only relaxes the re-
quirement of the switch reconfiguration time, but also reduces 
the packet loss probability. Using a simple analytical model, we 
have demonstrated that the proposed switch can significantly 
reduce the packet loss probability if the packets are not re-
stricted to their original time slots at the switch output.  The 
reduction of the loss probability, however, is achieved at the 
expense of an increase in packet delay variance.  
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