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Abstract—The rapid evolution in the field of telecommunications has
led to the emergence of new switching technologies to support a variety
of communication services with a wide range of transmission rates in
a common, unified integrated services network. At the same time, the
progress in the field of VSLI technology has brought up new design
principles of high-performance, high-capacity switching fabrics to be
used in the integrated networks of the future. Most of the recent pro-
posals for such high-performance switching fabrics have been based
on a principle known as fast packet switching. This principle employs
a high degree of parallelism, distributed control, and routing per-
formed at the hardware level. In this paper, we present a survey of
high-performance switch fabric architectures which incorporate fast
packet switching as their underlying switching technique to handle
various traffic types. Our intention is to give a descriptive overview of
the major activities in this rapidly evolving field of telecommunica-
tions.

INTRODUCTION

HE existing telecommunications networks, whether

circuit-switched or packet-switched, are oriented to-
wards particular applications. Thus, we have different
networks for voice, signaling, video, and data applica-
tions operating in parallel and independently. While each
of these networks is suitable for the application it is de-
signed for, they are not very efficient for supporting other
applications. The advantages of an integrated communi-
cation system which can accommodate a variety of di-
verse services with different bandwidth requirements has
been recognized for some time [1]-[5]. Reasons of econ-
omy and flexibility motivated its development. The ob-
jective of having a unified integrated network is the flex-
ibility to cover existing as well as future services with
good performance and economical resource utilization,
and with a unified network management, operation, and
maintenance [6], [7].

The rapid evolution in the field of telecommunications,
especially in the area of transmission systems and fiber
optics, has led to new switching technologies for inte-
grated networks. Advances in the field of VLSI technol-
ogy while reducing the cost of circuit fabrication have
brought about completely new principles in the design and
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architecture of high-performance switching fabrics which
can accommodate a wide range of bandwidths. The inten-
tion of this paper is to give a survey of the state of the art
and characteristics of these switching technologies.

The traditional circuit switching concept evolved as a
way to handle and transport stream-type traffic such as
voice and video. A circuit-switched connection is set up
with a fixed bandwidth for the duration of a connection
which provides fixed throughput and constant delay. The
classical switching techniques employed for this type of
switching are space division multiplexing (SDM), time di-
vision multiplexing (TDM), and combinations of both
techniques. In pure SDM switching arrangements, there
is no multiplexing of connections on the internal data paths
or space segments of the switch. In systems which employ
the TDM technique, multiple connections are time mul-
tiplexed on the internal data paths of the switch. A con-
troller schedules the allocation of time and/or space seg-
ments in advance in order to avoid any conflict. While
this technology has been very attractive and familiar, it is
less efficient in supporting different bit rates that are
needed for various services. Even in the multirate circuit-
switching systems which allow the allocation of band-
width equal to integer multiples of some basic rate, as
Kulzer and Montgomery point out [8], the choice of a
basic rate is a difficult engineering design decision. In or-
der to accommodate the relatively low basic ISDN rate,
many parallel low-rate channels must be established for
high-rate services. This will imply extra control overhead
needed to set up these parallel channels. In addition, all
channels that comprise a single connection must be syn-
chronized with no differential delay within each channel.

Packet switching evolved primarily as an efficient way
to carry data communications traffic. Its characteristics are
access with buffering, statistical multiplexing, and vari-
able throughput and delay, which is a consequence of the
dynamic sharing of communication resources to improve
utilization. Today, it is used exclusively for data appli-
cations, and it employs both virtual circuits and datagram
techniques. Very sophisticated protocols have been de-
veloped which incorporate complex functions, such as er-
ror recovery, flow control, network routing, and session
control. The switching capacity of current conventional
packet switches ranges from 1 to 4 thousand packets per
second [9], [10] with average nodal delays of 20-50 ms.
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The switching functions are typically performed by means
of software processing on a general-purpose computer or
a set of special-purpose processors. The capabilities of
these packet switches are very attractive for applications
requiring low throughput and low delay such as inquiry/
response-type traffic and those requiring high throughput,
but which can tolerate higher delays such as file transfer.
However, these capabilities are not sufficient for real-time
types of traffic such as voice, video, or computer-to-com-
puter data transfer.

The rapid pace of technological change has brought
about new switching system concepts in order to satisfy
the high-performance requirement for future systems.
Many different switch fabric designs have been proposed
and developed at various research organizations around
the world over the past few years. All current approaches
of high-performance switching fabrics employ a high de-
gree of parallelism, distributed control, and the routing
function is performed at the hardware level. In this paper,
we will survey many of these architectures. Our intention
is to give a descriptive overview of the major recent ac-
tivities in this rapidly evolving field of telecommunica-
tions.

Some recent switching approaches have been based on
the Fast Circuit Switching (FCS) concept. This idea relies
on the fast setting up and taking down of connections such
that the system does not allocate any circuit to a user dur-
ing his idle time. An architecture for integrated data/voice
with fast circuit switching was proposed by Ross et al.
[11]. A form of a distributed fast circuit switching which
is called ‘‘burst switching’’ has been reported in [12]-
[14].

Our emphasis in this paper is on those switch fabrics
which incorporate the Fast Packet Switching (FPS) con-
cept [6], [7], [15], [16] as their underlying switching
technique to support a wide range of services with differ-
ent bit rates. We try to categorize and classify them ac-
cording to their internal fabric structures. In this regard,
we will classify them into the following categories:

¢ Banyan and buffered banyan-based fabrics

¢ Sort-banyan-based fabrics

e Fabrics with disjoint-path topology and output
queueing

* Crossbar-based fabrics

* Time division fabrics with common packet memory

¢ Fabrics with shared medium.

In the following sections, we give a detailed descriptive
overview of most switch architectures within each class.

BANYAN AND BUFFERED BANYAN-BASED FABRICS

The very early theoretical work on multistage intercon-
nection networks (MIN) was done in the context of cir-
cuit-switched telephone networks [17], [18]. The aim was
_ to design a nonblocking multistage switch with the num-
ber of crosspoints less than a single-stage crossbar matrix.
Later on, many multistage interconnection networks were
realized and studied for the purpose of interconnecting
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multiple processors and memories in parallel computer
systems. Subsequently, several types of these networks
such as banyan and delta networks have been proposed
[6]-[8] as a switching fabric for integrated telecommuni-
cation switching nodes.

Banyan networks, which were originally defined by
Goke and Lipovski [19], belong to a class of multistage
interconnection networks with the property that there is
exactly one path from any input to any output. Banyan
networks are subdivided into several classes [20]. Of
practical interest are the regular, rectangular SW-banyans
which are constructed from identical switching elements
with the same number of inputs as outputs.

Delta networks as defined by Patel [21], [22] are a sub-
class of banyan networks which have the digit-controlled
routing or self-routing property. A rectangular N X N
delta network, called delta-b, is constructed from identi-
cal b >k< b switching elements or nodes in k stages where
N=0b".

Many of the well-known interconnection networks such
as omega, flip, cube, shuffle-exchange, and baseline be-
long to the class of delta networks [22]. These networks
have been considered for packet-switching techniques to
obtain high throughput because several packets can be
switched simultaneously and in parallel and the switching
function is implemented in hardware. Although these net-
works have different interconnection patterns, they have
the same performance in a packet-switching environment.

The principal characteristics of these networks are:
1) they consist of log, N stages and N/b nodes per stage,
2) they have the self-routing property for packet move-
ments from any input to any output by using a unique k
digit, base b destination address, 3) they can be con-
structed in a modular way from smaller subswitches, 4)
they can be operated in a synchronous or asynchronous
mode, and 5) their regularity and interconnection pattern
are very attractive for VLSI implementation. Fig. 1 shows
an example of an 8 X 8 delta-2 network with the bold
lines indicating the routing paths of two packets.

While these networks are capable of switching packets
simultaneously and in parallel, they are blocking net-
works in the sense that packets can collide with each other
and get lost. There are two forms of blocking: internal
link blocking and output port blocking. The internal link
blocking refers to a case where packets are lost due to
contention for a particular link inside the network. The
output port blocking, however, occurs when two or more
packets are contending for the same output port. Fig. 2
shows these effects in an example of an 8 X 8 delta-2
network. These two effects result in the reduction of the
maximum throughput of the switch. The performance of
these switches has been studied extensively [22]-[27].
Reference [25] gives a survey on the performance of these
networks in a packet-switching environment. This refer-
ence also gives detailed attention to how the performance
of these networks can be improved.

There are several ways to reduce the blocking or to in-
crease the throughput of banyan-type switches:



AHMADI AND DENZEL: SURVEY OF MODERN HIGH-PERFORMANCE SWITCHING TECHNIQUES

INTERNAL LINK BLOCKING

OUTPUT PORT BLOCKING

Fig. 2. Internal link blocking and output port blocking in an 8 x 8
delta-2 network.

® increasing the internal link speeds relative to the ex-
ternal speeds,

® placing buffers in every switching node,

® using a handshaking mechanism between stages or a
back-pressure mechanism to delay the transfer of blocked
packets,

* using multiple networks in parallel to provide mul-
tiple paths from any input to any output or multiple links
for each switch connection [26], [27],

® using a distribution network in front of the banyan
network to distribute the load evenly.

The idea of using a buffered delta network for switching
in multiprocessor systems was first introduced and ana-
lyzed by Dias [23]. This idea was further developed and
considered for a general-purpose packet switching system
by Turner [6], [28], [29]. He proposed a buffered banyan
switch architecture which led to the dawn of research ac-
tivities on fast packet switching [6], [28]. He further de-
veloped and advanced the concept to the Integrated Ser-
vices Packet Network (ISPN) architecture [29]. The ISPN
architecture is based on a large high-performance packet
switch structure as illustrated in Fig. 3. The switch inter-
faces up to 1000 high-speed digital transmission facilities
(e.g. 1.5 Mbits /s) via packet processors (PP). The packet
processor provides input buffering, adds the routing
header, and performs the link level protocol functions. A
control processor (CP) performs all connection control
functions. The switch fabric is based on a ten-stage self-
routing buffered banyan network with 1024 ports made up
of 5120 binary switching elements. Each 2 x 2 switching
element has a buffer at each input port capable of storing
one packet. The internal links joining the nodes are bit
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Fig. 3. Tumner’s ISPN packet switch structure [7].
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serial and operate at eight times the speed of the external
links. This means that a 100 percent load on the external
links yields a 12.5 percent load on the internal switch fab-
ric links. The switch fabric also uses a back-pressure flow
control mechanism between stages which prevents buffer
overflow or packet loss within the fabric. The buffering
technique proposed is based on the virtual cut-through
concept described by Kermani and Kleinrock [30]. When
a packet arrives at a switching element and the desired
port is free, it is directly sent through, bypassing the
buffer. This way, the delay through the switching ele-
ments is reduced to a minimum.

A Wideband Packet Technology network with packet
switches based on Turner’s original buffered banyan de-
velopment and capable of switching packetized voice,
data, and video has been reported by AT&T [31], [32].
A field trial was carried out between several AT&T lo-
cations in California in order to demonstrate the feasibil-
ity of a fully integrated packet network working in con-
junction with existing transmission facilities. The
experimental 16 X 16 buffered banyan fabric has a clock
rate of 8 Mbits /s and the external transmission line speed
is 1.5 Mbits/s. Each binary switching element has a
buffer for one complete packet per input. Recently, the
same concept has also been proposed for use at much
higher speeds, realized in GaAs technology [33].

A high-performance Broadcast Packet Switching Net-
work has been proposed recently by Turner [34]. The
principle is based on the ISPN architecture described
above, but with higher bandwidth and broadcasting ca-
pability. The switch architecture consists of a 64 X 64
buffered banyan fabric as a routing network (RN), pre-
ceded by a copy network (CN) and a distribution network
(DN); see Fig. 4. The distribution network is itself a buff-
ered banyan network and its purpose is to reduce internal
link blocking by distributing the traffic offered to the rout-
ing network evenly across all input ports. The nodes of
the distribution network ignore the destination addresses
of the packets and route them alternatively to both node
outputs. The copy network also has a banyan structure.
Each node, when it receives a broadcast packet (which
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Fig. 4. Basic structure of Turner’s Broadcast Packet Switching Network.
From [7], © 1986 IEEE.

has a header field indicating the number of copies), copies
the packet, and sends it out on both outgoing links and
modifies the ‘‘number of copies’’ field. Between the out-
puts of the copy network and inputs of the distribution
network are the broadcast and group translators (BGT).
The function of the BGT’s is to translate the destination
address of the packet copies which emanate from the copy
network in order to be routed to different destinations.
Thus, they translate the group number and logical channel
number of the broadcast packets into an output port num-
ber. For details of the copy network routing algorithm,
the reader is referred to [29].

The performance of buffered banyan networks has been
studied extensively [23]-[27], [35]-[38]. The analytical
model presented by Jenq [35] is for a packet switch based
on a delta-2 network with single buffers in each node. The
result of this model shows that, for a balanced and uni-
form traffic pattern, the maximum throughput of the
switch is about 40 percent. Extensive simulation studies
of the buffered banyan network, specifically in the context
of the ISPN switch architecture described above, is pre-
sented in [36]. This study is different from others in sev-
eral respects. It considers the performance of the routing
network with emphasis on the effect of cut-through
switching, different buffer sizes within each node, and the
various node sizes. In addition, it also investigates the
effect of nonuniform traffic on the routing network and the
improvements achieved by the distribution network in
front of the routing network. The performance of the copy
network for broadcasting packets is also given in this re-
port. In a recent paper [37], an approximate analytic ap-
proach based on a Markov chain model is presented for a
general delta-b network with multiple buffers within each
node. Numerical results in this report as well as the results
in [36] indicate that, by increasing the size of the nodes
and the buffer size, respectively, the maximum through-
put of the switch can be increased to about 60 percent.
However, this improvement is not linear. In fact, for a
buffer size of more than four packets per port or a node
size greater than 4 X 4, the amount of improvement in
throughput is not very significant.

In these studies of buffered banyan networks, the po-
sition of the buffers within each switching element has
been at the inputs. Recently, buffered banyan structures
have also been considered which use switching elements
of larger size and have buffers at the module outputs [38],
[54]. We will defer the discussion about this architecture
until Section I'V.
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SORT-BANYAN-BASED FABRICS

As mentioned before, one drawback of the banyan net-
works is that they are internally blocking in the sense that
two packets destined for two different outputs may collide
in one of the intermediate nodes. However, if packets are
first sorted based on their destination addresses and then
routed through the banyan network, the internal blocking
problem can be avoided completely. This is the basic idea
behind the sort-banyan type networks. Fig. 5 shows the
basic structure of a sort-banyan network. The first seg-
ment consists of a sorting network (in this case, a Batcher
bitonic sort network [39]) which sorts the packets accord-
ing to their destination address, followed by a shuffle ex-
change and a banyan network which routes the packets.
It can be shown that packets will not block within the
banyan network. Note that Fig. 5 shows two connection
patterns which would have caused internal link blocking
in a pure banyan network (see Fig. 2). Each node of the
sort network as shown in Fig. 5 is a 2 X 2 switching
element which sorts the incoming packets in the order as
indicated by the arrow shown. The number of elements in
the sorting segment is N/4((log, N)* + log, N). The
network operates in a synchronous manner, and packets
are processed in each stage in parallel. While this self-
routing interconnection network is internally nonblock-
ing, blocking still may occur if destination addresses are
not distinct, i.e., if there are packets with identical ad-
dresses. Hence, simultaneous packets destined for the
same output will collide within the banyan part of the net-
work.

The very first switch fabric implementation which pro-
posed and employed the sort-banyan self-routing structure
is the Starlite switch [40]; see Fig. 6. At the switch in-
terface, various services are converted into constant length
“‘switch packets’’ with a packet header indicating the
routing information which is the destination address. To
overcome the output port contention problem, the Starlite
approach uses a trap network between the sort and the
banyan (called the expander here) segment which detects
packets with equal destination addresses at the output of
the sort segment. Thus, the packets with repeated ad-
dresses are separated from the ones with distinct ad-
dresses. The packets with repeated addresses are fed back
to the input side of the sort network for reentry within the
next cycle. These packets can only use the idle input ports.
Since the number of recycled packets at any time can be
larger than the free input ports, a buffering stage must be
used for the recycled packets if packet loss is not accept-
able. The trap network consists of a single-stage compar-
ator followed by a banyan network of the same type as
the routing network. Note that if packets were simply re-
cycled through the switch, they would be delivered out of
sequence. This problem is solved by ‘‘aging’’ packets as
they recirculate and by using the sort network to give old
packets priority over new ones. The Starlite switch has
also been considered for optical implementation [41].

Recently, Hui [42], [43] proposed a switch architecture
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Fig. 6. Basic structure of the Starlite switch. From [40], © 1984 IEEE.

based on the sort-banyan network structure, but with a
different scheme than Starlite to overcome the output port
contention problem. The advantage of this approach is that
the switch fabric delivers exactly one packet to each out-
put port from one of the input ports which request a packet
delivery to the same output port. Hence, packets are never
lost within the fabric and they are delivered in sequence.

The basic structure of this fabric, like the Starlite
switch, is a Batcher sorting network followed by a banyan
routing network. As mentioned before, the combined sort-
banyan network is internally nonblocking. To resolve the
output port conflict, a three-phase algorithm in conjunc-
tion with input queueing at each input port is employed.
All packets are of a constant length and the switch oper-
ates in a synchronous manner. In the first phase [Fig.
7(a)], which is the arbitration phase, each input port which
has a packet in its queue for transmission sends a short
request packet. The request packet carries just the source/
destination address pair. The requests are sorted in as-
cending order by the Batcher sorting network according
to the destination address. All but one request for the same
destination are purged. The second phase [Fig. 7(b)] is to
acknowledge the input ports which have won the arbitra-
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Fig. 7. Phases I and 11 in the switch proposed in [42], [43]. From [43], ©
1987 IEEE.
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tion since the input ports which made the requests do not
know the result of the arbitration. In this phase, the win-
ning requests are looped back to the input of the Batcher
network, and the Batcher-banyan network is again used
to acknowledge the input ports. Note that, in this phase,
the source address is used by the sorting and the self-rout-
ing mechanism for sending the acknowledgment packets.
The input ports receiving the acknowledgment for their
request then transmit the full packet through the same
Batcher-banyan network. This process constitutes the third
and final phase. Obviously, there will be no conflict at the
output ports in this phase. Input ports which fail to receive
an acknowledgment retain the packet in their input queue
and retry in the next cycle when the three-phase operation
is repeated again. The queueing of the unacknowledged
packet at the head of the queue will cause the subsequent
packets which might have been intended for a free output
port to be delayed. This phenomenon is called head of the
line (HOL) blocking, and in principle will reduce the
switch throughput.

The switch supports a port speed of 150 Mbits/s. Of
course, phases one and two constitute overhead process-
ing for the switch fabric. Therefore, the switch fabric
would have to be speeded up by a fraction which depends
on the size of the switch fabric and the size of the infor-
mation field of the packet. For example, as shown in [43],
for a 1000 X 1000 switch and the packet size of 1000
bits, the overhead is about 14 percent. This means that
the switch has to operate at 170 Mbits /s in order to han-
dle a 150 Mbit /s input port speed.

The performance study of this switch for random traffic
indicates that the maximum throughput is about 58 per-
cent. Actually, this is a theoretical limit which can be
shown for any nonblocking space switch operating in a
packet-switched mode which emplays input queueing with
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random traffic (see [44]). Results in [43] also indicate that,
with a reasonable input buffer size, an acceptable buffer
overflow probability can be achieved.

The performance behavior and the maximum through-
put of this switch would be different if the traffic behavior
were nonrandom and specifically periodic. In [43], there
is a discussion on how to improve the throughput of the
switch in the presence of periodic traffic. In a theoretical
paper, Li [45] studies the performance of a generic non-
blocking packet switch with input queues and periodic
packet traffic streams. He determines the necessary and
sufficient switch-internal clock rate as a function of the
input stream rate in order for the switch to be nonblock-
ing.

The use of a Batcher-banyan network was also pro-
posed in the Synchronous Wideband Switch in [46], [47]
which is a time-space-time circuit switching system. The
function of the Batcher-banyan fabric is to provide a non-
blocking self-routing network in the space segment of the
time-space-time switch. The time slot interchangers at
the inputs and the outputs of the Batcher-banyan network
rearrange the time slots to avoid port contention.

The technological feasibility of the Batcher-banyan
concept is described in [33]. A Batcher chip of size 32 X
32 has been built in CMOS technology with each port
running at 140 Mbits /s. Furthermore, about 100 of those
chips are packaged in a three-dimensional way to form a
256 X 256 Batcher-banyan switch fabric with a total
throughput of 35 Gbits /s.

FaBrics witH DisioINT-PATH ToPOLOGY AND QUTPUT
QUEUEING

The switch fabric architectures described so far were
based on multistage interconnection networks comprised
of small switching elements. The switch fabrics described
in this section are based on a fully interconnected topol-
ogy in the sense that every input has a nonoverlapping
direct path to every output so that no blocking or conten-
tion may occur internally. They employ output queueing
in order to resolve the output port contention. Intuitively
speaking, in any nonblocking space-division packet
switch, a higher throughput can be achieved with output
queueing as compared to input queueing. This is because
the ‘head of the line blocking effect which is the limiting
factor in a switch with input queues disappears with out-
put queueing. This result has been shown analytically by
Karol and Hluchyj in [44], [49]. In fact, one can show
that a nonblocking space-division switch with an output
queueing of infinite capacity would give the best delay/
throughput performance.

The first switch fabric we describe in this class is the
Knockout switch [50], [51]. The Knockout switch is de-
signed for a pure packet-switched environment and can
handle either fixed-length (called Knockout I [50]) or
variable-length packets (called Knockout II [51]). The
Knockout switch uses one broadcast input bus from every
input port to all output ports as shown in Fig. 8. Each
output port has a bus interface which can receive packets
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Fig. 8. Basic structure of the Knockout switch. From [75], © 1988 IEEE.

from each input bus line or input port. Hence, no conten-
tion occurs between packets destined for different out-
puts. In addition, simultaneous packets from several in-
puts can be transmitted to the same output. In Fig. 8, one
of the output bus interfaces is shown in more detail. It has
three major components. The first component is the set of
N packet filters, each interfacing a bus line. The packet
filters, which implement the self-routing function, detect
the address of each packet on the broadcast bus and pass
those destined to that output on to the next component
which is the concentrator. The concentrator uses a novel
algorithm to select a fixed number of packets, say L, from
the N incoming lines to the concentrator. The L selected
packets are stored in the order of their arrivals into a
shared buffer which constitutes the third component. The
main philosophy behind the N to L concentration mecha-
nism is that the probability of packet loss due to output
congestion can be kept below the loss expected from other
sources such as channel errors. This means, for example,
that with N large and L = 8, a packet loss rate of less than
107% can be achieved. Taking advantage of this observa-
tion, the number of separate buffers needed to receive
simultaneously arriving packets is reduced from N to L.
This result holds under the assumption of uniform traffic
patterns. If the traffic pattern is nonuniform, L has to be
higher (e.g., up to 20) for the same packet loss rate, de-
pending on the nonuniformity of traffic [52].

The basic principle of selecting L packets out of N pos-
sible contenders in the concentrator stage is an algorithm
implemented in the hardware analogous to a knockout
tournament. For a concentrator with N inputs and L out-
puts, there are L rounds of competition. The basic build-
ing block of the concentrator is a 2 X 2 contention switch-
ing element, with one output being the winner and one
the loser. When two packets arrive, one is selected ran-
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Fig. 9. Example for an 8 4 Knockout concentrator. From [50], © 1987
IEEE.

domly as a winner. Fig. 9 shows a block diagram of an
8:4 concentrator made of these 2 X 2 contention
switches. The boxes marked ‘‘D’’ indicate a 1-bit delay
line to keep the competition synchronous. The first round
of the tournament starts with N contenders. The N/2 win-
ners from the first round advance to the second round. The
winners in the second round advance to the third round,
and so oni. Note that the final winner at the output number

one has won all rounds, the winner at output number two .

has won all but one round, and so on.

The. next segment after the concentrator is a shared
buffer structure. The output buffer must be capable of
storing up-to L packets within one packét time slot. This
is achieved by using L separate buffers preceded by a
shifter function. This logically implements an L-input sin-
gle-output FIFO queueing discipline for all packets arriv-
ing at the output.

The design of the Knockout switch is based on possible
VLSI realization with input/output and internal hardware
operating at 50 Mbits /s. Also, a solution is proposed for
modular growth which can grow from 32 X 32 to 1024
x 1024.

Another switch fabric, the design of which is based on
an interconnection structure with no internal blocking and
queueing capability at the outputs of it modules, is the
Integrated Switch Fabric proposed in [53]. This switch
fabric is designed to-handle both ¢ircuit-switched and
packet-switched traffic in a unified manner. It is self-rout-
ing, and uses uniform fixed-length minipackets within the
switching fabric for all types of connections. Circuit-
switched connections can be provided for various speeds
and for constant delay. with full transparency to the ter-
minating ports. Its design concept emphasizes modular-
ity; it is based on VLSI technology, aiming for a single
chip as the basic building block such that a very large
range of switch fabrics can be configured, covering sizes
from 16 to more than 1000 input/outpat ports. This trans-
lates into a throughput capability from 500 Mbits /s to 30
Gbits /s, assuming a speed of 32 Mbits /s per port.
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Fig. 10 shows the basic structure of the fabric which
consists of two major components: the switch fabric
adapters (SFA) and the switch fabric elements (SFE). The
function of the switch fabric adapter is to convert the user
information from packet-switching and circuit-switching
interfaces into uniform fixed-length minipackets. Fig. 10
also shows the basic structure of a k X k switch fabric
elemerit. which consists of a self-routing segment of an
output queueing segment. The self-routing segment of an
SFE performs the minipacket routing function. It is a de-
coder with a tree structure per mput which can simulta-
neously route minipackets from every input to every out-
put. Each node of the tree decoder segment has one input
and two outputs and works like a simple.banyan node with
only one used input. Therefore, within each module, up
to k minipackets can be transferred to the same output at
the same time. The interface between the terminating
points of all trees belonging to a certain SFE output and
the output line consists of k small shift registers (SR) for
intermediate storage of minipackets and a pair of FIFO
queues which constitute the output queueing segment. The
importance” of the shift registers is to store the minipackets
momentarlly to allow sequential access to the output FIFO
queue pair. The. contents of the shift registers are trans-
ferred sequentially into the associated output FIFO at a
speed k times higher which' is realized by parallelism. The
combination of shift registers and their corresponding out-
put FIFO 1s a realization of.a multiinput single-output
FIFO queue. One major difference between this switch



1098 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 7. NO. 7, SEPTEMBER 1989

fabric and most others is that it uses a priority scheme for
different classes of traffic. Two priority classes are pro-
posed. One is used for the high-priority or time-critical
type traffic, and the other for the low-priority traffic. Cir-
cuit-switched connections are supported with minipackets
which have high priority. Another feature of this switch
architecture is its simple modular growth capability. That
is, larger switch sizes can be configured by combining k
X k switch fabric elements via stage-expanding and/or
multistage arrangements.

A single-stage N X N switch fabric can be built from
the basic k£ X k element. Fig. 11 shows an example of a
2k X 2k switch fabric configured from four k X k switch
fabric elements. Each basic module has a selection logic
which can be set such that only the appropriate module
accepts the incoming minipackets and routes them inter-
nally to the destined output. Furthermore, in each mod-
ule, there are provisions for each output to ensure that
only one output FIFO queue is feeding the output line at
a time. In the same manner, a 4k X 4k fabric can be re-
alized from a 2k X 2k fabric, and so on. In general, to
build a single-stage N X N fabric from a basic k % k
element, (N/ k)? modules are required. It should be noted
that a single-stage switch fabric which is realized this way
still preserves its disjoint-path topology with output
queueing. However, each output of the N X N single-
stage configuration has one logical queueing segment
which is physically realized in different switch fabric ele-
ments as parallel queues. For a moderate-size switch, say
up to 128 X 128, the single-stage approach seems feasible
and reasonable. But, for a large-size switch, a three-stage
realization is proposed which yields a very cost-effective
solution.

Another multistage switch fabric architecture which ac-
tually considers the buffered banyan structure but with
larger modules has been proposed in [54]-[56]. We have
included it in this section because each module or switch-
ing element has a structure with disjoint-path topology and
a substantial output buffering at each of the module out-
puts. The switching element has eight inputs and eight
outputs. A TDM bus interconnecting all input ports to all
output ports runs at the sum of all input bit rates and hence
is nonblocking. The switch runs at 560 Mbits /s per port.
The bus speed within each module is therefore 8 X 560
Mbits /s. The output queues of each module can be filled
at the speed of the TDM bus.

The overall network [56] functionally constitutes a ran-
domization (distribution) network preceding a banyan
routing network which actually maps into a Benes topol-
ogy. In reality, the randomization network and routing
network are folded and combined into one network with
input/output pairs at one side and a mirror line at the other
side of the network. Hence, it is used in one direction for
the randomization function and in the other direction for
the routing function. Reference [56) presents simulation
results of this switch with emphasis on video application.

2kx2k SINGLE-STAGE FABRIC
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K l NG K
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Fig. 11. Single-stage expansion in the switch proposed in [53], © 1988
IEEE.

CROSSBAR-BASED SwiTCH FABRICS

Crossbar switches have always been attractive to switch
designers because they are internally nonblocking and they
are simple. In addition to circuit-switch applications, they
have also been considered as a base for switches which
operate in a packet mode. But unfortunately, the simple
crossbar matrix has the property of square growth and is
not economical for large switches. Nearly all known ap-
proaches are either designed for relatively small applica-
tions or just for a building block which is used in larger
multistage arrangements.

Even though the crossbar matrix is internally nonblock-
ing, in packet mode operation, the probability of output
port contention remains. Hence, a queueing function has
to be added to the pure crosspoint matrix in order to over-
come that problem. The location of this queueing function
allows the approaches of crossbar-based switches to be
categorized. In principle, there are three possibilities,
namely, crossbar matrices with input queueing, matrices
with queueing within the crosspoints themselves, and ma-
trices with output queueing.

If the queueing function is located at the inputs of the
crossbar matrix, then a switch control is necessary which
arbitrates all packets waiting at the heads of the different
input queues and which are destined for a certain output
port.

One solution is a centralized control. This control gets
requests over separate control paths from all switch input
ports which have packets waiting. It schedules these re-
quests, sets up the necessary crosspoints in the matrix,
and grants the requests as soon as the packets can be
transmitted. This way, the matrix itself remains as simple
as possible and can be realized economically with high-
speed technology. By use of several matrices in parallel,
even higher speeds can be achieved. Certainly, the central
control is the bottleneck of this approach. The control
overhead drastically increases with the size of the switch.
Nevertheless, with suitable technology and intelligent
techniques (e.g., pipelining), very high-speed, centrally
controlled packet switches can be built, as long as they
are small.

One way to reduce the control overhead is to distribute
the control function. This leads to an approach as pro-
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posed, e.g., in [57], [58]; see Fig. 12. There, each output
port has its individual control, called arbiter. This arbiter
allows only one of the input ports to be switched through
at the same time to the corresponding output port by a fair
algorithm. This is accomplished by a separate control sig-
nal (back pressure) to each input queue which practically
stops all but one of those queues which compete for the
same output port. Since only one of the arbiters generates
a back-pressure signal to a specific input queue at the same
time, all of these signals of a corresponding matrix line
can be interconnected very simply by a wired or connec-
tion. In addition, this switch proposal does not need sep-
arate request lines from the input queues to the arbiters
because it has the address decoder function distributed in
the crosspoints of the matrix. Hence, this approach rep-
resents a self-routing crossbar switch.

The performance of crossbar matrices with input
queueing depends very much on the control overhead, and
especially on the way in which the input queues are or-
ganized. If the input queue is a simple, single FIFO queue,
then the throughput of the switch saturates even at 58 per-
cent (see [44], [49]) or less, depending on the control
overhead and the traffic distribution. This is due to the
head of the line (HOL) blocking phenomenon, already
mentioned earlier. This means that the waiting packet at
the head of the queue eventually blocks subsequent pack-
ets which might be destined for momentarily free output
ports. But, if the input queue is organized as multiple
queues, i.e., one per destination port, then we come closer
to the concept of output queueing, even though these
queues are physically located at the inputs. As mentioned
earlier, output queueing provides ideal performance. The
extent to which the performance of input queueing with
multiple queues per input measures up to that of output
queueing depends largely on how the input queues are
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A second class of crossbar switches has been proposed
which ' implements the queueing function within the
crosspoints themselves. The simple on/off switch of a
crosspoint is replaced now by a FIFO queue preceded by
an address decoder function (packet filter). So, the pack-
ets can be sent directly into the matrix. A packet can only
pass through the filter whose address matches the packet’s
destination address. So, the self-routing concept is real-
ized. The queues of a matrix column which belong to one
specific output port have to be emptied in a fair way, e.g.,
in round-robin fashion. This is also done by one very sim-
ple arbiter per output port.

The concept is shown in Fig. 13. It has been proposed,
e.g., in [59], in the Bus Matrix Switch described in [60],
or in the experimental broadband ATM switching system
described in [61]. The architecture is motivated by the
fact that the concept provides almost ideal performance,
at least as long as the queues are dimensioned long
enough. On the other side, because of the square growth,
it is a very expensive approach for large matrices and can
only be a good solution either for small switches or.as
basic architecture for the building blocks of modular rul-
tistage arrangements, as proposed in [60] and [61].

Finally, looking at the third class of crossbar switches,
namely, matrices with output queueing, it has to be men-
tioned that they only work if the matrix runs at N times
higher speed, assuming a matrix size of N X N (see [49]).
Under this assumption, they are not attractive for very
high-speed switches. So, parallelism has to be introduced
instead of speed. This leads to an expanded N X N? ma-
trix, and finally to the class of switches with disjoint-path
topology and output queueing which we already covered
separately in a previous section of this paper.

TiME DivisioN Fasrics wiTH COMMON PACKET
MEMORY

A switch architecture which uses a common memory
for all connection paths is the Prelude switch [62]-[66];
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see Fig. 14. Even though this system works in a packet
mode, it operates very similarly to a conventional TDM
circuit switch. This mode is called asynchronous time di-
vision (ATD) and is characterized by a slotted operation
with packet queueing. The incoming packets, one per
frame, are synchronized first and converted from serial to
parallel so they can be written cyclically to the common
memory. In advance, the control information is extracted
from the packet headers and fed to the common control.
Since the control has to handle all packets sequentially,
the multiplexing at the input is done such that the headers
of all packets arrive at the control sequentially. The con-
trol compares the header information with a routing table
which delivers a new header for the packet. Additionally,
a control memory provides the addressing information for
the memory read process. Unlike a TDM switch where
the control memory is operated cyclically, here it is op-
erated as FIFO queues. Finally, the outgoing information
is demultiplexed again and converted back from parallel
to serial.

It has been demonstrated in a Prelude prototype [62]
that a module of size 16 X 16 can be built for a line speed
of 280 Mbits /s with a reasonable amount of hardware.
This is due to the use of high internal parallelism and fast
technology (ECL) at the same time. Since the basic ar-
chitecture is not suited for large switches, the Prelude au-
thors also suggest that large switches be constructed in a
modular way by interconnecting smaller building blocks.

FABRICS WITH SHARED MEDIUM

In this section, we classify switch fabric architectures
which are based on a shared medium as switching kernel.
We concentrate especially on fast packet switch ap-
proaches which employ a bus or ring network as switch-
ing medium. But we do not want to cover here all the
typical random access local-area network architectures.

Ring and bus networks are used as switching media in
many of today’s packet switches. Their technology is well
understood and advanced. They provide flexibility in
terms of the access protocol and distribution of traffic.
However, their bandwidth capacity and throughput are
limited compared to multipath switch architectures. One
way to increase the capacity limitation is to use multiple
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rings or multiple buses in a single or multiple hierarchical
structure.

An experimental Synchronous Composite Packet
Switching (SCPS) architecture [67]-[70] was proposed for
integrated circuit- and packet-switching functions which
uses multiple rings to interconnect the switching modules.
The switching system architecture as shown in Fig. 15
comprises switch modules interfacing externally to cir-
cuit-switched and packet-switched lines. The switch mod-
ules are interconnected by multiple fiber optical rings
where each module has a direct interface to each ring. The
switching operations are accomplished by transmitting the
circuit- and packet-switched channel messages between
switch modules via the intermodule network. Intermodule
signaling and command messages for system operation
and control are transmitted between the modules as well.

The circuit, packet, and signaling information are all
transmitted within the switching subsystem in similarly
structured packets which are generated in the following
way. Each switch module generates a so-called composite
packet from several circuit-switched channel samples
which have to be transmitted simultaneously and have the
same destination module. Conventional data user packets
are converted into switch packets, called noncomposite
packets, in which the original packet with its header is
encapsulated by an SCPS header and trailer. The signal-
ing and control packets have similar headers and trailers
as the other two types of packets. Thus, all three kinds of
packets have almost the same structure.

The intermodule network consists of 8 (or 16) indepen-
dent synchronous optical loops with loop speeds of 393
Mbits /s (98.3 Mbits/s), connecting 32 modules. The
SCPS system has a total throughput of 4 Gbits/s (2
Gbits /s ). Note that the intramodule switching is done lo-
cally; hence, the maximum system throughput is higher
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than the maximum throughput supported by multiple
loops. The access method to loops is similar to the slotted
ring method [70]. The individual loops operate synchro-
nously. Having a frame structure with a duration of 125
s, complete time transparency for circuit-switched chan-
nels is maintained. Each frame consists of 384 (96) time
slots of 128 bits each. This switch architecture can inte-
grate n X 64 kbit /s circuit switching with packet switch-
ing in any combination while maintaining its compatibil-
ity with existing networks. By using composite packets
for circuit-switched channels, the delay for packet assem-
bling and disassembling can be reduced to a value com-
parable to the conventional TDM switching systems.

A similar switch architecture which also uses multiple
rings to provide the fast-packet switching function was
also reported in [71].

Several switch architectures have used a shared bus
structure as their transport or switching mechanism (see,
e.g., [16)). In fact, the switch fabric proposed in [16] is
one of the very early switching concepts that used the
concept of packet switching as the only means to transport
a wide range of services such as voice, data, and video.

A recent experimental high-speed packet switching sys-
tem which was designed to transport voice, data, and
video all in packetized form and uses a bus architecture
is the Packetized Automated Routing Integrated System
(PARIS) [72]. Its design philosophy is to use a very sim-
ple protocol to achieve low packet delay with an architec-
ture simple enough that it can be implemented even with
off-the-shelf components.

The basic structure of the PARIS switch is shown in
Fig. 16. It uses a high-speed bus as shared medium to
interconnect input ports to the output ports [73]. The max-
imum bandwidth of the shared bus is taken to be greater
than the aggregate capacity of all input lines. The switch
can handle variably sized packets ranging from 32 bits to

a maximum of 8 kbits. Each input port has a buffer that
can hold no more than four packets of maximum size. It
is shown that this buffering is adequate to ensure no packet
loss, provided a round-robin exhaustive service policy is
used to arbitrate the access to the bus. Therefore, the
switch is nonblocking. The arbitration protocol is imple-
mented using a fast token-passing algorithm [73]. Each
output port has two buffers, one for each priority class.
The output buffers are sized such that the packet loss due
to a momentary overload situation of an output port is less
than 1072,

SUMMARY

We have presented an overview of the major high-per-
formance telecommunications switching fabrics which
have been proposed and experimentally developed within
the past few years. Most of the architectures we covered
in this paper use the principle of fast packet switching as
a unified switching architecture for the transport of a wide
range of services with different bandwidth requirements.
Our intention was to give a descriptive overview by at-
tempting to classify the approaches into six categories.
The classification has been chosen in order to emphasize
the basic principles which differentiate these architec-
tures.

Some of these basic principles inherently allow cover-
ing a wide range of fabric sizes while maintaining their
basic architecture in a clean way. Other basic principles
are limited, such that they can only be considered for small
fabrics. Some principles are also applicable as the basic
architecture for modules in large multistage fabrics. The
way modules are interconnected could be viewed as a
basic principle itself.

Considering only small fabrics, one can make the gen-
eral observation that almost every known principle allows
building small fabrics of approximately the same capabil-
ities and performance. Large multistage fabrics, however,
are more sensitive to the architecture of their modules.
Several module designs, if they are considered isolated
from the whole fabric, may show only minor differences
in their module performance. But, when placed within a
multistage environment, these minor differences could es-
calate drastically. In general, multistage fabrics perform
better if they employ queueing within the stages or the
switch modules, respectively. Furthermore, the location
of the queues within the modules is important [38]. Hence,
it seems to be worth directing some effort to optimizing
the design of a buffered, self-routing, large-fabric switch
module.

Finally, we have to mention that in our overview, we
only concentrated on the point-to-point connection as-
pects of these switching architectures. Many of the
switching architectures described here have also been en-
hanced to support broadcasting and multicasting connec-
tions using fast packet-switching principles (see, €.g.,
291, [74], [75]) which we have not covered other than
just mentioning them.
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