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ABSTRACT

In this paper, we propose an ATM switch
with the rate more than gigabits per second
to cope with future broadband service envi-
ronments. The basic idea is to separate the
connection control flow from the data infor-
mation flow inside the switch. The proposed
switch has a dual-plane switch matrix with the
synchronous control algorithm. The queuing
behaviors of the proposed switch are shown by
the discrete-time queuing analysis. Numerical
analyses are taken both in the non-blocking
crossbar switch and the banyan switch with
internal blocking. Results show that a pro-
posed dual-plane 16x16 switch would have
the acceptable performance with maximum

throughput of about 95 percent.
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I. INTRODUCTION

To meet the forthcoming high rate com-
munication needs, the broadband switching
systems are expected to provide the switch-
ing capability more than several gigabits
per second. Each port might connect to
transmission equipments with synchronous
digital hierarchy more than 2.488 Gb/s.
In this case, real-time switching capability
(that is, cell-by-cell switching) would be re-
quired for ATM cells with rate more than
several gigabit per second. In a non-real
time switching, ATM signals may be con-
trolled by the network management [1].

Until now, ATM switch architectures
have been widely investigated and proven
to be acceptable for cell-by-cell switching
with the rate of 155 Mb/s [2]-[7]. It in-
dicates that the output queuing scheme
is superior to the input queuing one from
the viewpoint of throughput performance.
However, the input queuing scheme is much
flexible for connection and traffic control
of ATM cells. In addition, the rout-
ing path based on virtual path identi-
fier (VPI)/virtual channel identifier (VCI)
should be given prior to the execution of
switching operation regardless of whether
the switch is self-routing or not. To sup-
port high-speed switching requirements, we
consider the switch architectural flexibility
and the control independence as the follow-

ing issues:

- switching rate versus control rate;
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- support of combinatorial capabilities of
information flow such as copying, sort-
ing, masking, and grouping;

control

- synchronous versus  asyn-

chronous control.

As one approach to meet the high speed
switching requirements, we propose a dual-
plane ATM switch with synchronous con-
trol as shown in Fig. 1. The dual-plane
switching architecture intends to support
a flexible service requirements as well as
to increase throughput performance. The
switching fabric operates in fixed cycles
with synchronous routing algorithm.

In the next section, we briefly discuss
some design issues such as optical interface,
buffering, and traffic control. In the fol-
lowing section, we describe the dual-plane
switch architecture and present a discrete-
time queuing analysis to evaluate the per-
formance of a proposed dual-plane switch.
Lastly, performance results are presented in
Section V.

Il. DESIGN CONSIDERATIONS
OF GIGABIT ATM SWITCH

The design requirements of broadband
ATM switch can be considered from three
views: user, network operator, and system
designer. The user may request various QoS
(quality-of-service) levels with a value of bit
rate, loss, delay, and priority, etc. The user

may also request various connection types
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Fig. 1. Dual-plane ATM switch architecture.

including point-to-multi-point, and broad-
cast connections. The network operator
may address various steps of network man-
agement by means of bandwidth control,
traffic control, reconfiguration, and fault
control, etc. From the viewpoint of sys-
tem designer, the broadband ATM switch
would provide the relevant switching la-
tency for constant bit rate (CBR)/variable
bit rate (VBR) traffic. It also provides the
switch control capabilities such as rerout-
ing, bypass, reconfiguration, access control
and flow rate control. It means that the

ATM switch shouldn’t be designed only for
switching performance, but also for service
environments coming from the user and net-

work operator.

Two design issues of gigabit switching
may be focused in the ATM environment:
optical interface, and buffering location.
Most of all, the gigabit ATM switch should
have good adaptation with the optical
transmission equipments to reduce unnec-
essary processing burden. The operation,

administration, and maintenance (OAM)
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functions of the ATM switch should mutu-
ally help those of transmission equipments
while the transmission equipment has an in-
telligence with virtual path concept. For ex-
ample, end-to-end bandwidth of ATM vir-
tual channel should sustain both in ATM
switch and transmission equipments.Thus
in the gigabit ATM service environment,
switching relates closely to transmission.
There is a trade-off between input
buffering and output buffering in the view-
points of performance, service flexibility,
and controllability, etc. It has been indi-
cated that switch with output buffering has
a good throughput performance and is use-
ful for multiple bus architectures [4], [5]. On
the other hand, the throughput of switch
with input buffering reaches saturation at
58.6 %. However, there are considerations
other than throughput performance men-
tioned above. For ATM header process-
ing and traffic control, the output buffering
scheme has less flexibility than input one
since the ATM cell requires the appropriate
control to traverse the switch before it ar-
rives at the output buffer. The additional
processing capability may be inevitable at
the input side. It has been shown that the
flow control procedure should be based on
the source-to-destination pairs to preserve
the QoS requirements. The assumption is
that the gigabit ATM switch requires much
simple approach for traffic and congestion
control with considerations of device tech-

nology.
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I1l. DESCRIPTION OF
SWITCHING ARCHITECTURE
AND OPERATIONS

1. Overall Architecture

To meet the above ATM switching re-
quirements, we propose a dual-plane ATM
switch with synchronous control. Figure 1
shows the overall switch architecture. The
dual-plane switching architecture intends to
provide a redundant connection path for
service flexibility as well as to increase the
switch throughput. The cells are stored in
the input buffers. The header processing
path separates from the information flow
path at the input port controller. The cell
header decodes at the synchronous rout-
ing block to find an appropriate switching
path. When the cells cannot find a connec-
tion path on the primary switching plane,
they try the secondary plane. The results
of switching algorithm will set the switch
matrix control table for the next switch-
ing cycle. The switching fabric operates in
fixed-duration synchronous cycles equal to
the cell transfer time. The cell will traverse
the dual-plane switching matrix in two cell
cycles: one for the routing decision and the
other for switching.

By separating the synchronous routing
control path from the data switching path,
the proposed switch architecture can pro-
vide path-level switching capability as well
as cell-level switching. During the path set-

up, the connection control logic does not
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need to update the switch matrix control
block. The corresponding connection path
in the switch matrix has no change. It
means that the path-level control as well as
synchronous connection control is good for
the high speed switching. The synchronous
connection control block consists of a num-
ber of combinatorial logics depending on
the type of switch matrix and connection
algorithm. The cell sequences are logically
aligned based on the destination according
to service type, control level, and priority
class. The cell header is decoded to set
up the connection path between source and
destination ports. The switch matrix block
has a dual-plane architecture. There are
two output frame buffers, that is, one buffer
per plane. The output framing block is for

the output transmission synchronization.

2. Switching Operations

The switch network synchronously op-
erates by the fixed cell cycle. The cell cy-
cle has the same duration as the cell trans-
mission time. In Fig. 2, we show the tim-
ing diagram for cell switching. In this fig-
ure, one can show the pipe-lining effect of
synchronous connection control algorithm,
which has two cell cycles: one cell cycle
is for routing decision and the other is for
switching. The routing decision results up-
date the switch matrix control table. These

tables are updated for every cell cycle. If it
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Fig. 2. Timing diagram for cell switching.

uses path-level switching, this table would
change only at the starting and the ending
points of path request.

The synchronous connection control al-
gorithm depends on the type of switch
matrix with consideration of service class,
control-level, and priority. The path-level
control is sometimes useful since it can re-
duce the processing burden. To cope with
the internal contention, the connection con-
trol logic takes an appropriate control be-

fore a cell collides.

IV. PERFORMANCE ANALYSIS

In order to evaluate the performance
characteristics of a proposed dual-plane
switch architecture, we assume the point-
to-point virtual channel with the same pri-
ority. The connection paths are statistically
assigned for the cell-based demand. The
primary plane is first assigned to provide

the connection paths and the secondary
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plane is served for the cells which cannot get
the connection path in the primary plane.
When the cell cannot find the proper con-
nection path in the dual-plane, it waits for
the next cell cycle. In the output fram-
ing block, one cell can be sent during a
cell cycle time. Here, the cell sequence is
preserved at the connection control logic in
which the cells are logically aligned based
on the destination. The connection control
logic cyclically scans the destination ports
and allocates the proper connection path for
the head-of-line (HOL) of the cells to the
same destination, regardless of whether it
is in HOL of each input buffer or not.

For a proposed dual-plane switch, we
consider two types of switch matrices ac-
cording to the number of cells that can be
sent from one input port during a cell cy-
cle. In the basic switch architecture, only
one cell from one input port can traverse
the switch during a cell cycle regardless of
dual-plane operation. We name this archi-
tecture as single-input dual-plane (SIDP)
switch. In the extended switch architecture,
an input can transmit one cell on each plane
during a cell cycle and thus we call it dual-
input dual-plane (DIDP) switch. The DIDP
switch could access two cells from an input
port so that it maximizes the throughput
of the output port. The difference between
SIDP and DIDP switches is whether two
cells from an input port could be accessed
during a cell cycle. It should be noted that
each output port can get two cells during

one cell cycle regardless of switch type.
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As the input traffic model, we assume
the Bernoulli cell arrivals with the uni-
form destination distribution. As the type
of switch matrix, we consider the crossbar
switch as a non-blocking switch and the
banyan switch as a blocking switch, respec-
tively, with infinite input buffer.

In our analysis, we study the virtual in-
put queuing behaviors toward a tagged out-
put port by a discrete-time queue analysis.
It should be noted that we focus the input
queuing behaviors of the cells from differ-
ent input ports destined to a specific out-
put port (called the “tagged” output port.)
We name the buffer for the cells destined
to the tagged output as the “virtual” in-
put buffer. Figure 3 shows the virtual in-
put buffering algorithm for the single plane
4x4 switch. In the virtual input buffering
algorithm, the synchronous connection con-
trol block logically aligns the cells of the
real input buffer and assigns the connection
path for the HOL cells of each virtual input
buffer 1.

The connection control algorithm can
avoid the same destination contention prob-
lem since it scans the virtual input queue
based on the destination. However, internal
blocking exists in the proposed dual-plane
crossbar switch. It occurs when more than
two virtual HOL cells are from the same in-
put port within a cell cycle. We call this
“same input contention.” Figure 3 shows
an example of internal blocking, in which
the HOL cells of virtual input buffers 2 and

4 are from the same input port 4. In the
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Fig. 3. Destination scheduling algorithm on connection control block.

algorithm of virtual input buffer, the cells respectively. Now, we analyze the virtual

could be randomly accessed from a real in- input queuing behaviors toward the tagged

put buffer, not in the first come first ser- output port. For the two-dimensional state

vice. But, it guarantees the cell sequence variable (i, j), i and j denote the virtual

integrity since it functions the destination- . .

) ] _ ) input queuing length and the tagged out-
oriented scheduling algorithm. The imple- . e length st the beinning of mth
mentation of virtual input buffer could be pul queting ‘ehigth at the beginning of n-

casily implemented by using the content ad- cell cycle time, respectively. The state tran-

dressable memory. sition relations between n-th and (n+1)-th

Let’s define the internal blocking prob- states are given by :
abilities of the primary plane and the sec-
ondary plane to be the probabilities that (0, j)— (an, 0) fori=0, 1
a cell toward the tagged destination is . (an, 1) for j =0, 1 with Prob.(1 -, B,)
blocked in a given plane during a cell cy- (1, J)—

. an+1, 0) for j =0, 1 with Prob.P,; F,
cle time. We denote these by Py and Py, ( ) for j v bt
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(i—2+ay,, 2)fort>2, j=0,1
with Prob.Py; Py,

G ) (i—1+a,, 1) fort>2 j=0,1

-

i with Prob.(Py; Py + Py Py)

(i+ap, 0) fori>2, 7=0, 1

with Prob. Py Py

(0, 2) = (an, 1)

(t—1+ay,, 2) fori>1
with Prob.(1 — Py BPy)

(i+ay, 1) fori>1
(1)

with PI‘Ob.PMPbQ ,

where the probability a, is the random
variable representing the number of cell ar-
rivals destined to the tagged output dur-
ing the n-th cell cycle, Py =1— P, and
Py, =1—P, . In order to reduce this two-
dimensional state transition diagram into a
simple form, we assume that the state of
the output buffer is an independent identi-
cally distributed sequence of random vari-
ables which are also independent of the in-
put virtual queue. We now analyze the re-
lations for the virtual input queuing behav-
iors and the output queuing behaviors to-
ward the tagged output port. We define
the virtual input queue length at the be-
ginning of the n-th cell cycle time by g,
and the tagged output queue length at the
same cell cycle by d,,, where 0 <d,, <2 for
two output framing buffers. The following
relations hold:

gn+1 = (qn - an>+ +an, =qn— a:L +an (2>
dp1 = (dy — 04'n>+ +ay, (3)
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where the superscript + denotes the opera-
tor for non-negative value, ¢, is the maxi-
mum number of cells which can be switched
in the n-th cycle, and ¢, is the randon vari-
able for the actual number of cells which
traverse the switch matrix during the same
cycle time. These are given by

2 for Prob.Py Py Pld,, <1]

Prob.(Py, + Py Pyp)Pld, = 2] or
Prob.(Py Py + Py Py) Pld, < 1]
0 for Prob.Py; Py

o, =< 1 for

2 for Prob. Py, Py, Plq, > 2] P[d, < 1]
Prob.(1 — Py Py)Plg, = 1] or
a,, = ¢ 1 for ¢ Prob.

( >
Prob.(

The discrete time queue in (2) was con-
sidered in [8], and in the steady state, the
virtual input queuing distribution for the
tagged destination is found to be :

Py((1= Py P) — (1 — Py Py)
—(1=082) Py Pyp)z""
—-(1 *52)1_31)11_31)2272)
+p1(1=02) Py Ppp(1—27")

Qz) = Ga(2)
1= (PuPyn+((1—PyPp)

—(1—82) Py Pyy)z ©
+(1 - 62)1_31)1Pb22_2) G,,(z)

where Q(z) and G,(z) are the moment gen-

erating functions of the random variables g,

ﬁbl + B)lﬁw)P[q” > 2]P[dn = 2] or
Py Py + Py Pip) Plg, > 2] Pld,, < 1]
0 for Prob.P]g, = 0Jor Prob.Py Py Plq, > 1]

(5)
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and a,, respectively. For the binomial ar-

rival, G,(z) = <1 by &Z)N, where p; is
N N
the offered load of virtual input channel to-

ward the tagged output and N is the num-

ber of input channels.

In (6), Py and Py, are determined by
the switch fabric and the traffic load; the
parameters py, p1, and do are interrelated
as discussed below. In (6), the steady state
probabilities py and p; can be obtained by
Rouche’s theorem, where p, = llm Plg, =
k] for k=0, 1. Also, 0y is the T})rgobability
lim P[d, = 2] in the steady state. From

n—oo

the relation of (3), it can be shown that
5y = 2
o+ 72

po+ (1 —po) Py P
(1—=po—p1) Py Ppo

- <2+p0+(1p0)_Pb1fb2>24
_ 1 —po—p1)Pp Py (7)

2

2+

where 7, = lim Pla), = k| for k=0, 2 , are

found for (3) to be given by :

o =po+ (1—po) Py B 4)
m=(1=0)(1—po—p1)Pu Py , (5)

The steady state queuing behavior Q(z)
can be calculated with the given internal
blocking probabilities, P, and Py,. The

mean queue length, g, is given by

_0Q(2)
= 0z

z=1
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po((1 =Py Po+ (1= 65) Py Pio)
—(1=05) Py Pyo) 4+ p1(1 = 02) Py P
1 =Py Py+(1—=0,)Py Py —g
(1—65) Py Py + (P Py
—(1=05) Py Pio) g1 + 92
1 (1= PuPo+(1—06)Py Py —g1)?
“(po(1 =Py Py + (1 —05) Py Pyy)

+p1(1—03) Py Pyo)

where g1 and ¢, are the first and second
moments of G,(z) at z =1, respectively.
Note that when the system is saturated
(i.e., go — 0) and Py = Py =0, then g has
the same form with that of M/D/1 system
in the continuous-time domain as

N-1 2
T=pit

N 2(1-p)-

(11)

In (10), when the system is saturated,
the maximum input offered load, pmayx, can
be found by setting the denominator to zero

Pmax— 1-— Pb1Pb2 + (1 - 62)1_3blﬁb2
=1-F, by
\/131;21Pb22 +4Py Py PyyPyy — Py Py
1 5 .(12)

The queuing behaviors for the single-
plane switch can be obtained by assigning
Py, being one in (6). In this case, the max-
imum input offered load is represented by
1 — B,;, which can be obtained by discrete
Markov chain model, and is 0.586 for space-
division switch with input queuing as in [2].

Now, we analyze the internal blocking

probabilities for dual-plane crossbar and

(10)
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multi-stage banyan switch. Note that the
internal blocking probabilities are depen-
dent on input traffic activities, their distri-

butions, and switching matrix topology.

Case A) Dual-Plane Crossbar Switch
Matrix

In a proposed dual-plane crossbar
switch, there exists the internal blocking
due to the same input contention as ex-
plained above. In order to calculate the in-
ternal blocking probabilities, P,; and Py,
for the SIDP and DIDP switches, we utilize
the discrete Markov chain model proposed
by Bhandarkar [9]. For the DIDP switch ar-
chitecture, we extend the enumeration mesh
of discrete Markov chain model for com-
puting the transition probabilities (refer to
Fig. 5in [9]). We generate the enumeration
meshes for the secondary plane from the fi-
nal terminal states of the enumeration mesh
for the primary plane. The same algorithm
for evaluating the transition matrix is also
applied to the enumeration mesh for the
secondary plane. Here, the average num-
ber of busy input ports for the secondary-
plane is dependent on the states of busy
input ports of the primary plane. Inter-
nal blocking probabilities P,; and Py for
each plane are then calculated in the form

average number of busy input ports
offered load

. For the SIDP switch, the secondary enu-

of 1

meration mesh is generated by the same
rule except that the number of assigned in-
put ports is less than or equal to that in the
DIDP switch. In SIDP switch, the HOL
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cells assigned for the secondary plane can
not be served when their input ports are
already occupied by the primary plane at
the same cell cycle. In the Appendix, we
show the calculation procedure of internal
blocking probabilities for the 4 x4 SIDP and
DIDP switches.

To obtain these internal blocking prob-
abilities in the closed form, we try to get
the approximation solution [9]. We assume
that the state of the system is independent
of the state during the last cycle. Then, the
internal blocking probabilities in the steady
state are represented by

Py=1-01, (13)
Pi1

Pp=1-%2 (14)
Pi2

where p;; and p;o are the offered loads for
the primary plane and the secondary plane,
respectively. pj; and pj, are the probabil-
ities that the primary plane and the sec-
ondary plane are busy at a cell cycle, re-
spectively. Here, p; and pJ, are given by

NN
pﬁzlf(lfp—;vl) : (15)
N\ PuN
1— (1 - ﬂ) : for SIDP switch
o = N
2 P\ N
1— (1 - —) for DIDP switch
N (16)

and pjo is given by (1 —Py)(1— Py — Py).

Case B) Dual-Plane Multistage Banyan
Switch

In the dual-plane multi-stage banyan
network, there exists the contention for oc-

cupying the same connection path between
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stages inside the switch. This kind of con-
tention has the same case as the same
input contention problem in the crossbar
switch. Thus, the internal blocking prob-
abilities for multi-stage banyan switch can
be obtained by recursively applying the al-
gorithm for the crossbar switch as explained
above. The internal blocking probabilities
for each stage can be calculated by using the
algorithm of case A by replacing the size of
switch box. The average number of busy
input ports at the first stage is used for the
number of assigned input ports in the next

stage.

Now, let’s denote the internal blocking
probabilities at the i-th stage by Py ; and
Py, ; for each plane. Then, the internal
blocking probabilities are given by

n

Py=1-]](1=Py.2). (17)
i=1
n
Bp=1-]J(1= P22, (18)
i=1

where n =log;, N and k is the size of single

switch box in each stage.

V. PERFORMANCE RESULTS

In Table 1(a), we show maximum
throughput of the dual-plane switch for the
uniform traffic for a crossbar network and
a banyan network with 2x2 switching el-
ement. The discrete-time analysis results
are compared to the simulation results. In
SIDP crossbar and banyan switches, maxi-

mum throughput increases about 5~10 %
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Fig. 4. Delay behavior of the dual-plane switch for
uniform traffic: (a) crossbar switch, (b) banyan

switch.

over those of the single-plane switch an-
alyzed in [2]. Maximum throughput are
greater than 95 % in the DIDP crossbar
switch and greater than 80 % in the DIDP
banyan switch. Thus the DIDP switch can
provide a big increase in the achievable
maximum throughput which is very close to
that of the output buffering scheme. These
above improvements are better than those
obtained by increasing the window size in
[3] and are comparable with those of the

deluxe model in [7].
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Table 2. Maximum throughput for the dual-plane switch.

(a) Uniform traffic.

Output-Scheduled Output-Scheduled
Dimension Banyan Network Crossbar Network
with Input Buffering with Input Buffering
Analysis ‘ Simulation | Analysis Simulation
Single-Input Dual-Plane | Single-Input Dual-Plane
N=4 72.80 % 71.90 % 73.90 % 72.40 %
N=8 69.30 % 68.20 % 70.80 % 69.20 %
N=16 66.60 % 65.70 % 69.40 % 67.30 %
N=64 62.50 % 61.90 % 67.80 % 65.10 %
Dual-Input Dual-Plane Dual-Input Dual-Plane
N=4 97.50 % 99.20 % 99.60 % 99.50 %
N=8 93.30 % 94.70 % 97.70 % 98.10 %
N=16 87.70 % 88.90 % 95.60 % 96.50 %
N=64 78.00 % 78.70 % 94.20 % 94.70 %

(b) Non-uniform traffic with preference of the even outputs.

Output-Scheduled Output-Scheduled
Size Banyan Network Crossbar Network
with Input Buffering with Input Buffering
P | 60% | 9% | 100% | 60% | 90% | 100%
Single-Input Dual-Plane Single-Input Dual-Plane
N=4 | 69.60 % | 55.40 % | 48.70 % | 70.40 % | 55.60 % | 48.70 %
N=8 | 67.80 % | 52.80 % | 46.40 % | 69.00 % | 53.20 % | 46.50 %
N=16 | 65.70 % | 51.30 % | 44.80 % | 67.20 % | 52.00 % | 45.10 %
N=64 | 61.90 % | 49.20 % | 42.90 % | 65.10 % | 50.80 % | 43.70 %
Dual-Input Dual-Plane Dual-Input Dual-Plane
N=4 | 89.60 % | 60.00 % | 50.00 % | 89.70 % | 60.00 % | 50.00 %
N=8 | 87.30 % | 59.80 % | 49.90 % | 89.20 % | 59.90 % | 49.90 %
N=16 | 83.90 % | 59.20 % | 49.80 % | 88.60 % | 59.80 % | 49.90 %
N=64 | 77.10 % | 56.80 % | 48.70 % | 87.90 % | 59.60 % | 49.80 %

In Figs. 4(a) and (b), we show the queu-
ing delay behaviors of virtual input buffer
for the dual-plane crossbar and banyan
switches, respectively. In these figures, the
queuing delay is normalized by the cell
transmission cycle. The discrete-time anal-
ysis results are so close to the simulations

that the 95 % confidence interval is not

shown. These performance results are supe-
rior to those in the internal buffered ATM
switch with cell bypass algorithm [6], [10].
In Figs. 5(a) and (b), we show the cell
loss performance for the dual-plane crossbar
and banyan switches as a function of the
input buffer size for various offered loads.

Note that these loss performance results are
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Fig. 5. Loss probability versus input buffer size: (a)
crossbar switch, (b) banyan switch.

acceptable in comparison with those of the
output queuing system [3]. The above per-
formance results indicate that the DIDP
crossbar switch is preferable to the SIDP
switch which does not take advantage of the
dual-plane architecture.

In order to show the performance of a
proposed dual-plane switch in the case of
the non-uniform traffic, we obtained the
As the
traffic model, we assume that the input

simulation results in Table 1(b).

traffic randomly arrives and is uniformly
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distributed with preference on the output
ports with even number. One can show
that degradation of maximum throughput
occurs in the non-uniform traffic as one ex-
pects [11]. In this table, P, is the proba-
bility that the input cell is toward the even
output ports. When all the input cells are
toward the even output, that is P, = 100 %,
maximum throughput would be less than
50 % as one can expect. In Figs. 6(a) and
(b), we show the delay behaviors of the
dual-plane crossbar and banyan switches
for the non-uniform traffic which has the
preference of probability P, on the even
outputs. In these figures, the curves are
obtained by the simulation in which the dis-
crete points are connected by the straight
line with the one step interpolation. Fig-
ures 6(a) and (b) confirm the advantage of
the DIDP approach over the SIDP.

For the performance of the dual-plane
switches in the priority service, Figs. 7(a)
and (b) show the queuing delay behaviors
for two priority traffics. In these figures,
we assume that the high priority traffic is
equally loaded with the low priority traffic
with the same traffic model. These simu-
lation results show that the DIDP switches
can provide the guaranteed delay for the
high priority traffic even when the switch is
highly utilized.

VI. CONCLUSIONS

In this paper, we investigate the dual-
plane gigabit ATM switch, which can sup-
port the high-speed switching requirements
with a rate more than 2.488 Gb/s of fu-
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Fig. 6. Delay behavior of the dual-plane switch for
non-uniform traffic: (a) crossbar switch, (b)

banyan switch.

ture B-ISDN. In a proposed switch, we con-
sider the path-level switching capability as
well as the cell-level switching in accor-
dance with virtual path concept of trans-
mission system. The control path for cell
header processing separates from the data
flow path, which can support the switching
flexibility including service class, control-
level, and priority.

In the numerical results, a pro-
posed 16x16 dual-input dual-plane cross-
bar switch has maximum throughput of

about 95 %. It could also obtain maximum
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priorities.

throughput of about 90 % in the dual-plane
banyan topology. As the results, we show
that a proposed 16x16 dual-plane switch
would have the acceptable performance.

APPENDIX: CALCULATION OF
INTERNAL BLOCKING PROBA-
BILITIES FOR THE DUAL-PLANE
SWITCH

In this Appendix, we show the discrete-



340  Jun Kyun Choi

Primary Plane

ETRI Journal, volume 19, number 4, December 1997

| . Secondary Plane
: Initial
partial 2000

| tat
o> 300 <
:

[
@ o
|
3000 | .
/ | | 300 43
! - 2000 1
*m’d - L
Initial State 2000 |
QD> \ | 1
Initial d d
: 2 5 2100 {l-
partal " o000 4> 1000 2100 > 220> --:-> oo < 2
3
/ | 1110 ?-
: - A
b :L
Q200> / "3 1110 ﬁ-
1110 | Qi
|
|
|
Q- >
|
No. of |
assigned 0 1 2 3 4 | 0 1 2
input ports

Fig. A-1. Enumeration mesh for the dual-plane switch.

time Markov chain model to calculate the
internal blocking probabilities in the single-
input dual-plane (SIDP) and dual-input
dual-plane (DIDP) switches.
extend the enumeration mesh proposed by
Bhandarkar [9].

In Fig. A-1, we show the diagram of

For this, we

the extended enumeration mesh for the 4x4
dual-plane switch. Here, we assume that all
the virtual input ports are active. In this
figure, (K1, ko, k3, k4) denotes the state of
Markov chain, where k; is the number that
the head-of-line (HOL) cells in the virtual
input queues are coming from an input port
and k; > k; for i < j—1 for the reduced state

model. For example, (4, 0, 0, 0) means that
all the HOL cells are coming from one input
port. The circled states denote the initial
states, which mean the states of the HOL
virtual cells before they are served at the
beginning of n-th cycle time. They also ap-
pear in the final terminal states at the end
of n-th time. The initial partial state in-
dicated from the initial state denotes the
reduced state after the virtual queues are
served during the n-th cycle. Then, Fig. A-
1 shows the ways of reaching the final ter-
minal states from the initial states. The
number on the arrows shows the number of
ways that transition can occur. The ini-
tial partial states of the secondary-plane
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are generated from the final terminal states
of the primary-plane by reducing the num-
ber of virtual input ports assigned for the
secondary plane. In this figure, maximum
number of virtual input ports that can be
assigned for the secondary plane, N;***

2,assigned’

is given by

max .
NZ,assignﬁd *mln(nl,non—zem,

Nl,assigned - nl,non—zem)a (A‘l)

where Ny 4gigneq denotes the number of as-
signed virtual input ports for the primary
plane and Vi ;,0n—zero is the number of non-
zero terms of the final terminal states in
the primary plane. Note that in the case of
the DIDP switch, the number of assigned
virtual input ports for the secondary plane

is given by N But, in the case of

2,assigned’

the SIDP switch, the number of virtual in-
put ports that can be assigned for the sec-

ondary plane would be less than or equal to

max
2,assigned

put ports for the secondary can be already

because the assigned virtual in-

occupied by the primary plane.

Now, let’s the state probability vector in
equilibrium be P=[Pyon0, Ps100, P20, Pi111]*
and the state transition matrices for the pri-
mary and secondary planes be A and B, re-
spectively. Then, in the DIDP switch, it is

satisfied as

P =B'A'P, (A-2)
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64 16 64 16 32
13 9 9 3
L 64 16 64 16 32
F 3 -
- -0 0 O
4 4
133 3 4
16 8 16 8
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B= - - Z A-4
0 8 8 8 8 ( )
0 1 1 7 1
6 6 12 12
0O 0 0 O 1

Here, the average number of busy virtual
input queues for the primary plane and the
secondary plane, NLbusy, and ]_VQMSZI, are
calculated respectively by

Nl,busy =C- P, (A'5)
NQ,bysy = Cd P, (A'G)

where C=[1, 2, 2, 3, 4] and C4=[1, 2, 2, 1,
0]. The internal blocking probabilities, By
and Py, are given by

N1 pusy
Py =1—— 1wy (A-7)
Nl,offered
Ny s
P}Q:l—_?ﬂ, (A-S)

N2,offered
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where N1 offered = N and Na of erea = (1 —
Py)N in case of all the virtual input ports
being active. For the SIDP switch, the state
transition matrix B for the secondary plane
would be changed according to the number
of input ports that would be assigned for
the secondary plane, which is represented
by

B =By+B;+B;

1
- 00O00O0
41
0 -0 00
41
00 =00
— 43
000 =20
4
00 O0O01
3 9 ]
EEO 0 0
1515150
128 64 128 64
(A-9)
+ 5
0 33 % 1 Y
0 1 7 1
24 24 48 48
0 0 0 0 O

0 0 00O
13338
128 64 128 64
Hlp L1l
64 64 64 64
0 0 00O
_0 0 0 O 0_

where the subscript of B; denotes the num-
ber of virtual input ports that are assigned
at the secondary plane. Then, B;(0 <i<2)

ETRI Journal, volume 19, number 4, December 1997

is the state transition probability matrix to
reach the final terminal state after ¢ vir-
tual input ports are served in the secondary
plane. Here, B shows the transition prob-
ability matrix that has no state transition
since all the virtual input ports assigned for
the secondary plane are already occupied in
the primary plane. In the SIDP switch, the
average number of busy virtual queue for
the secondary plane, szusy, is given by

N2,bu,sy =C,-P y (A-lO)
where
3 5 1 5 1 1
CS:{Z’ (§+§'2>’ <§+§'2>’1’ 0]-
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