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A Three-Stage ATM Switch
with Cell-Level Path Allocation

Martin Collier, Member, IEEE

Abstract—A method is described for performing routing in  dissipation and process cost in designing ATM switches are
three-stage asynchronous transfer mode (ATM) switches which gych as to restrict single-chip and single-board switch fabrics

feature multiple channels between the switch modules in adjacent to throughputs below perhaps 40 Gbis for the foreseeable
stages. The method is suited to hardware implementation using

parallelism to achieve a very short execution time. This allows [U{Ure, even when using leading-edge (and thus expensive) IC
cell-level routing to be performed, whereby routes are updated in technologies. Hence, large switch fabric (i.e., a switch with
each time slot. The algorithm allows a contention-free routing to  a throughput exceeding, say, 200 Gb/s) will require a modular

be performed, so that buffering is not required in the intermediate  5rchjtecture, allowing the switch fabric to be distributed across
stage. An algorithm with this property, which preserves the cell multiple boards or cabinets

sequence, is referred to here as a path allocation algorithm. . - . . .
A detailed description of the necessary hardware is presented. An obvious method of implementing a large switch, given

This hardware uses a novel circuit to count the number of cells these constraints, is to design the switch with three stages,
requesting each output module, it allocates a path through the where each stage consists of smaller switch modules. Many

intermediate stage of the switch to each cell, and it generates ; N ;
a routing tag for each cell, indicating the path assigned to authors have proposed such switches [5]-{9]. This approach

it. The method of routing tag assignment described employs a tYPically introduces a new problem (not present in a single-
nonblocking copy network. The use of highly parallel hardware Stage switch) whereby multiple paths from source to desti-
reduces the clock rate required of the circuitry, for a given switch nation become available. Thus even if the individual switch
size. The performance of ATM switches using this path allocation moqules possess the self-routing feature, this feature is not
ﬁfg'thm has been evaluated by simulation, and is described retained by the overall switch. Some method of routing is then
necessary, to select among the available paths from source to

destination, through the second stage of the switch.

Routing may be performed over a number of time scales.
In one approachcgll-level routing), all cells belonging to a
I. INTRODUCTION virtual connection (“call”) are allocated the same route. Thus

HE THROUGHPUT achievable (in bits/second) in afh€ routing decision is made at connection setup time, and
T asynchronous transfer mode (ATM) switch depends hed{iis route is fixed for the duration of the connectiddell-
ily on the process used to fabricate it. For example, Bianchigvel routing is performed if the routing decision is made
and Kim [1] have described a single-board switch prototydBdependently in each time slot. The process of determining
with 155-Mbl/s link rate and a throughput of 2.48 Gb/s, cor routing pattern such that no blocking can occur in the
structed using “off-the-shelf” integrated circuits and PLD’ssecond stage of the switch is referred to herecel-level
Collivignarelli et al. [2] have described a 3616 switch chip Path allocation
with a 311-Mb/s link rate (and hence, with a throughput close This paper considers cell-level path allocation, and, specif-
to 5 Gb/s) fabricated using a Q.8 BiCMOS process, which ically, the problem of implementing a cell-level algorithm for
dissipates 7 W. Merayet al. [3] have reported a switch with path allocation in the channel-grouped three stage network of
a 10-Gb/s throughput and a 2.5-Gb/s link rate, using gn7- Fig. 1. This is ann; L; x nyLy switch, with L;,m, and L,
BiICMOS process and requiring approximately twenty chipgiodules in the input, intermediate and output stages, respec-
Hino et al. [4] have developed a4 switching element (for tively. There are5; links in the channel group connecting input
a rerouting banyan network) with link rates of 10 Gb/s usingnd intermediate stage modules, afidlinks in the channel
a 0.2u:um GaAs MESFET technology. The power dissipategroup connecting intermediate and output stage modules. The
by this switch (some 30W) necessitates its implementation aee of channel grouping allows additional flexibility when
three integrated circuits. dimensioning the three-stage switch. Cell-level path allocation
It may be concluded, from the results reported abovkas been proposed by a number of authors [5]-[7]. The
which are typical of the current state of the art, that thalgorithm described here requires fewer iterations than that
tradeoffs to be performed between circuit complexity, powén [6], does not require input buffering (which degrades the
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Fig. 1. A three-stage switch with intermediate channel grouping.

The algorithm requires ancillary hardware to count incoming
cells and to deliver routing tags to them. Suitable hardware
is described in Sections Il and IV of this paper. The switch [ ]

performance is discussed in Section V. ?'

___\_\- _‘-'\- 2 —
[A, : A ‘_u 1 il it
II. AN ALGORITHM FOR PATH ALLOCATION AT CELL LEVEL ; : T :
e —— ——
A. The Objectives of a Path Allocation Algorithm [ ] | . 5
There areS; routes from each input module to each inter- L =t
mediate module. There a% routes from each intermediate (b)

_mOdUIe tO_ each _OUtpUt r_nOdUIe- \_Ne mU_St choose, for evafy o Examples of the processor array (a) showing contents of processors
input cell (if possible) an intermediate switch module througluring Iteration Zerd Ly = L, = m = 4) and (b) showing initial conditions

which to pass on the way to the selected destination, such tifat-r = 2,m = 4, andLy = 3.
no input module attempts to route more th#ncells via any
intermediate module, and no intermediate module attempts tdNote that A, and K;; need only be local to the input
route more thanS, cells to any output module, in any onemodule. TheB;,’s must be forwarded to each input module
time slot. This strategy ensures that: in turn. Let R;.; be the number of cells to be routed from
1) the intermediate stage can never be congested; input module¢ to output module;j via intermediate switch
2) no queueing occurs in the intermediate stage; thus tm@duler. The values ofA;,., B,.; and K;; are updated using
delay through the intermediate stage is uniform, regarthe procedureitomic(i,r, j) described below:
less of the path taken; this makes it possible to preserve Riv; = min(K;;, Byj, Air)s

cell sequence on a virtual connection; K — K;; — Riy; o

3) contention can never occur in the intermediate stage, Br”]' — Br{ - Ri:' atomic(i, r, j)
simplifying its design. A‘J P A4J_ R ’
w w Y.

An algorithm to implement this strategy will now be de-
scribed. It will be assumed, for simplicity, that all input ports of . " . . . .
the switch operate at the same rate, and thus that the duratio Lé'#d'ng block from which the path allocation algorithm is

the time slot (the interval between successive cell boundari% str_ucted. The pro cedure determmesb th_e capacity qvanable
is the same for every cell. rom input modules to output modulej via intermediate

switch moduler (i.e., the minimum of4,,, and B,;). The
number of requests which can be satisfied is equal to the
minimum of the number of requests outstandiffg;;) and

A new and efficient algorithm will now be described. It ighe available capacity.
suitable for use in a channel-grouped three-stage switch and\ parallel implementation requires multiple processors, each
requires only knowledge obtainable at the input side of thexecuting theatomic( ) procedure for a different set of

This procedure is “atomic” in the sense that it is the basic

B. Basic Principles of the Path Allocation Algorithm

switch. It operates on the following quantities: procedure parameters, subject to the following constraints:
A;» number of channels available from input moduleo e no two processors shall simultaneously require
intermediate switch module, access to the same quantity. For example,
B,.; number of channels available from intermediate switch  atomic(2,0,0) uses Ay, By and Ky, so that neither
moduler to output moduley; atomic(2,0,X), atomic(2,X,0) nor atomic(X,0,0)
K;; number of requests from input modulefor output can be executed concurrently withtomic(2,0,0) for
module j. any X;

Authorized licensed use limited to: DUBLIN CITY UNIVERSITY. Downloaded on July 19,2010 at 08:54:07 UTC from IEEE Xplore. Restrictions apply.



COLLIER: A THREE-STAGE ATM SWITCH 703

, +

D,
Bin 4‘) D, Ve Ds % Bout

D¢ @;

A
Ny,
X 7
Ky - Kow

Critical Path

Fig. 3. Implementation of thetomic( ) processor. Min: Calculator of minimun),: Delay (needed to synchronise arrival times—may be zero).

« the data required by a processor for the next iteration of An examination of the operation of the resulting algorithm
the algorithm should be available locally, or from adjacemeveals that the processors in rdw or higher and in column

processors. L, or above never modify thel and B values they receive,
An implementation satisfying these two constraints will nov@nd thus may be replaced by simple delays.
be presented. In general, a switch with.; input modules and., output
modules requires a processor array with rows and L,
C. Implementation of the Algorithm columns. IfL; < m, each column requiress — L; additional

Suppose that there are’ modules in each stage of theD registers. IfL, <'m, each row requires: — L, additional A
switch. An array ofm’ x m’ processors is used. The processdgdgisters. The initial conditions in the array for the case where
in the ith row (numbered from the right) angth column L1 =2,Lz =3 andm = 4 are shown in Fig. 2(b).

(numbered from the bottom) of the array is labelag;. An unichannel architecture may require a large value for
ProcessorX;; is initialized by loading the following three 7 0 obtain low cell loss probabilities. Hence a relatively
values: high clock speed will be required in the array, so as to

completem iterations of the algorithm in the time available
(which is less than the duration of one time slot). A switch
with intermediate channel grouping affords the possibility
af reducing cell loss probability by increasing, and So,
rither than by increasing.. This can reduce the clock speed
requirements. Note that, unlike the cell scheduling algorithm
, T in [5], this algorithm attempts to allocate a pathaachcell
throughrm” — 1). ProcessorX;; executesatomic(i, (i +J = 4 the switch inputs duringvery iteration of the algorithm.

k) mod m’,j) during iterationk; after each iterationYi; 5" e proposed algorithm is fairer than that described
forwards the updated value @,; t0 X(; ;1) moa nv,; @nd of [5]

Air 10 X (j41) mod m/» and retainsk;;.
If we choosem’ = max(Li, Lo, m) the same algorithm
may be used for a switch with an arbitrary number of modulés Implementation Issues

in each stage. Suppose that a square arraymbfx m’  The processor must execute th&mic( ) procedure, and

processors is used. Some of the processor registers musipR must perform two types of operation:
initialized to zero if their contents pertain to a nonexistent 1) find the minimum of three numbers;

switch module. Specifically, processdy;; is initialized as

1) initial value of K;;;

2) initial value of A; (i1 ) mod m’ (i-€., S1);

3) initial value OfB(H_J) mod m/,j (i.e., SQ)

The values stored in the processor array are shown
Fig. 2(a) for the case whera' = 4.

The algorithm then requires:’ iterations (iterations zero

2) perform three subtractions.

follows: . o .
. . Hence, in principle, the processor may be implemented as
K { Kij, i<Ly,j<L2 shown in Fig. 3. The value of(;; is stored locally. Thed
0, otherwise. and B values are obtained from (and forwarded to) adjacent
A Air, i<Li,r<m processors. The simple structure of #mic( ) processor
0, otherwise. ensures that many copies of it may be constructed on a single
i . : integrated circuit (IC), and also ensures that it can operate at
B,;, r<m,j<Lo . ) . . . ; . :
B — 0 otherwise. high speed. A fast implementation using bit-serial arithmetic,
’ and which does not require the calculation of the minimum of
wherer = (i + j) mod m/'. three numbers, was described in [10].
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Fig. 4. The circuitry for request counting and routing tag assignment. CG: Count generator; RPG: Routing packet generator; AG: Address generator.

Hardware is also needed in each input module to perform tbleck cycles. A slower solution, requiring less hardware, was
following tasks before and during the path allocation procesgescribed in [12].
« to count the number of requests for each output moduleThe hardware required is shown in Fig. 5. Data cells from
so as to obtain the initial values of ti€;,’s; the n; input ports associated with input modul@re merged
- to forward a routing tag based on the results of pawiith L2 control packets (one per output module) by a Batcher
allocation to each input cell. sorting network. The merge operation is performed in such a
The circuitry to implement these functions is shown i@ that idle cells (_i.e., empty cells from inactive input ports)
Fig. 4. Its operation will be described in Sections Il and [vare sorted to the highest output ports of the Batcher network.
It is assumed that cells losing contention are discarded.!jthe control packet for output moduleappears at outpud;
this is not the case, additional hardware will be required £ the Batcher network, then the data cells (if any) requesting
forward acknowledgments to the input port controllers, arjg@t output module appear at lower output ports of the sorter

this circuitry will introduce an additional delay. ports D; — 1, D; — 2, etc.), as shown in Fig. 5.
The switch fabric, as described above, operates at gUnder these circumstances, it may readily be shown that

J
Dj=3% Kj+j
=0

D07
Dj - Dj_l - 1,

j=0
§>0.

single rate (which will typically be the OC-3/STM-1 rate

of 155 Mb/s). The input and output port controllers must

perform the necessary bit rate adaptation (and multiplex-

ing/demultiplexing) for links operating at other rates, so

that cells traverse the switch fabric at a common rate. TH&ere K7, is the number of data cells requesting output

demultiplexing of incoming cell streams of high bit rate to &hodulew, and: is fixed, since the Batcher network processes

number of switch fabric inputs has implications for the switcRNly requests from input module

performance (since correlations are then possible betweer he key to this method of request counting is the obser-

the arrival processes on adjacent input ports), and for cegtion that

sequence preservation, which will be addressed in a future

paper. Kj; = {

The switch will be required to support multiple loss prior-

ities in practice. This requires the path allocation algorithm The necessary subtraction can be performed very efficiently,

to preferentially allocate paths to cells with the CLP bigince

set to zero. The simplest way of modifying the described _

algorithm to achieve this is to perform path allocation twice, Dj—Dj 1-1=D;+D;

once for cells with CLP= 0, and a second time for the . , ) o

cells tolerating higher loss rates, with the initialization of th{/heére D is the 1's complement of), obtained Oby bitwise

processor array being appropriately modified. However, tHRveérsion of D. It follows that the value ofkj; can be

approach doubles the required operating speed of the ard§nerated using a serial adder, and can then be stored ki the

which may be impractical in many cases. A less expensilgdiSter of the appropriat@omic( ) processor (i.e., of;).

method for introducing differentials in loss probabilities is !t IS Nécessary to generate a concentrated list of the values

described in [11]. Dy,D1,Ds,-+-,Dp,_1 as input dfa\ta for the serial adders.
These values are obviously available at the sorter outputs
which have received control packets (since, for example, con-

trol packet 4 appears at outpfity), but are not concentrated

Il. A FAST METHOD OF REQUEST COUNTING

Suitable hardware to simultaneously calculatg; (the
number of requests from input modulefor output module
j) for all values ofj (0 < j<Ly) will now be described.
The execution time for this hardware4$log,(ni + L2)] + 1

onto contiguous outputs. Hence a concentrator is required. This
is the purpose of the binary self-routing network shown in
Fig. 5, which is often called the “reverse banyan” [13]. A
well-known property of this network is that it is nonblocking
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Fig. 5. An example of request counting. CG: Count generator.

when acting as a concentrator. A formal proof that blockingetermined by the request counting hardware) and decrement-
cannot occur in Fig. 5 was given in [14]. ing, after every iteration, in accordance with th&mic( )
The count generators forward only control packets to thigocedure, as paths are allocated to cells. Tiysrepresents
network. Count generators which have received a data d#le number of outstanding requests from input modufer
or an idle cell through the Batcher network submit an inactiveutput modulej. The relevant cells must be informed of the
packet to the concentrator. The count generator which receiyegh through the intermediate stage which they have been
control packetj from output D; of the Batcher network assigned. The relevant information is obtained from Mg
appends a data field to the packet containing the value aftput of the processor shown in Fig. 3. After each iteration
D;. This packet is then routed to outpubf the concentrator. of the atomic( ) algorithm, tokens are broadcasti,,; cells
A total of L, control packets is thus simultaneously launchelly the circuitry for routing tag assignment. A cell may receive
into the concentrator, and these are routed to the serial adduarstiple tokens, but only the last token it receives contains
at outputs zero through, — 1, without blocking. valid routing information. When the path allocation process is
The concentrated list oD; values is then read by thesecomplete, a special null token is broadcast to the cells which
serial adders, the lower input (as shown in Fig. 5) beirftave lost contention. The address generator then prefixes a
inverted. Hence thK?j values are generated, and passed to theuting tag to each data cell whose value equals the token
atomic( ) processors. The example considered in Fig. 5 showalue. Cells losing contention are marked as inactive.
three requests for output module zero, two for output moduleThe broadcasting is done by the copy network shown in
one, and none for output module two. It can be seen thag. 4. This must copy tokens and perform routing in such a
the correct values (i.e., 3, 2 and 0) are returned to processemy that the token required by the data cell at a given Batcher
X0, X;1 and X5, respectively. network output in Fig. 4 appears at the corresponding copy
The submitted packets take two cycles to propagate througgtwork output, and is thus received by the correct address
each stage of the concentrator (one cycle to identify if thgenerator.
packet is active, and another to determine where to route it)The copy network has; + Lo inputs and outputs. The
and an additional clock cycle is required before the serial addeuting packet generators are connectedLto of the copy
generates the least significant bit of the appropdaievalue. network inputs, and the remaining inputs are idle. Routing
Thus the number of clock cycles required by the request coypsicket generatoRPG; receives the value of(;; from the
hardware before path allocation can commence is appropriateatomic( ) processor.
The cells requesting output module appear at outputs
2[logy(n1 + La)] + 1. Dj_1+1 throughD;_; + KJ; of the Babt?:her network, where
Hence, for a switch witl; = 96 and L, = 32, the number (as before)
of clock cycles required is just 15. D, = Z KO

IV. ROUTING TAG ASSIGNMENT u=07
The routing packet generator for output modgleRPG;)
must forward the relevant routing tokens to the data cells at
The atomic( ) processorX;; generates a sequence obutputsD;_;+1 throughD,_; +K?j of the Batcher network.
K;; values, one after every iteration of the path allocationhe value of D;_; is readily obtainable from the request
algorithm, commencing withK?j (the initial value of K;;, counting hardware.

A. Principles of Operation
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Fig. 6. An example of routing tag assignment. (a) Initialization (i.e., itera@ion. (b) Iteration0t. (c) Iteration1¥. (d) Iteration2t. (e) Ilteration3T. The
type of token being broadcast is shown on the input and output sides of the copy network. The type of packet receiving the token, and the valuelks#rihe last t
received, are shown at the network outputs (clearly only data cells receive tokens, as required). RPG: Routing packet generator; ISM: Inizgms ethalides.

During each iteration of the algorithnRPG; submits a  The copy network is based on that described by Lee
routing packet to the copy network, to be broadcast to addrg$5]. Lee’s copy network uses the ‘Boolean interval splitting
generatorsD;_; + 1 through D;_; + K;;, containing in the algorithm’ to generate copies at each copy network element.
data field the token address, i.e., the address of the intermedibt® bits (one each from the upper and lower address), in
switch module through which a route has been allocated.déldition to the activity bit, must be processed at each node of
K;; = 0, an inactive packet is submitted. the network. Hence, the interval between successive iterations

The routing packets submitted to the copy network do nof the algorithm, in bit times, will be quite large. The speed
collide, since they satisfy the condition for avoiding internadf the algorithm can be increased by observing that, in this
contention in the copy network, as shown in [10]. application, the lower address bit processed at each node never
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Fig. 7. Performance of the switch. (a) Performance with uniform traffic = m = L2,51 = S2 = 4). (b) Performance with uniform traffic
(L1 = m = L3,51 = 8,5, = 4). (c) Performance with uniform traffi¢L; = m = L»,5; = 4,5 = 8).
TABLE | generated by theitomic( ) processors. The copy network
PATTERN OF REQUESTS AND POSSIBLE must be initialized before path allocation commences. This
OuUTCOME OF THE PATH ALLOCATION PROCESS . PN .
corresponds to iteratiof™ in Table Il and occurs simultane-
Output No. of No. 10 be routed via No. not ously with iteration 0 of the path allocation algorithm. After
module no. requests 1SM, ISM, ISM,  ISM, routed . . . . . . .
o 7 3 0 ] o 0 each iteration of the path allocation algorithm (i.e., iterations
1 7 0 3 2 1 1 0, 1, 2 and 3), the corresponding iteration of the routing tag
z: (1’ 0 0 0 ] 0 assignment algorithm is performed (iteratidins, 1+, 2+ and

31 respectively). Thus, for example, iteratibh of the routing

tag assignment algorithm occurs concurrently with iteration 2
changes after the first iteration of the algorithm [16]. Hencef the path allocation algorithm. The required broadcasts are
on subsequent iterations of the algorithm, there is no needsteown in Table Il and illustrated in Fig. 6(a)—(e). Also shown
distribute the lower address, so that the header on the routirg the lower address bits processed by each switch element. It
packet may be shortened, reducing the delay through the cey be seen that these bits never alter after the initial iteration

network. of the algorithm. After five iterations, the correct number of
) ) cells has been assigned a path via each intermediate stage
B. An Example of Routing Tag Assignment module.

The example is documented in Tables | and Il, and in Fig. 6. The length of each routing packet (after the first) is
It describes a possible outcome of path allocation for a switch . ) )
with four modules in each of the three stages. Ly =1+ [loga(m + 1) + flogy(n1 + Lo,
Table | indicates the number of cells from input module De., one activity bit, enough bits to represent the token address,
(IMop) which have requested each of the four output modulesd sufficient bits to represent the requested upper copy
and a possible pattern of path allocations which might betwork output.
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TABLE I
VALUES OF K REGISTERS, ANDADDRESSES TOWHICH TOKENS ARE BROADCAST, IN EACH ITERATION, FOR THE EXAMPLE OF TABLE |
OM, oM, oM, OM;
‘Iteration Ko Broadcast Ko Broadcast Ky Broadcast Ko Broadcast
from  to from _ to from  to from  to
0 4 0 3 7 5 11 0 X X 1 14 14
o* 1 0 0 4 5 8 0 X x 0 x X
1" 1 0 0 4 5 8 0 X X 0 X X
2* 0 x x 3 5 7 0 x x 0 x x
3* 0 X X 1 5 5 0 X x 0 X X

Hence, routing packets may be submitted to the network6) When cell losses are observed, the cell loss probability
at the rate of one evenf, clock cycles. If this exceeds is assumed to be equal to the expected number of
the number of clock cycles required for one iteration of the  cells lost per time slot, as a proportion of the offered
path allocation algorithm, an undesirable delay is introduced, load.
whereby the path allocation can only proceed at the rate Of(Note that if the fifth assumption) is not made, a value can
one iteration per., clock cycles. o only be assigned to the probability of cells being lost from the

A solution to this difficulty involves a reduction in theget of input ports, rather than from one input port, when no loss
value of .. The token address is not broadcast, except duriiggpserved. Specifically, if a simulation runs for 500 000 time
the first iteration. The address generator stores the tokggs \ithout loss being observed, the probability that cell loss
address received during the first iteration, and on subsequght e observed in an arbitrary time slot is below 2507 at
itera_tions calculates the token address by decrementing {Hg 5o, significance level, singe — 2.6 x 10~7)00000 5, (.95
previous value. Therefore, the value bf can be reduced by This is for an offered load of typically 3000 cells/time slot for
[logy(m + 1)] bits. L . the simulations described here. The probability of an individual

Or'1ce path allocation is complete, the tag allocation Procesa being lost is obviously much less, but cannot be evaluated
requires only a further without knowing how the probability of a given cell losing

L, + 2[logy(ny + Lo)] contention, and the corresponding probabilities for the cells

with which it contends, are correlated.)

clock cycles to terminate (this being the time required to The influence of the choice of channel group size in Fig. 1
generate the final null routing packet, and to propagate g, the cell loss probability is considered in Fig. 7. The graphs
through the copy network). A cheaper method of routing tagow how the cell loss probability varies as a function of the
assignment was described in [12], where the ‘over-run’ img,mper of input ports, with the capacity of the intermediate
once path allocation has concluded increases linearly with T:ls"l%ge fixed. Confidence intervals have not been shown, but are
sum ofny and L. obviously moderate for probabilities above about 1.0where
many cell losses have been recorded. The results whete
) ] So = 4 are shown in Fig. 7(a). Note tha = L, = m for the

The performance of a three-stage switch using the Celfjee switches simulated. Fig. 7(b) shows the corresponding
level path allocation algorithm described above will now bg.q s for three similar switches, whee equals 8. Doubling
eyaluatgd. The cell loss probablhty mgst be determln_ed Be channel group size at the input side of the intermediate
SImula_ltlon since no ar_1alyt|cal method is currently avalle,‘blgtage gives rise to only a marginal decrease in the cell loss
The S|mulat|pn m_odel IS basgd on the foII.owmg assumpt'orﬁrobability. Doubling the channel group size at the output

1) There is no input queueing; cells which are not allocateglje of the intermediate stage reduces the loss considerably,
a path on the first attempt are discard(_ad. as shown in Fig. 7(c).

2) The switch is offered a worst-case (maximum) load; eachthege simulations indicate that the intermediate modules
input port of the switch submits a cell in every times oy be designed as expansion modules, with more outputs
slot. o ) . than inputs, to obtain the best performance. This seems intu-

3) The destination of each cell is drawn from & uniform; ey reasonable: a cell may be routed to any intermediate
d'Str'bUt,'on; all OUtqu modules recc'alve.the same Io_admodule, but can be routed to only one output module. An

4) The_ switch modeled is that shown in Fig. 1, for Varnougiternative to increasing, is to change the value af.. How-
choices of the parameters, Ly, m, 51, 52 andna, ever, this has the disadvantage that the number of iterations

5) The maximum number of gells gengrateq s, 10 required by the path allocation algorithm will increase, so
zero cell IOS.5. IS _recordgd during the smulaygn, the C&hat higher speed hardware may be required. These graphs
Iossb pg_c;babinr IS aSS|gned.thedva.Iue>510h il The_ can be used to find the maximum number of input ports
iF;rzszulnlg doto gzl?r? dgogazrg:}c;r;orir;g% E;tl a? |g\(,:\,a|t£,né’|’shi0h a switch with a given capacity in the intermediate stage

: . pend can support, for a given probability of cell loss during path
of loss. With this assumption, the probability that the

cell loss probability (CLP) is below 5101, given allocation. . . . . . I
. ; Further simulation results, including an investigation of
that no losses were recorded, is above 95%, i.e.,

. the performance in the presence of nonuniform loads, are
Pr[CLP <5 x 1071 = (1 = 5 x 10711 > 0.95. presented in [14].

V. PERFORMANCE OF THEPATH ALLOCATION ALGORITHM
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VI. A DESIGN EXAMPLE

A 3072x3072 switch can be constructed by choosing=
Lo = m = 32,n1 = ng = 96,51 =4 and52 = 8
in the switch shown in Fig. 1. The resulting switch has a
cell loss probability (due to loss of contention during path _ _
allocation) below 108 even in the presence of a nonuniform The author gratefully acknowledges the assistance of his
load [14]. The input modules must accept data from tHelleague Tommy Curran in the preparation of this paper.
address generators in F|g 4, and so must have 128 |npl|j‘!§, also thanks the anonymous reviewers for their h9|pr|
even though at most 96 data cells will be present. TK@mMmMents.
dimensions of the input, intermediate and output stage modules
are 128128, 128256, and 25696, respectively. The input
and intermediate modules can be of simple design, since thgy R. P. Bianchini and H. S. Kim, “The Tera project: A hybrid queueing
are contention-free. Thus the only stage of the switch which ATlMleitCh g;%hig%%tur& fOflléégly"lEEE J. Select. Areas Commun.

. . . vol. 13, pp. —635, May .
represents a m_ajor de5|gn challenge IS the output stage, Wh%ﬁ? M. Collivignarelli, A. Daniele, P. De Nicola, L. Licciardi, M. Turolla,
the 256<96 switch modules should also introduce a low cell ~ and A. Zappalorto, “A complete set of VLSI circuits for ATM switch-
loss probability. ing,” in Globecom '94 Conf. RecSan Francisco, CA, Dec. 1994, pp.
. oo 134-138.

The process of path allocation should be completed withifs] LA Merayo, P. L. Plaza, P. Chas, G. Piccinni, M. Zamboni, and M.
one time slot. The request counting hardware requires Barbini, “Technology for ATM multigigabit/s switches,” iGlobecom
2[logy(n1 +‘L2)—| +1 =15 C_|0Ck CYCIeS'_ One execution [4] Sg.échi:rcl)z.I;‘,f .,\/Iiegbggghlifrgﬂgls;? 'anééga?((i:,- 1A?s:qyztlc?ll?onlolu7s_ %r?az;{sfer mode
of the atomic( ) procedure will require nine clock cycles, switching LSI chips with 10 Gb/s serial /O portdEEE J. Solid-State
using the efficient implementation described in [10]. Thus ] }%Ir%u'tlsé V0|-M30J, DE- 3?8_332\'(A§r'\(1%95‘5A b ket (ATM)

. . Y. Eng, M. J. Karol, and Y.-S. Yeh, growable packe
288 (9><32) CyCIeS are need_ed t(_) test all pOSSIble paths. Th@ switch architecture: design principles and applicationEEE Trans.
number of processors required is 1024 X32), but the IC Commun, vol. 40, pp. 423-430, Feb. 1992. ‘ ‘
count should be relatively low because of the simplicity off6] A Cisneros, fLarge packet switch and contention resolution device,”
the processor design. Broadcasting null tokens to cells losing 77_g3 g =yme ' ' VoL T PP
contention requires an addition®[log,(n; + Lo)] + 1 = 22 [7] J. Hui and T.-H. Lee, “A large-scale ATM switching network with sort-
clock cycles, for a total of 325 clock cycles. Hence the clock gf(‘:yalnggg‘”tgg ngf'le; iGlobecom "92 Conf. RecOrlando, FL,
rate required should be below 130 MHz (for operation ats) A. qajszciyk and W. Kabacinski, “A growable ATM switching
the STM-1 rate), including some additional overhead. This I:abglt/:MarclhAtectulrgeé’gEEE Trans. Commun.vol. 43, pp. 1155-1162,
s oA ; ; ; eb./Mar./Apr. .
indicates that a_CMQS (_)r BICMOS VLSI m_1plementat|on of [9] W. E. Denzel, A. P. J. Engbersen, and I. lliadis, “A flexible shared-
the path allocation circuitry should be possible. buffer switch for ATM at Gb/s rates,Comput. Networks ISDN Syst.

The resulting switch features a level of cell delay Variati?ﬁo \I\I/IOI.C207llyier|]'0"‘54v’vifc%ir?gli-e_(?hzrﬁﬁt}gsg?ér Broadband ISDN,” Ph.D. disser
which is no worse than that of a single-stage switch, beca & tation, Dublin City University, Dublin, Ireland, July 1993, .
cells are buffered only in the output stage. The complexity ¢f1] , "Loss priorities in a three-stage multi-rate ATM switch,” Tech.
the path allocation circuitry is relatively high, but the switch fﬁ§|‘;n§EiBg‘§‘§L’gs’1' Sch. of Elect. Eng., Dublin City Univ., Dublin,
modules in the first and second stages are of simple design; M. C(_)II’ier and T. Curran, “Path allocation in a three-stage ATM switch
because of the avoidance of output contention. The author is \é/lth Irltermgg:at’\j Chinnellg;%umng,;zfrgghINFOCOM '93 San

f ; ; : ; : rancisco, , Mar.—Apr. » PP. —934.
Current_lylnYeSt_lgatlng the p_ractlcal mp_lementatmn of the pa 3] H. S. Kim and A. Leon-Garcia, “Nonblocking property of reverse
allocation circuitry, with a view to confirming that the overall banyan network,1EEE Trans. Communyol. 40, no. 3, pp. 472—476,

complexity of the switch is no greater than that of competinﬂ Mar. 1992. . o
- . 4] M. Collier and T. Curran, “Cell-level path allocation in a three-stage
architectures, such as those in [5]-{9]. ATM switch,” in ICC'94 Conf. Reg.New Orleans, LA, May '94, pp.
1179-1183.
VII. CONCLUSIONS [15] T.T. Lee, “Nonblocking copy networks for multicast packet switching,”
. . . J. Select. Areas Commurvol. 6, pp. 14551467, Dec. 1988.
A new algorithm for path allocation in three-stage broadi6] M. Collier, “High-speed cell-level path allocation in a three-stage ATM

band networks has been described. A complete hardware switch,” in Globecom’94 Conf. RecSan Francisco, CA, Nov. 1994,
implementation of this algorithm has been presented, including pp. 324-328.

a method for generating the initial data required by the algo-
rithm, and for forwarding the results to each cell at the input
side of the switch, in the form of a routing tag. The operating
speed required of the design appears within the capabilitiesIG___
VLSI technology in the short term. The performance of th
algorithm has been investigated, and the additional flexibili
offered in dimensioning the switch when intermediate chanr

“cell scheduling” algorithm of the Growable Packet Switch [5].
It thus represents a viable architecture for the implementation
of a large ATM switch.

ACKNOWLEDGMENT

REFERENCES

Martin Collier (S'87-M'93) was born in Drogheda,
Ireland, in 1964. He received the B.Eng. and M.Eng.
degrees in electronic engineering at the National
Institute for Higher Education, Dublin, in 1986 and
1988 respectively, and the Ph.D. degree from Dublin
City University, Dublin, Ireland, in 1993.

grouping is supported has been demonstrated. The resull =

switch offers the delay performance of an output-buffere
switch, unlike either three-stage switches featuring call-lev

routing, which buffer the cells at each stage, or those featuri. .

He is currently a lecturer in the School of Elec-
tronic Engineering at Dublin City University, where
he runs the Broadband Switching and Systems Lab-
oratory. His research interests include broad-band
switching, switching network topology, and sig-

input buffers. It avoids the fairness problem intrinsic to thealling in ATM networks.

Authorized licensed use limited to: DUBLIN CITY UNIVERSITY. Downloaded on July 19,2010 at 08:54:07 UTC from IEEE Xplore. Restrictions apply.



