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57 ABSTRACT 
A multi-channel, multicasting switch for an ATM net 
work utilizes a particular nonblocking condition of the 
Flip Network, which is exploited to realize a multi 
channel switching architecture that supports an arbi 
trary number of channel groups. Using a single Flip 
Network recursively, the resulting architecture be 
comes efficient in the sense that the crosspoint complex 
ity is O(N log2N) for Ninputs. The number of times the 
Flip Network is used recursively is a function of the 
number of channel groups only. The architecture is 
internally nonblocking and bufferless. Distinguishing 
features are the abilities to provide multicasting, super 
rate switching (i.e., rates that exceed the capacity of a 
single channel are accommodated), multi-rate switching 
(i.e., bit pipes of different rates are supported simulta 
neously), multiple performance requirements (i.e., ser 
vices with different performance requirements are 
treated accordingly), and fairness (i.e., cells originating 
from different input channels and/or destined for differ 
ent output channels are treated fairly). In multi-channel 
switching, cells belonging to a single session can tra 
verse over multiple channels and the architecture main 
tains cells in order by assigning a specific Gray code to 
each data cell in each group. 
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BROADBAND MULT-CHANNEL SWITCH WITH 
MULTICASTING CAPABLTY 

BACKGROUND AND SUMMARY OF THE 
INVENTION 

ATM switches need to provide a path between an 
input channel connected to the source point and an 
output channel connected to the destination point with 
a very high probability of successful transmission. The 
class of ATM switches satisfying such a requirement is 
called point-to-point switches (or single-channel 
switches as opposed to multi-channel switches). As 
shown in the prior art, point-to-point switches can be 
classified in terms of switching method, resulting in 
shared memory switches, shared median switches, and 
space division switches. 
Even in an internally nonblocking point-to-point 

switch, throughput can be severely limited by other 
factors such as output contention and head of line 
blocking. As a result, a variety of buffering methods 
have been suggested, which leads to another way of 
classifying switches into internal buffer, input buffer, 
output buffer, and shared buffer. 

Multicasting has been identified as an essential func 
tion in broadband communication networks, and exam 
ples of such are reported in the prior art. 
An important issue for ATM is the development of a 

switching methodology that can support the very high 
bandwidth transmission associated with lightwave tech 
nology. The transmission rate over optical fibers has 
reached tens of gigabits per second and is likely to in 
crease in the coming years. On the other hand, the 
processing speed of electronic switches remains sub 
stantially slower. Such a mismatch between the two 
quantities creates a natural bottleneck at the switching 
nodes in the network. A number of strategies have been 
proposed in the literature to improve the speed of 
packet switches and comprehensive surveys of these 
appear in the prior art. 

Multi-channel switches have been proposed and stud 
ied in the literature as a means of alleviating the process 
ing speed constraint of electronic switches in broadband 
networks. Multi-channel switches can provide higher 
performance (e.g., throughput, cell loss probability, 
delay) by exploiting the concept of channel grouping. 
Instead of being routed to a specific output channel, a 
packet is routed to any channel belonging to an appro 
priate channel group. (In the literature, channel group is 
also referred to as trunk group.) In ATM, a session is 
established by the assignment of a virtual circuit. The 
virtual circuit is defined in terms of a set of channels in 
transmission links connecting between the two end 
points of the session. However, many of the benefits 
associated with connection-oriented services do not 
require that the connection be specified at the channel 
level; it is sufficient to specify the path of the connec 
tion, not the specific channel within the path. This im 
plies, among other things, that a packet can be routed to 
any one of a group of channels that connect the same 
two end points. We note that any interswitch connec 
tion is likely to be in the range of multiple gigabits per 
second, e.g., 2.4 gigabits per second via an OC48 con 
nection of SONET. This corresponds to a number of 
ATM channels at 155 or 620 megabits per second, and 
a channel group may be defined as a collection of these 
channels transmitted over a single optical fiber. 
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2 
The concept of channel grouping has been exploited 

for point-to-point channel switches. Path trunking has 
been considered as a means of reducing cell loss proba 
bility. Trunk grouping has been implemented to resolve 
output contention. The main purpose of channel group 
ing has been to provide higher throughput. Also, a link 
group has been used, but it differs from the channel 
grouping concept in that no statistical multiplexing is 
achieved in a link group. 
One of the first reported architectures with multi 

channel capability is found in Pattavina, A., "multichan 
nel Bandwidth Allocation in a Broadband Packet 
Switch,' IEEE Journal of Selected Areas in Communica 
tions, Volume 6, No. 9, December 1988, pp. 33–38. The 
switch proposed in Pattavina is internally nonblocking 
and is based on the Batcher-Banyan network. It requires 
0(log2N)2) stages of interconnected 2X2 switching 
elements and it employs an input buffering scheme to 
resolve the output contentions, which requires a com 
plex, three phase algorithm to allocate bandwidth. Lau, 
P. S. and Leon-Garcia, A., “Design and Analysis of a 
Multilink Access Subsystems Based on the Batcher 
Banyan Network Architecture,' IEEE Trans. Com 
mun., vol. 40, No. 11, November 1992, pp. 1757-1766 
improves upon Pattavina in the bandwidth allocation 
complexity, however the improvement is slight. The 
input buffering schemes used in Lau and Pattavina do 
not achieve the optimal delay-throughput performance. 
On the other hand, others use deflection routing in an 

Omega network of log2N stages, but they result in non 
zero blocking probability. To achieve a reasonable cell 
loss probability (e.g., 10-6), the switch utilization must 
be kept low. These networks are self-routing networks 
which require minimal complexity in call set-up con 
trol. The output of the switch is partitioned into channel 
groups as a function of the input probability; it implies 
that as the utilization of the switch changes, it is neces 
sary to modify the partition to maintain the perfor 
mance level, which is clearly undesired. 
As the demand for new applications soars, greater 

variability in bandwidth and traffic characteristics (e.g., 
session duration, burstiness) is expected. The advan 
tages of statistically sharing a higher channel capacity 
under such conditions are well known. For example, 
the link efficiency is increased by reducing the bursti 
ness in the incoming traffic. Bit pipes of higher rates are 
formed which allow a number of applications to share 
bandwidth by dynamically allocating timeslots. Assum 
ing that the exogenous traffic intensity is fixed, a larger 
channel group size is less likely to incur blocking for a 
single ATM cell, for a burst of cells, or for a new con 
nection request. Similarly, other performance measures 
such as delay, buffer overflow, and congestion would 
improve when multiple channels are grouped together 
as a single resource. 
Another important benefit of multi-channel switch 

ing is the ability to provide super-rate switching. Appli 
cations requiring peak rates greater than a single ATM 
channel capacity would suffer high cell loss probability 
unless these applications can be assigned over multiple 
channels. Channel grouping would be a natural way to 
deal with such a problem. In reality, a channel group 
may correspond to a single fiber operating at an ex 
tremely high rate, and multi-channel switches can pro 
vide a means of transporting this bit pipe across broad 
band networks. 
To solve these and other problems in the prior art, the 

inventors have succeeded in developing a switching 
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paradigm that efficiently accomplishes multi-channel 
switching as a generalization of point-to-point switch 
ing paradigms that are currently prevalent. The result 
ing architecture must maintain the required features of 
point-to-point switching while providing the advan- 5 
tages of multi-channel switching as mentioned earlier. 
The required features of the switching architecture may 
be summarized as follows: 

Multi-Channel Switching. The switch provides the 
ability to define output channels as a channel 10 
group; the output is partitioned into a number of 
channel groups with arbitrary cardinality. This 
ensures that the switch can support super-rate (i.e., 
rate that exceeds capacity of a single channel) 
switching of arbitrary bandwidth. Partition must 15 
be flexible and should not burden the switch with 
additional hardware and control complexities. 

In-Order Cell Sequencing. One important benefit of a 
connection-oriented protocol is that the ordering 
among the cells belonging to a single session is 20 
maintained. In multi-channel switching, since cells 
belonging to a session can traverse over multiple 
channels, and thus they can experience a widely 
differing amount of delay and congestion, main 
taining the ordering among them becomes a chal- 25 
lenging issue. We aim to develop an architecture 
that guarantees in-order cell sequencing. Thus the 
need for a re-sequencing mechanism, which is often 
complex and expensive to implement, is eliminated. 
This issue has not been addressed by any previous 30 
work on multi-channel switching known to the 
inventors. 

Simplicity. The multi-channel switching should be 
facilitated without necessarily increasing the com 
plexity of the switch; this includes hardware com- 35 
plexity such as connection set up, flow control, and 
address translation. Observing the fact that the 
routing constraint in a multi-channel switch, where 
cells only need to arrive at any one of a number of 
output channels in the same channel group, is less 40 
stringent than point-to-point switching, it should be 
possible to reduce the switching complexity. The 
switch must be scalable to a large number of input 
and output channels (e.g., 216). 

High Performance. To ensure high performance, we 45 
constrain the internal fabric of the switch to be 
nonblocking and bufferless. A switch is nonblock 
ing if every permutation of inputs which does not 
cause output conflicts can be realized by the 
switch. A bufferless architecture implies that at 50 
each switching element, all input cells must be 
transferred to the output without delay. These two 
constraints assure higher throughput and lower 
delay. 

Multicasting. The ability to support multicast con- 55 
nections is considered an essential function for 
broadband networks. For example, broadcast 
video, teleconferencing and LAN bridging are 
services that require multicast capability. When 
cells are duplicated for multicasting, it is important 60 
to ensure that the ordering among the duplicated 
cells is maintained; such a requirement is not ad 
dressed in the previous multicasting architectures 
shown in the prior art. The issue of multicasting has 
not been discussed in the previous multi-channel 65 
switching works. 

Multi-Rate Switching. It is desired that a single 
switch supports bit pipes of different bandwidths. 

4. 
For example, the current ATM standard defines 
two rates, viz., 155 and 620 megabits per second. 
Since the switch of the present invention allows 
channel group sizes to be defined arbitrarily, the 
two rates can be simultaneously supported in a 
single switch which corresponds to the capability 
of multi-rate switching. 

Multiple Performance Requirements. As services 
with differing performance requirements are inte 
grated into an ATM network, it is necessary to 
accommodate the characteristics of individual ser 
vices as part of the managing capacity of the net 
work. For example, consider two classes of service 
wherein one requires a tight bound on delay jitter 
with less stringent cell loss probability (e.g., voice 
and real-time video), and the other requires a small 
cell loss probability with more tolerance towards 
delay (e.g., file transfer). It is important to perform 
switching according to the differing performance 
requirements, especially when the network is con 
gested by heavy traffic. In the switch architecture 
of the present invention, the aforementioned two 
classes of service may be accommodated, with a 
moderate amount increase in the switching com 
plexity. 

Fairness. Sessions established at different input chan 
nels may not experience the same performance. 
Similarly, different output destinations may suffer 
from discriminating delay or throughput levels. 
Some switch architectures address this issue by 
specific provisions of fairness. In the switch of the 
present invention, fairness may be ensured at the 
cost of a relatively minor increase in switching 
complexity. 

The inventors achieve the foregoing advantages 
while using a building block approach to constructing 
the switch. At its core is an NBGN or nonblocking 
binary group network which is itself comprised of a 
running adder and a Flip Network. These NBGN's may 
be cascaded or data cells may be recycled through the 
NBGN as the inventors implement a bufferless switch. 
This recursive use of a single NBGN minimizes hard 
ware to do multiple sorts of data cells into groups as 
required to separate them for transmission over multiple 
channel groups connected to the output of the switch to 
thereby achieve multi-channel switching. 
For those applications requiring a large number of 

channel groups, such as might be experienced in a net 
work with a large number of switches which are highly 
interconnected, an NBGN with a number of inputs 
equal to CN, where C is some positive integer and N is 
the number of input channels, reduces the speed con 
straint on the recursive use of the NBGN required by a 
large number of channel groups. 
The inventors herein also take this multi-channel 

switch and expand it to accommodate multicasting 
using the same NBGN “building block” architecture. In 
essence, the multicasting/multi-channel switch of this 
invention includes a multicasting phase and a routing 
phase, and the inventors propose variations thereon to 
minimize memory requirements which might otherwise 
defeat this implementation. 
The inventors also demonstrate how use of a recur 

sive NBGN, or RNBGN, in the multicasting phase 
permits the data cells to be grouped according to a class 
of service to thereby provide priority of data cell trans 
fer to be higher in one class than in another. This imple 
mentation facilitates the additional charges for value 
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added service which are highly desirable in telecommu 
nication networks. 
One of the distinguishing features of the inventors' 

implementation in this multicasting/multi-channel ar 
chitecture is the use of a Gray code numbering for 
labeling the cells for sorting. This Gray code ordering 
simplifies the hardware requirements to sort the data 
cells and is an elegant implementation which facilitates 
the class of service and fairness requirements. Still an 
other distinguishing feature of the present invention is 
its ability to maintain the data cells in time order de 
pending upon their relative position amongst the inputs 
within the same time period. By maintaining this rela 
tive position of the data cells as the data cells are pro 
cessed, which may include recycling the data cells re 
main in strict time sequence and thus the inventors 
eliminate the requirement of a resequencer as is com 
monly implemented in many prior art switches. 

Eliminating the need for a resequencer along with the 
performance and control complexity gain in the present 
architecture facilitates the switch's use in switching data 
streams which more closely approach the data transmis 
sion capacities of fiber optic and other high speed chan 
nels to thereby minimize the bottleneck effect created 
by prior art switching architectures. As explained 
above, this consideration is very important in the future 
implementation of high speed data links as the limits of 
data speed transfer rates continue to be pushed. 
While the principal advantages and features of the 

present invention have been explained above, a more 
thorough understanding of the invention may be at 
tained by referring to the drawings and description of 
the preferred embodiment which follow. 
BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram of a nonblocking binary 
group network (NBGN); 

FIG. 2 is a block diagram showing a cascaded con 
nection of two NBGN's; 
FIG. 3 is a block diagram of r cascaded NBGN's; 
FIG. 4 is a table of a Gray code for channel group 

addresses; 
FIG. 5 is a block diagram showing an example of 

recursive use of a single NGBN; 
FIG. 6 is a block diagram showing an NBGN with 

CN inputs; 
FIG. 7 is a chart of an expansion factor C versus 

number of channel groups; 
FIG. 8 is a block diagram of an overall switch archi 

tecture with multicasting; 
FIG. 9 is a block diagram illustrating time ordering of 

cells; 
FIG. 10 is a block diagram showing the details of the 

Multicasting Phase; 
FIG. 11 is a diagram illustrating three additional 

fields for augmenting data cells for multicasting; 
FIG. 12 is a block diagram of a nonblocking copy 

network; 
FIG. 13 is a block diagram showing a memory table 

for each BGT; 
FIG. 14 is a block diagram showing a modified BGT 

memory table; 
FIG. 15 is a block diagram of a copy network with 

reserved switching planes; 
FIG. 16 is a block diagram showing the multicasting 

phase with multiple performance requirements; and 
FIG. 17 is a block diagram showing the details of the 

routing phase. 

5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

6 
DETALED DESCRIPTION OF THE 

PREFERRED EMBODIMENT 

As shown in FIG. 1, a nonblocking binary group 
network (NBGN) 20 includes a running adder 22 which 
assigns an output channel number 24 to a group of in 
coming data cells 26. As shown in the figure, the first 
group a is assigned output channels beginning at the 
lower numbered, or higher ordered, output channels 
while the second group b is assigned to an output chan 
nel 24 beginning with the higher numbered, or lower 
ordered, output channels. The Flip Network 28 reads 
this output channel number 24 and routes the data cells 
to the appropriately numbered output channel 24, as 
shown in FIG.1. It can be shown that this arrangement 
is internally nonblocking in the multi-channel sense. It 
can also be shown that the use of this NBGN maintains 
the time ordering among the cells belonging to a session 
in that these cells may be kept in order, within their 
respective group, as determined by output channels 
assigned by the running adder 22 corresponding to their 
respective input channel, with the input channel at the 
top of the switch having a higher time ordering or pri 
ority than those input channels appearing below it. 
As shown in FIG. 2, a pair of cascaded NBGN's 30, 

32, process a plurality of input data cells 34 into four 
groups of data cells 36 at the output of the second 
NBGN32. After being processed by the first NBGN 30, 
the cells are grouped into two groups in accordance 
with the rightmost bit of their two-bit binary output 
channel group identifier as assigned by the running 
adder (not shown). The separation into four channel 
groups is completed at the output of the second NBGN 
32. This time, however, cells are grouped based on the 
second bit of the channel group address. Thus, a cas 
caded use of two NBGN's accomplishes separation into 
four channel groups. Following this example, separa 
tion into any 2 groups (rSlog2N) can be achieved by 
cascading NBGN's as shown in FIG. 3. As shown 
therein, a first NBGN 38 separates the incoming data 
cells into two groups. The second NGBN 40 separates 
these two groups of data cells into two more groups of 
data cells, thereby resulting in four groups. This is ex 
emplified also in FIG. 2. Thus, as the cells are processed 
by the rth NBGN 42, 2 groups of data cells have been 
sorted. 

It may be shown that by sorting on consecutive bits in 
a binary bit address that the ordering of the groups of 
cells at the last output of the last NBGN in cascade 
produces groups in addresses which form a Gray code 
in specific form. It may also be shown that this specific 
Gray code may be bit mapped in a one-to-one relation 
ship to binary sequencing. As Gray code sorting pro 
vides advantages as will be explained below, it is uti 
lized and the multi-channel switch based on NBGN's 
must have stored in it the relationship that maps the 
channel group address and the corresponding Gray 
code word to be used in binary grouping performed by 
NBGN's. An example of such for the case of eight 
channel groups is shown in FIG. 4. Each time cells go 
through an NBCN, binary grouping is done based on a 
single bit in the Gray code words and for those cells 
with this bit equal to 1, the relative ordering among 
them is reversed. This may be confirmed by reviewing 
the ordering of cells at the output of NBGN 32 in FIG. 
2. In order to maintain the in order cell sequencing, the 
inventors utilize Gray code words such that each Gray 
code word has an even number of ones (including the 
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Gray code word for zero). In this way, cells belonging 
to the same session have the same relative ordering 
within their groups at the final output. Otherwise, the 
relative ordering at the final output for some channel 
groups will be reversed if their addresses have an odd 
number of ones. As shown in FIG. 2, the relative order 
ings for channel groups 01 and 10 are reversed at the 
output while the same relative orderings are observed 
for channel groups 00 and 11. 

Recalling the grouping process in NBCN’s, each 
channel group must be defined over consecutive output 
channels. It follows that cascaded use of NBGN's real 
izes a multi-channel switch that is internally nonblock 
ing in the multi-channel sense. The required number of 
NBGN's is determined by the number of output channel 
groups. The above-described results of the cascaded 
NBGN's can also be realized by the recursive use of an 
NBGN with a single cell buffer. The combined function 
of the NBGN and the buffer is herein referred to as a 
Recursive Nonblocking Binary Group Network 
(RNBGN). An example of an RNBGN is shown in 
FIG. 5. As shown therein, a first NBGN 44 has inputs 
0-N-1 and outputs 0-N-1, the outputs of the NBGN 
44 being connected to a one cell buffer 46. The output 
of the one cell buffer 46 is then connected back to the 
inputs of NBGN 44 and the data cells may be recycled 
for a specific number of times in order to achieve the 
separation of the data cells into the required number of 
groups. 
As a result, an internally nonblocking multi-channel 

switch is realized by the Flip Network of log2N stages; 
FIG. 5 is a multi-channel switch that is internally non 
blocking in the multi-channel sense and that supports an 
arbitrary number (SN) of channel groups (including 
the point-to-point mode) by simply controlling the num 
ber of recursions performed over a single NBGN. 
An N-input switch with 2 channel groups requires 

r--1 recursive uses of the NBGN (the initial pass 
through the NBGN plus r recycles) to maintain the 
relative ordering. The minimum interarrival time be 
tween two consecutive ATM cells over a 155 megabits 
per second link is approximately 2.7L seconds. Assum 
ing byte-wide operations of switching, a simple analysis 
indicates that a 16 input multi-channel switch operating 
at any number of channel groups can be realized by 
recursive use of a single NBGN based on CMOS tech 
nology with about 10 nano seconds gate propagation 
delay; this analysis is based on 53 bytes per cell resulting 
in about 530 nano seconds for each binary grouping 
process, which allows up to five recursions during the 
minimum cell interarrival time. 
On the other hand, when the number of channel 

groups becomes large, it is not possible to complete the 
required number of recursions within the minimum 
time. For example, if the multi-channel switch is used in 
a point-to-point mode, the number of channel groups 
equals the number of input channels; this requires the 
maximum number of recursions and a modification of 
the NBGN will be necessary to eliminate this problem. 
As the number of channel groups increases, the speed 

constraint on the recursive use of the NBGN becomes 
tighter with the tightest speed constraint corresponding 
to the point-to-point mode. Thus the maximum number 
of recursions for N inputs is log2N-1 which must be 
completed within the minimum interarrival time of 2.7. 
seconds. Thus there is an upper bound on N for a given 
gate delay time. 
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To realize a multi-channel switch with large N (say 

216) (and hence potentially a large number of channel 
groups), an RNBGN with the number of inputs equal to 
CN may be used where C is some positive integer 
which we call the expansion factor. As cells arrive at 
each input they are buffered and collected for C consec 
utive cell slots (i.e., CX2.7u seconds). Then each input 
line is distributed over C input channels in the CN-input 
RNBGN, as shown in FIG. 6. 
We now have CX2.7 second to complete the re 

quired number of recursions until the next batch of cells 
arrive. For each value of C, there is a maximum number 
of recursions that can be performed. Based on the cur 
rent CMOS technology (with about 530 nanoseconds 
per recursion), FIG. 7 shows the relationship between 
C and the number of channel groups that can be sup 
ported. The separation of a very large number of chan 
nel groups can be realized with a small value of C. 
When the switch is used in a multi-channel mode, the 

number of recursions could be much less than 
log2N-1. In a network that spans a large geographical 
area and serves a large number of traffic sources, a 
significant portion of the switch outputs would be dedi 
cated as interswitch connection links. Each of these 
links is likely to be a single fiber operating at a very high 
speed. For them, channel grouping is a natural concept 
that can result in significant performance benefits. Sup 
pose that the output of a switch is partitioned into four 
to eight channel groups that connect to other switches 
in the network. (For example, this is a reasonable value 
for the telephone switches currently in use.) Then, re 
gardless of what N may be, the proposed switch needs 
a maximum of only four recursive uses of an N-input 
NBGN. This can be accomplished within 2.7 seconds 
by most any technology nowadays. 
There are a number of ways to reduce the gate delay 

time via sophisticated, custom-made technology. For 
example, if the switch used galium arsenide technology 
with a gate delay time less than one nonsecond an 
RNBGN with expansion factor C= 1 can support more 
than N = 250 (which obviously will be limited by vari 
ous packaging constraints). Another way to cope with 
the gate delay time is to simply widen the data path 
within the switch. For example, instead of byte-wide 
switching, word-wide (i.e., 16 bits) switching can signif. 
icantly increase the maximum value of N supported by 
an RNBGN with C= 1. 
The recursive use of an NBGN may also be utilized in 

a multi-channel switch capable of multicasting. In order 
to guarantee high throughput, a shared buffering 
method is employed to resolve output contention; the 
input buffering methods used in the prior art suffer from 
the head-of-line blocking and thus exhibit less than opti 
mal delay-throughput performance. The shared buffer 
ing method is optimal in the delay-throughput perfor 
mance and requires, a smaller number of buffers than 
output buffering schemes found in the prior art. 
The overall architecture of the switch is best viewed 

as a two phase structure involving the Multicasting 
Phase 48 and Routing Phase 50, as shown in FIG.8. 
When a cell arrives at the input, VPI/VCI is ex 

tracted from its header which determines the required 
connection in the switch. The first stage of connection 
is the Multicasting Phase which generates an appropri 
ate number of copies of the cell. The main function of 
the Routing Phase is to deliver these cells to the correct 
destinations. 
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A critical requirement for ATM networks is to pro 
vide consistent performance to individual applications 
when the patterns in the exogenous traffic entering the 
networks vary stochastically. This requirement includes 
supporting not only point-to-point connections but also 
multicast connections associated with, for example, 
broadcast video and teleconferencing. Several designs 
of ATM switch architectures that provide multicasting 
are described in the prior art. 

In multi-channel switching, cells that belong to a 
single session can be routed to their destinations via 
multiple channels. This implies that to guarantee the 
in-order cell sequencing throughout the network, it is 
necessary to maintain the time ordering among the cells 
not only in the same link but also in all links that belong 
to the same channel group. An efficient way to achieve 
this is to equate the time ordering among cells with their 
relative ordering and to maintain this relative ordering 
at each switching entity. Then, within a channel group, 
a lower indexed link (one that appears above) has the 
higher time ordering than do higher indexed links at 
each time slot. An illustration of this is shown in FIG.9 
using a sequence of cells generated by a single session at 
to <t1 <t2< . . . 
The details of the Multicasting Phase 48 (FIG. 8) are 

shown in FIG. 10. The requirement of in-order cell 
sequencing places an additional constraint on the Mul 
ticasting Phase. We note that the multicasting methods 
proposed in the prior art do not address this issue. The 
prior art literature in multi-channel switching does not 
include the multicasting function. 

Operations in FIG. 10 are as follows: A cell arriving 
at an input channel i is processed by the Port Processor 
(PP) 52i; the PPi extracts VPI/VCI from the cell and 
determines from a table stored in it the required number 
of copies. The cell is augmented by the three additional 
fields shown in FIG. 11. Then the PP i records in the 
Broadcast Connection ID field 68 a unique identifier 
given to this VPI/VCI during the connection set up 
time; the recorded value in the Broadcast Connection 
ID field 68 is maintained throughout the switch and is 
used to determine the required information for all func 
tions of switching. In the Cardinality field 70, the num 
ber of copies to be made for this Broadcast Connection 
ID 68 is recorded. The PP also records O in the Sum 72 
field for all active cells. Empty cells are assigned 1 in 
the Sum field 72. 
The augmented cell now enters the (N--RM)-input 

NBGN 54 (RMis the number of input channels reserved 
for recirculation which is described shortly). Based on 
the value stored in the Sum field 72, the NBGN 54 
performs the binary grouping, and thus, active cells are 
concentrated at the upper portion of the output with the 
relative ordering maintained among them. 

After passing through the NBGN 54, the active cells 
enter the Address Encoder 56 (AE) over a compact 
interval (i.e., all active inputs appear consecutively). 
The active cells are processed by the AE 56 which 
determines whether or not the fan-out request of the 
cells can be accommodated by the Copy Network 58 
(CN). The AE 56 calculates the running sum of the 
fan-outs starting from the top input; each cell is marked 
0 in its Sum field 72 if the running sum of fan-outs in 
cluding its own does not exceed N, and otherwise, the 
cell is marked 1. From the running sum, the AE 56 can 
also determine for each cell marked 0 the interval of the 
CN 58 output to which the duplicated cells are to be 
routed. 

10 

15 

25 

30 

35 

45 

50 

55 

65 

10 
Since the fan-out requests for the cells belonging to 

the same session are identical, the AE 56 may skip Over 
a cell violating the fan-out limit in order to allow cells 
below it to be passed through. It can be seen that this 
maintains the time ordering among the cells; if the fan 
out request of a cell is rejected, all fan-out requests of 
subsequent cells belonging to that session would be 
rejected during the same time slot. 

Cells are then routed to the second NBCN 60 where 
according to the Sum field 72, they are either passed to 
the CN 58 (if the Sum value is 0) or routed to the recir 
culation path (if the Sum field 72 value is 1) for being 
fed back to one of the RM inputs 62 of the NBGN 54 
reserved for recirculation. The recirculated cells are 
tried again at the next time slot at which time their 
priorities have been increased due to their positions (i.e., 
they appear at the top) at the input of the NBGN 54; 
they are given higher priorities over the cells entering 
the switch for the first time since the running sum at the 
AE 56 always starts from the top. Maintaining the rela 
tive ordering among the recirculated cells is accom 
plished by twisting recirculation paths 64 before con 
necting back to the input. (This is due to the fact that 
the relative ordering among the recirculated cells are 
reversed by the second NBGN 60.) 
The cells passed to the CN 58 are duplicated and 

appear at the output interval determined by the AE 56. 
The amount of memory required to implement the 
Broadcast and Group Translator (BGT) 66 may be 
excessively large as pointed out in the prior art, and 
below, we suggest ways to alleviate this. 

Consider the copy network shown in FIG. 12. The 
output interval for a cell changes continuously due to 
the fan-out requirements of the other cells with higher 
relative ordering at the input. So each BGT 66, where 
the replicated cells are given the channel group ad 
dresses to be used in the Routing Phase, needs to store 
the information of every Broadcast Connection ID 68. 
Assume N is the number of input channels, B the num 
ber of broadcast connections allowed in the switch for 
each input and W the number of bits needed for identi 
fying all end-point of a broadcast connection. Then the 
memory requirement per BGT 66 becomes NBW bits 
since the maximum fan-out for abroadcast connection is 
N. 

In the prior art, it is known that even for a moderately 
sized switch with N=256, the memory requirement 
becomes 256Mbits per BGT 66 if B=216 and W=16. 
One way known in the prior art to reduce this require 
ment is by sharing a single table among multiple BGT's, 
categorizing broadcast connection requests in terms of 
the fan-out cardinality, and imposing some restrictions 
on the routing patterns in the copy network. The mem 
ory requirement then becomes 272K bits per BGT. 
While this reduces the memory requirement substan 
tially, for fixed B, the per-BGT memory requirement is 
still dependent on N; as N grows, it may be large. 

In order to realize a copy network for very large 
switches, the size of memory per BGT must not grow as 
a function of N. The following chain of observations 
alleviates the dependence on N: Since the routing pat 
terns in the copy network change constantly, the same 
global information describing all broadcast connections 
must be stored at each BGT. An example of this is 
shown in FIG. 13 where each row corresponds to the 
description of a broadcast connection with up to N 
entries. The number of actual entries in a row equals the 
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fan-out of the broadcast connection and the rest of the 
elements in the row are empty. 
The table in FIG. 13 is modified such that each row 

is completed by repeating the entries as many times as 
necessary. This is shown in FIG. 14. Since the copies 
from a single cell exit from the CN contiguously, it is 
easy to see that the ith column of the table in FIG. 14 
contains for each broadcast connection the proper out 
put address that BGT ineeds to provide. This is seen by 
the fact that a broadcast connection requiring 1 copies 
must appear at 1 consecutive output channels of the 
CN. Any 1 consecutive columns in FIG. 14 contain the 
proper 1 channel group addresses due to the repetition 
of entries in each row. 
Only one column of the table needs to be stored per 

BGT and in this case the memory requirement becomes 
BW. While this method does not allow for sharing a 
single table among multiple BGT's as suggested by the 
prior art, categorizing connections in terms of the cardi 
nality is not necessary and there is no routing restriction 
in the CN, which should simplify the call control pro 
CeSS. 

Assuming S to be the number of BGT's sharing a 
single table, the memory requirement becomes smaller 
for N relatively larger than S; S is bound by the memory 
access and processing times. For realistically sized pub 
lic switches, N is much larger than the S values associ 
ated with the current technology. 

For values of N close to S, where the memory reduc 
tion is not significant, it is possible to eliminate the 
broadcast connection table entirely by the following 
scheme: Consider the copy network shown in FIG. 15. 
In FIG. 15, we have shown the path of data in x parallel 
switching planes and additional y planes reserved for 
address vectors. An address vector is an N-bit binary 
number and is defined for each broadcast connection. 
The ith position of an address vector is set to 1 if the 
corresponding broadcast connection includes the ith 
channel group of the switch. Otherwise, it is set to 0. 
When a cell arrives at the Port Processor (PP) i, the 

address vector associated with the cell is created and 
enters the switching planes reserved for it at the input 
channel i of the switching planes. As the cell traverses 
through the copy network, the connection pattern (in 
cluding the replications) in the switching planes re 
served for the address vector is made identical to those 
of the data paths. This ensures that the address vector 
(or multiples of it if duplicated) appears at the output 
channel of the reserved switching planes at the same 
channel number where the cell appears. Hence the 
channel group address for the cell to be used in the 
Routing Phase is determined from the address vector 
which is now available at the same output channel of 
the CN. 

Since ATM cells are 53 bytes long, so byte-wide 
switching (i.e., x=8) requires passing 53 bits of data per 
switching plane. During this time, the address vector 
must pass through its switching plane(s) and it implies 
that Y=N/53) additional planes are needed. For rea 
sonably small values of N (i.e., NS53), a single addi 
tional switching plane eliminates the need for a BGT. 
We note that if cells traverse in byte-wide fashion, one 
additional switching plane corresponds to (1/9) of the 
total bandwidth. 

Fairness is achieved in the Multicasting Phase by 
virtue of the recirculation paths. Cells that are delayed 
in one time slot are given priority in the next slot; when 
the switch is heavily used, sessions with delayed cells in 
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12 
a time slot are likely to be accommodated in the next 
time slot since those cells are recirculated and are given 
higher priority. On the other hand, sessions whose cells 
were accommodated previously are more likely to be 
delayed due to the cells appearing at the recirculation 
inputs with higher priority. Hence, no session is subject 
to unfair, sustaining patterns of delay. This behavior is 
observed for any session, regardless of the input channel 
where the session is established. Destinations of the cells 
arriving at input channels are equally likely among all 
channel groups and so output destinations are treated 
fairly. 
Another objective stated above is to support the mul 

tiple performance requirements. Consider again the 
example of the two service classes: For cells belonging 
to one service class (say class 0) it is important to deliver 
them to the destinations with as little delay as possible. 
If timely delivery is not possible, these cells may be 
dropped occasionally without affecting-the quality of 
the service. An example of such a service would be 
voice. For cells belonging to the other service class (say 
class 1), it is critical to deliver them always at any 
amount of delay. An example for this class is file trans 
fer. 
The Multicasting Phase is modified in FIG. 16 to 

accommodate the distinguishing characteristics of the 
two service classes. For each cell, the PP 74 identifies 
from VPI/VCI the service class type to which the cell 
belongs. The NBGN 54 in FIG. 10 is replaced with the 
Recursive NBGN (RNBGN) 76 wherein cells are sepa 
rated into the following three groups: active cells be 
longing to class 0 (group 0), active cells belonging to 
class 1 (group 1), and empty cells (group 2). Hence two 
recursive uses of an NBGN are required. Assign proper 
binary addresses to the three groups so that group 0 
appears at the top of the RNBGN 76, group 1 appears 
next and group 2 appears at the bottom with the relative 
ordering among the active cells preserved. In this way, 
we can still guarantee the in-order cell sequencing 
(since cells from the same session belong to the same 
service class) and provide fairness among the input 
channels mentioned earlier. The result of the operation 
thus far is that class 0 cells are given higher preference 
by the AE 78 and hence they are less likely to be de 
layed in passing to the CN 80. 
On the other hand, cells that need to be delayed due 

to the fan-out limit must be recirculated. It is possible to 
incur an overflow condition if the number of recircula 
tion paths is smaller than the number of cells to be recir 
culated. Some cells would be lost and we want to ensure 
that class 0 cells are lost before any of the class 1 cells. 
The overall function of the AE 78 is unchanged: The 

AE 78 accumulates the running sum of the fan-outs as 
before. Then it determines for each cell whether or not 
it can be passed to the CN 80 and if it can be passed, the 
AE 78 determines the output interval of the CN 80. The 
second RNBGN 79 distinguishes between classes 0 and 
1 by separating cells into the four groups, cells to be 
passed to the CN 80, class 1 cells to be recirculated, 
class 0 cells to be recirculated, and empty cells while 
maintaining the relative ordering among the active cells 
within a group. Among the cells to be recirculated, the 
second RNBGN 79 gives higher priority to class 1 such 
that the RM recirculation paths 82 accommodate as 
much of class 1 cells as possible. The result of this is that 
class 0 cells are more likely to be dropped than class 1 
cells. 
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The throughput of a switch is constrained by the 
contention among inputs vying for the limited number 
of output channels in a channel group, even if the 
switch is internally nonblocking. Of the buffering 
schemes discussed in the prior art, the shared buffering 
scheme achieves the optimal delay-throughput perfor 
mance with a small number of buffers. Unlike the input 
buffering schemes, the shared buffering scheme is not 
subject to head-of-line blocking which reduces the 
throughput. 
One way to realize the shared buffering scheme is to 

exploit the architecture implemented in the prior art. 
Consider the switching architecture in FIG. 17 where 
RR of the (N--RR) inputs available in the RNBGN 84 
are reserved for recirculation. Cells targeted for various 
channel groups enter at the input and iterate through 
the RNBGN 84. After completing the required number 
of recursions, they appear at the output of the RNBGN 
84 according to a Gray coded sequence of channel 
group addresses. All empty cells are grouped at the 
bottom of the RNBGN 84. 

Cells enter the NBGN 86 where the contentions for 
output are identified and excess cells are marked for 
recirculation. The NBGN 86 separates the excess cells 
from the rest while maintaining the required relative 
ordering. (The Running Adder function of this NBGN 
86 is slightly different from the rest but its implementa 
tion would be apparent to one of ordinary skill in the 
art.) The cells passed to the Banyan Router (BR) 88 can 
be routed to the proper destinations without further 
possibility of contention since the BR is nonblocking 
with respect to compact inputs that are destined for 
monotone ascending output addresses. On the other 
hand, the excess cells are recirculated for attempts at 
the next time slot at which time they are given priority 
due to the higher relative ordering of the recirculated 
paths. Such a mechanism ensures that the in-order cell 
sequencing is maintained. 
The value RR reserved for the recirculation is an 

important factor that influences the overall perfor 
mance of the switch. In the prior art, it is noted that to 
maintain the cell loss probability of 10-6 in point-to 
point switching, RR should be about 2.5XN for 80% 
utilization. This number can be reduced if multiple, 
parallel BR's are provided. For example, even with a 
100% utilization of input, RR becomes less than 0.4N if 
two BR's are implemented in parallel. 

Fairness in the Routing Phase is assured firstly by the 
use of the recirculation paths. The recirculation paths 
assure that no session, regardless of which input channel 
it is established upon, is subject to persistent delay in 
passing its cells to the BR 88. 
At the output of the RNBGN 84, cells are grouped in 

an ascending channel group sequence. Among the cells 
marked to be recirculated by the NBGN 86, if the cells 
are assigned to the RRrecirculation paths from the top 
output of the NBGN 86, those targeted for higher chan 
nel group addresses would suffer from greater overflow 
probability. To alleviate this unequal cell loss probabil 
ity, the inventors implement the following scheme in 
the Routing Phase: When overflow occurs, the channel 
group address, from which point on cells are lost due to 
the overflow, is identified. Assume that this is bi. In the 
next cell slot, the Gray code used in the Routing Phase 
is updated such that channel group j with the addressbj 
is given the Gray codeword generated by bj-b(mod 
2d) for ji=1,2,... t. (d is the length of b) In this way, 
the channel groups with lost cells will be given higher 
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priority in being assigned to the recirculation paths. The 
BR 88 is able to route the cell grouped in this manner 
since the BR 88 is nonblocking with respect to compact 
inputs destined for output addresses that are monotone 
ascending modulo N. 
The multiple performance requirements are achieved 

in the Routing Phase by the method similar to the one 
used for the Multicasting Phase; additional separation of 
cells in terms of service class is performed in the 
RNBGN 84. Hence class 0 cells are given preference in 
passing to the BR 88. The NBGN 86 is replaced with 
the same-dimensioned RNBGN 84 so that when over 
flow occurs, no class 1 cell would be lost before class 0 
cells. 
When there is significant difference between trans 

mission speed over optical fibers and the processing 
speed of electronic switches, multi-channel switching 
can play a significant role in alleviating the bottleneck 
at the switching node. The present invention demon 
strates an efficient architecture for multi-channel 
switching that enables multicasting, multi-rate switch 
ing, and super-rate switching while at the same time 
guaranteeing in-order cell sequencing. The architecture 
is simple in both hardware and control complexity and 
achieves high performance in throughput and delay. 
There are various changes and modifications which 

may be made to the invention as would be apparent to 
those skilled in the art. However, these changes or 
modifications are included in the teaching of the disclo 
sure, and it is intended that the invention be limited only 
by the scope of the claims appended hereto. 
What is claimed is: 
1. A non-blocking switch for an ATM network hav 

Ing: 
a plurality of inputs for connection to a plurality of 

inputs channels over which a plurality of data cells 
arrive in a sequence; 

a plurality of outputs over which said data cells are 
routed to a plurality of output channels; 

said plurality of output channels being grouped into a 
plurality of channel groups; and 

means for processing said data cells from said inputs 
to at least one of said channel groups, said process 
ing means including means for maintaining the 
sequence of said data cells as they are processed to 
thereby ensure their sequence is the same as they 
leave said switch through said outputs. 

2. The switch of claim 1 wherein said sequence main 
taining means includes means for assigning each data 
cell an output in its corresponding channel group, if an 
output is available, and means for storing said data cells 
into said channel groups. 

3. The switch of claim 2 wherein said processing 
means comprises at least one NBGN. 

4. The switch of claim 3 wherein said processing 
means comprises a plurality of NBNG's. 

5. The switch of claim 3 wherein said sequence main 
taining means further comprises means for recycling 
said data cells through said NBNG to thereby sort said 
data cells into a greater number of channel groups. 

6. The switch of claim 5 wherein said sorting means 
has means for sorting said data cells into two channel 
groups so that said data cells are sorted into 2 channel 
groups by being recycled through said NBNG, where r 
equals the number of cycles required to separated said 
channel groups. 

7. The switch of claim 6 wherein each of said NBNGs 
has an output and further comprising a buffer at each 
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NBNG output to separate in time each cycle of data 
cells through said NBNG. - 

8. The switch of claim 7 wherein the number of 
switch inputs equals a factor C times the number of 
input channels, where C equals a positive integer, and 
further comprising a buffer at the input of each NBNG 
and means for delivering the output of said output 
buffer to said switch inputs. 

9. The switch of claim 2 wherein said assigning means 
includes means for assigning said outputs in a Gray code 
order. 

10. The switch of claim 1 wherein said sequence 
maintaining means includes means for ordering the data 
cells within each time period according to their input 
channel and according to their time period. 

11. The switch of claim 10 wherein said processing 
means includes means for maintaining said data cell 
ordering as said data cells are processed through said 
switch. 

12. The switch of claim 1 further comprising means 
for multicasting at least a selected one of said input 
channels to a selected plurality of said output channel 
groups. 

13. The switch of claim 12 wherein said multicasting 
means includes a second means for maintaining the 
sequence of said data cells as they are processed there 
through. 

14. The switch of claim 13 wherein said multicasting 
means includes means for recycling data cells. 

15. The switch of claim 13 wherein said multicasting 
means includes an NBGN, said NBNG having two 
groups of inputs, one of said input groups being re 
served for recycled data cells. 

16. The switch of claim 15 wherein said second se 
quence maintaining means includes means for ordering 
the data cells within each time period according to their 
input channel and according to their time period. 

17. The switch of claim 16 wherein said second se 
quence maintaining means includes means for ordering 
the data cells appearing at said recycled data cell input 
group before the other of said group of inputs to said 
NBGN. 

18. The switch of claim 17 wherein said multicasting 
means includes means for sorting the data cells into a 
plurality of services classes, said service classes deter 
mining the priority for processing of said data cells 
through said switch. 

19. The switch of claim 18 wherein said sorting means 
includes means for recycling data cells through an 
NBGN. 

20. In a non-blocking multi-channel switch for an 
ATM network, the improvement comprising an NBGN 
and means for successively recycling all data cells 
through said NBCN to sort said data cells into multiple 
groups. 

21. The switch of claim 20 wherein said switch com 
prises a single IC chip. 

22. In a multi-channel switch for an ATM network, 
the improvement comprising a plurality of NBCN's 
connected in cascade for sorting all data cells into a 
plurality of channel groups. 

23. The switch of claim 22 wherein said switch com 
prises a single IC chip. 

24. A multi-channel packet switch for an ATM net 
work for switching data cells between a plurality of 
switch inputs and a plurality of switch outputs, said 
switch comprising a multicast phase having means for 
copying said data cells and a routing phase connected to 
an output of said multicast phase for routing said data 
cells to selected ones of said switch outputs, each of said 

5 

10 

15 

20 

25 

30 

35 

45 

50 

55 

65 

16 
multicast phase and said routing phase having means for 
maintaining said data cells in the same sequence as they 
are processed through said switch. 

25. The switch of claim 24 wherein each of said mul 
ticast phase and said routing phase have means for recy 
cling data cells. 

26. The switch of claim 25 wherein each of said se 
quence maintaining means including means for ordering 
said data cells with respect to the physical location of 
the switch inputs over which they appear, and means 
for maintaining said ordering as said data cells are pro 
cessed through said switch. 

27. The switch of claim 26 wherein each of said multi 
case phase and said routing phase further comprise 
means for multi-channel switching of said data cells. 

28. A method for implementing multicasting in a 
packet switch for an ATM network, said packet switch 
including a switch fabric having a plurality of inputs 
and a plurality of outputs, said switch fabric including 
means for routing a plurality of data cells from said 
inputs to said outputs, the method comprising the steps 
of: 

determining which data cells are to be multicast to a 
plurality of destinations; 

comparing the number of copies of data cells required 
with the capacity of a copy network; and 

recycling all data cells through said switch fabric 
which require copies in excess of said copy net 
work capacity. 

29. The method of claim 28 wherein the recycling 
step includes the steps of: 

recycling said data cells whose number of requested 
copies exceeds the remaining capacity of the copy 
network remaining at the time of recycling; and 

continuing the comparison of the other data cells 
with the remaining copy network capacity. 

30. The method of claim 29 further comprising the 
steps of: 

maintaining said data cells in time ordered sequence 
as they are routed through said switch fabric. 

31. The method of claim 30 wherein the step of main 
taining data cell sequence further comprises the steps of: 

ordering said data cells with respect to the physical 
location of the switch inputs over which they ap 
pear; and 

maintaining said ordering as said data cells are pro 
cessed through said switch fabric. 

32. A method for sorting data cells in a non-blocking, 
multi-channel ATM switch for routing to one of up to 
2K output channel groups, said switch for having up to 
2K groups of output channels, the method comprising 
the steps of: 

sorting said data cells K times, K being a positive 
integer greater than 1, each sort dividing said data 
cells into two groups; and 

routing said sorted data cells to said output channel 
groups. 

33. The method of claim 32 further comprising the 
steps of: 

maintaining said data cells in time ordered sequence 
as they are sorted and routed through switch. 

34. The method of claim 33 wherein the sorting step 
further comprises sorting said data cells with the same 
sorting means for each of said K times. 

35. The method of claim 34 wherein the step of se 
quence maintaining further comprises the step of order 
ing said data cells with respect to a physical location of 
the switch inputs over which said data cells appear. 
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