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Abstract

This report describes two monalithic n-m
crossbar swifch designs switable for use as
building blocks in high speed interconnec-
tion networks. They use the advantages of
VLSI implementation, high gate density
and reliability. The designs are oriented
towards NMOS technology. Two approaches
to address transmission are givenK one
allows a high logic lo pin ratic to be
achieved; the second design is oriented
toward foster setup timas with a lower
logic to pin ratio. Both designs attempt to
minimize (not formally, but heuristically)
nelwork package count wilthin a given
pinout constraint. This in turn makes the
construction of large networks feasible.
Additions to the basic designs are dis-
cussad. The space complezity of a single
n-m crossbar is derived. The setup lime
Jor a network of the crossbars is derived,
and the number of n-m crossbars required
to build the network is also derived. Inter-
connection networks constructed from
basic m-m crossbars are suwitable for con-
structing high speed mulliprocessor sys-
tems.
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1. Introduction.

With the continuing decline in the cost of hardware the widespread use of
multiprocessor systems is possible. Their use in appropriate situations can
improve the performance of a wide variety of computing tasks particularly with
respect to speed and reliability. To construct a multiprocessor requires an
interconnection network (ICN) that allows fast processor-to-processor commun-
ication and/or fast processor-to-memory communication. Throughout this
report we shall only consider ICN's for the processor-to-memory case, because
in most cases, these can be readily adapted for processor-to-processor connec-
tions.

An obvious candidate for an ICN is a shared bus-—several processors and
memories connected to a shared time-multiplexed bus. However, a shared bus
only provides high speed interconnection if it is very fast relative to processors
and memories. If it is desired to connect N processors to M memories a shared
bus’ performance decays as N increases. To improve performance over the
shared bus a crossbar switch may be used to establish multiple bus connec-
tions between processors and memories. A crossbar allows any set of simul-
taneous interconnections in which at most one input bus is connected to each
output bus. Unlike the shared bus its performance does not decrease with
increase in N. However, the component complexity of the crossbar grows as
O(NM). For this reason past proposals for tightly coupling multiple processors
to multiple memories have steered away from crossbar switches. In their place
a whole range of ingenious networks have been proposed ranging from the early
ideas of Clos and Benes [Clo53,Ben85] through the Omega network of Lawrie
PJMWSL the indirect binary n-cube of Pease [Pea77], the Delta network of Patel

Pat79], and the Data Manipulator network of Feng [WuF80], which have many of

the connectivity properties of a crossbar without the component complexity.
For a good survey of the state-of-the-art in networks see Siegel [Sie80]. The
component complexity of these networks all grow as O(NlogzN) rather than
O(Nzg (assume N = M).

In the context of VLSI technology it is no longer clear that reduced com-
ponent complexity is an advantage within a single IC. For example, preliminary
layouts for a Delta network and a crossbar carried out by us suggest that the
reduced complexity networks do not appear to translate into more efficient
space utilization in an IC layout. The unimportance of component complexity
or device count as a measure of design efficiency in ICs has been discussed by
Thompson and Franklin [Tho77, FraB0] among others. Furthermore, although
the reduced complexity networks preserve some of the connectivity properties
of a crossbar they do not preserve bandwidth [Pat79]. At the present time the
limiting parameter is the number of pins required of any package that the IC
might be put into. For these reasons we have decided to explore monolithic n-
m crossbar switches more fully as a basic building blocks for ICN's. This is in
contrast to other proposals for reduced complexity networks (for example
[CiSB1]). The monolithic n-m crossbar switch is a single chip IC capable of con-
necting n input ports (typically a port is a few pins) to m output ports. This
report details a study into the design of an n-m crossbar. A probabilistic
analysis of an n-m crossbar that derives figures of merit such as expected
bandwidth can be found in [MaMB81]. The first of the two designs proposed in
this report was carried through to final layout as part of an NMOS VLSI circuit
design course offered at the Electrical and Computer Engineering Department
of the University of Michigan in the Fall of 1980.

Section 2 describes the general structure and operation of an ICN that
could be constructed from either of the two designs. Although the two designs
are both crossbars it is assumed that the ICN's constructed from them are
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configured as Delta networks since the reduced component complexity argu-
ment holds at the IC package level (i.e. outside the IC). The design goal is to
provide n-m crossbars that allow ICNs to be constructed with a "reasonable"
amount of hardware. "Reasonable” here means that the network is economi-
cally implemented using present packages, technologies, and pinout limitations
without gross inefficiencies. That is, packages should be used efliciently.

The first design is presented in Section 3. It uses serial address transmis-
sion during network setup so that pins may be conserved. The serial addressed
design uses only 2 pins per input port and output port, this in turn allows large
size crossbar switches to be constructed on a single chip (i.e. large n and m).
This makes large ICN's feasible at low package counts. The serial addressed
design is suitable for an environment where the uninterrupted connection time
between processors and memory modules is large. This includes multi-
programmed multi-user general purpose modular machines.

Section 4 describes the second design. It uses parallel addressing for those
applications where machine size is smaller and/or setup speed is important.
Obviously, parallel addressing requires more pins per input/output port of the
module; so within the same number of pins, smaller but faster modules may be
constructed.

Section 5 discusses design options that may be added to the basic designs
presented in sections 3 and 4. The additions make the basic design more useful
for specific applications. The additions require design modifications to be
implemented. The modifications, though, are not great.

Section 6, 7, and 8 discuss space complexity, network setup times, and
package counts respectively for the two designs. Section 9 is the conclusion.

The Appendix shows several example ICN's constructed from various n-m
crossbars. They are Delta networks.

VLSI Design of a Crossbar Switch.



2. Architecture of the ICN.

This section discusses, in general terms, the structure and operation of an
ICN composed of our proposed n-m crossbars. A typical application is shown in
the multiprocessor architecture of Figure 1. Each processor (labeled Proc. in
the figure) is attached to a system ICN that connects N processors to M
memory banks. Each processor has its own private memory (PM). This can
used to store program and temporary data in MIMD operations, or just tem-
porary data in SIMD operation. The central controller is needed to broadcast
instructions in SIMD operation and for system control, 1/0, etc.

The processors execute instructions using operands out of the M data
memory (DM) banks or modules. In general, each processor may operate on
data elements contained in all of the DM's. To read operands from one of the
DM modules, a connection from the processor to its desired memory module
must be made. Obviously a machine running efficiently will have many such
paths constructed or used in parallel.

It was noted in the introduction that to reduce package count our pro-
posed ICN's will be constructed as Delta networks [Pat79]. In common with
other reduced complexity networks Delta networks achieve their reduced com-
plexity over full crossbars at the expense of having to make their connections
across multiple stages or levels of basic n-m crossbars, i.e. at the expense of
time (see the diagrams in the Appendix). With this in mind two different modes
of ICN operation are possible: packet switching; and circuit switching.

In packet switching, the network operates by moving packets from input to
output ports. A packet is a fixed sized item of information and a packet
switched ICN serves to move these packets from their source to destination in a
stage-to-stage fashion. Note the similarity with pipelining in that many packets
may move between consecutive stages simultaneously, so that high transfer
rates are possible. Also, with packet switched networks no feedback is

Central
Control

ICN

DM M

e mmmmmfecnqg

Figure 1. A Multiprocessor Architecture.
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associated with packet transmission; processors simply emit packets destined
for memory banks, the network and memory modules then take care of the
routing and acceptance, and no acknowledge is returned to the processor. In an
environment where single memory words are transferred, and lookahead units
are employed in processors, packet switching is very efficient. For example,
memory reads may be done by having a processor emit a "read” packet which
is routed to the proper memory module, the memory module performs the
read and then routes the data back through another packet switched network.
A lookahead unit can often improve the apparent read time by pre-requesting
memory words so that the network has time to respond before the word is actu-
ally needed. Under the packet switching mode of operation, the ICN appears to
be a flow routing network where the particles of flow are packets.

Circuit switched networks operate differently in that messages are usually
variable in length and there is an uninterrupted connection from source to des-
tination after the path is setup. Because of this, circuit switching is most
efficient when connections are long in length relative to the setup time. Circuit
switching is the mode of operation for the ICN designs described here.

Our proposed multi-stage networks are setup as follows: the first stage
module is presented with an output port address, the module then sets the
required connection (if it is not busy) for that stage; the remaining addressing
information (required for successive stages) is transferred through the connec-
tion just established; the process continues through all the stages of the net-
work (typically there are approximately log.N stages when c-c crossbar
switches are used); at the final stage no address information needs to be
transferred after the connection is established, so the path is now complete
and the processor is informed that it may begin to use the connection. From
this it may be seen that the network is circuwit switched.

The above process may be inefficient if it is required for every data access
or every instruction access, in that much time is spent setting up the network,
especially if the network has many stages. In order to aid in relieving this
setup inefficiency, it is desirable to use a connection for long periods of time
relative to its setup time. As connection time increases, so does the connection
efficiency, which may be defined as:

CE = Tuee
Tuae + Tsetup

Thus a high CE means that little time is used to setup a path, relative to its
usage time. To make CE high, long connections to a particular memory bank
are needed. This can be accomplished if the instructions and data that are
referenced closely in time are constraint to a minimum number of memory
banks. However, if the instructions are spread across memory banks then CE
will be low because a new path will have to be setup for each instruction. This is
the typical address mapping for interleaved memory. If, though, memory
banks are addressed using the upper log,M bits of addresses generated by pro-
cessors, then instructions and data that are referenced closely in time can
more easily be stored in the same bank. This will result in a more efficient use
of the ICN (the average value of CE will be close to 1). A further improvement
can be made if the PM is used as a cache for program and temporary data. The
cache management algorithm should then be organized to update the cache
from a single memory bank to avoid setting up new paths during update.

To compare various ways of constructing an ICN, consider using the Delta
network to construct a 32x32 system using 2-2 crossbar switches where the
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processor/memory connection path requires 64 bits. The network requires 80
2-2 crossbar switches, each 64 bits wide. The amount of logic required could be
very large if discrete gates are used. A 32 bit 2-2 crossbar switch could be
placed in a 128 pin package (ignoring power supply, clock, etc.), so the total
number of packages required for the network would be 160.

This report proposes two alternative partitions of the network from that
mentioned above. They are based on the parallel addressed n-m crossbar chip
and on the serial addressed n-m crossbar chip respectively. The two
approaches can be illustrated using the above example of constructing a 32x32
ICN with a 64 bit wide connection path. First, consider the following: construct
an individual 32-32 crossbar with a 1 bit data path on one chip, then stack 64 of
them to produce a 64 bit connection path. If a 32-32 crossbar is to be placed
on a chip and full parallel routing addresses are to be presented to the chip
32x7 + 32x1 = 256 (5 address, 1 data, 1 request at the input; 1 data at the out-
put) pins are required. Second, consider the following: the 5 bit routing
address is sent into 2 pins on a 32-32 crossbar chip (1 pin for address/data and
1 for control) serially in 5 clock cycles. In this case only 32x2x2 = 128 pins are
be needed. This scheme also brings the number of chips for the 32x32 ICN
down to 64. Furthermore, if connections to memory are long enough, the cost
of serial address transmission may be overcome. Note that once a connection
is made, data is transferred in parallel words, not serially, and the transfer
takes place at propagation speeds.

The network organization for either serial or parallel addressing can be
seen in Figure 2. It is easily expanded to arbitrarily large word widths by stack-
ing more planes. The n-m crossbars are directly connectable to make multis-
tage networks. Since word widths are easily varied the network can be
designed to deliver multiple words in parallel (a superword) on single memory
reads.

Notice that in Figure 2 an extra bit plane is shown labeled "Acknowledge
Plane”. This 1 bit wide plane is used to signal a connection request ack-
nowledge back to the requesting processor. When a processor needs to estab-
lish a connection, it inputs the address of the desired memory (serial or paral-
lel as the case may be) into an n-m crossbar; this is its access port for any of
the DM's. When the path inside this crossbar is established by looking at the
first logam bits of the system logzM bit address, the module sends any remain-
ing address bits to the next stage after the connection to the next stage has
been made. The last stage, once the connection is made, emits a control signal
which the acknowledge plane then propagates backwards through the ack-
nowledge network (note that all planes are set up simultaneously); thus the
connection from a data bit plane to the Acknowledge Plane shown in Figure 2.
The processor which emitted the request waits until it sees this acknowledge
signal before it makes any memory references.

For space efficiency, the n-m crossbar switches have bidirectional data
transmission capabilities. The change of direction signaling is done using the
control line once a path has been set up (see later). Because conflicts will
undoubtedly occur, facilities are incorporated that handle conflict resolution
and request waiting in a '"clean” manner. Other useful additions to the
network's behavior may be found in section 5.

2.1. Interfacing to the Network.

Once the connection has been setup the processor has a parallel connec-
tion path to its desired memory bank. That is, a full parallel connection bus of
W bits is available for the transfer of data, control, and address information to
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Figure 2. The Network Organization.

specify memory locations within the desired bank. (Note that data and some
control lines need to be bidirectional.)

Two possible connection words that go out on the connection bus look like
those in Figure 3. These formats provide fast, parallel read /write capabilities.

The parallel addressed connection word is slightly different but will be dis-
cussed later. However, in any connection word the basic components still look
like Figure 3. Furthermore, it may be desirable to include additional bus lines
to allow for error detection/correction of the bit patterns that are transferred
on the bus.

The following sections of this report detail the design of the serial
addressed crossbar and the parallel addressed crossbar.

VLSI Design of a Crossbar Switch.
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Figure 3. Two Connection Word Formats.

3. Structure and Design of the Serial Addressed n-m Crossbar.

This section describes the architecture of a serial addressed n-m crossbar.
The description applies to a basic non-interruptible design. Modifications are
needed to implement the useful features of section 5 but complicate the basic
architecture, so for simplicity consider a simple n-m crossbar. This design
could be used for applications where pin count is highly constrained and/or
where the size of the switching module must be large. Serial addressing may
also be appropriate where the network runs faster than processors.

Figure 4 shows a block diagram of the basic n-m connector. The figure also
indicates the floor-plan of the chip as it could be laid out in NMOS technology.
There are n identical rows each of which consists of:

1) a Primary Register.
2) a Secondary Register.
3) aFinite State Machine (FSM) row controller.

4) m Row-Column connection cells.

These four components will be discussed individually along with their
interactions. :

3.1. The Primary Register.

This register of length logzm bits is used to hold the first logzm bits of the
incoming address stream. The bit serial address stream is distinguished from

VLSI Design of a Crossbar Switch.



Data Pin
> | Sec. Reg
Rnd.
Log.
Pri. Reg. 2/1
—|
FsM
E ﬁ -------------------------- Conn
L el ol
Control
Pin N ' ' . . )
] ] H '
1 1 N ! :
] H ] ]
] H ] ' =
4 ] ] H !
) ) ] i i
] ) ) H
’ [] ] [] : :
' ' . : ] ]
) H ! !
: ! i '
1 ! ! ! 1
I ' ' !
] ] H :
i : .’ :
]
f l : !
i ] ] i
H 1 ] 1
Data Pin : ; :
- [}
> Sec. Rey. ! : ! ;
e ]
- 1 , . i !
Pri. o 2/1 : h . :
oM nn| -
> cellf 1 [ | [ — == e Conn
Control
Pin
OQutput
Q Ping

Figure 4. The n-m Serial Addressed Connector Architecture.

data by the CONTROL pin associated with the input port being active. Thus the
activation of the CONTROL pin indicates the onset of an incoming address
stream. The stream enters serially and after logym clock cycles the desired
output port address is available, in parallel, in this register. That is, this regis-
ter contains the address of the output port selected for connection. This con-
vention requires that the output port address be sent into the system network
most-significant-bit first. Since the first bits streamed into the chip are those
used for output port selection, the selection/connection process may run con-
currently with the loading of next stage address bits into the Secondary Regis-
ter (see below). '

The Primary Register is controlled by the outputs of the random logic

block (Rnd. Log.). The inputs to the random logic are: a control input signal,
S1, from the row FSM: the input port CONTROL signal; and the master clock.

VL1 Design of a Crossbar Switch.




When the CONTROL signal and the FSM S1 signal are active, the Primary Regis-
ter shifts right 1 bit on each clock cycle, shifting in address bits that arrive at
the input port DATA pin.

The combination of input port pins (DATA,CONTROL) actually represents a
4 state logic variable and if (or when) 4 valued logic is available these two pins
could be compressed into 1 to give twice the module size capability for the
same number of pins.

3.2. The Secondary Register.

The Secondary Register is used to hold address bits streaming into the
chip that are destined for successive stages. This register will begin to fill after
the Primary Register has been filled, assuming more address bits are being
sent in for the next stages. When the row-column connection has been set-up
by the row FSM, address bits held in the Secondary Register are sent to the
successive stages of the network. When this stream is initiated the Secondary
Register is either simply being emptied toward the output port or it is being
emptied toward the output port while simultaneously being filled from the
input port. The former situation occurs when the remaining system memory
bank address has been shifted into the chip before a connection could be
made. The latter situation occurs when a connection is made before the
remaining system memory bank address has been shifted into the chip.

The Secondary Register is controlled by both the FSM and the small
amount of random logic. The Secondary Register comprises an address
stream bufler, selector logic, and a pointer register. A logic digram of the
Secondary Register may be seen in Figure 5. The pointer register and selector
logic are used for extracting bits (reading) from the appropriate bit position in
the address stream buffer for transmission to the next stage in the network
while simultaneously allowing the loading of the address stream buffer with
incoming address bits.

The pointer register has one bit set that points to the bit position in the
address stream buffer where the next bit in the outgoing address stream must
come from. The pointer register’'s control signal, DEC, originates from the
FSM. When DEC is active, the pointer register shifts its bit peinter 1 bit posi-
tion left if nothing is being shifted into the address stream buffer’s left end. If
a shift into the address stream buffer is taking place, then the pointer remains
at its present position. '

The address stream buﬂer shift right control signal is derived from the
clock, a control line from the FSM called S2, and the CONTROL input line. It
indicates the presence of additional incoming address bits at the DATA pin.

A status signal, ZERO, is fed back to the FSM from the pointer register. It
indicates that the pointer is at its leftmost bit position. One cycle after ZERO
becomes active the FSM knows that the remaining address has been transmit-
ted to the next stage so that now it can proceed with data transmission. Note,
it always takes more than 1 clock cycle to request a column and get a connec-
tion, therefore if any address was shifted into Secondary Register then the
address stream buffer will always contain at least 1 bit before the FSM begins
to empty it.

The length of the Secondary Register determines the maximum number

of network stages that may be cascaded. If the Secondary Register length is L,
then a total system memory bank address of L + logzm bits may be accommo-
ated. If all stages are constructed from the same size crossbars then at most
L

logom

+ 1 stages may be used. Nothing prohibits the designer from design-
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Figure 5. The Secondary Register.

ing a network from dissimilar crossbars (i.e. crossbars with different n-m
values). The chip is versatile enough to accommodate all combinations of
crossbar sizes as long as their Secondary Register’s are capable of buffering
the successive stage address bits.

3.3. The FSM.

Each row is controlled by its own FSM. Figure 6 shows the input /output
signals for a PLA-based FSM. The FSM controls the handling of the aforemen-
tioned registers plus the request/acknowledge operation.

Consider a sequence of operations that creates a connection from an
input port (i) to an output port (j). Initially assume that the FSM (and there-
fore row) i is in an inactive state and an address is going to be sent into input
port i, including subsequent stage address bits. Initially, the FSM is idle with
its S1 (the control line that affects the primary register shifting) line active.
When CONTROL goes active, the primary register begins to shift logo,m address
bits in, when it is full, the FSM deactivates S1 and activates S2 to begin filling
the Secondary Register.

As the Secondary Register is being filled the log,m bit address in the Pri-
mary Register propagates down the primary register bus section of the row
bus in double railed form, to be decoded by one of the m row-column connec-
tion cells. Double railed logic makes decoding simpler and faster in the row-
column cells.

VLSI Design of a Crossbar Switch.
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Figure 8. The FSM 1/0 Signals.

Some of the output signals of the PLA-based FSM are fed into random
logic to generate the row signals for the row-column connection cells (see
below). The state diagram for the FSM is shown in Figure 7. Note that this par-
ticular state diagram is for an n-B crossbar, hence the initial three states hav-
ing output S1 = 1.

The random logic used to generate the row signals is shown in Figure 8.
This figure also serves to logically relate the signal names from the output of
the FSM to those input to the row-column connection cells. This random logic
is not shown in Figure 4. It is essentially part of the FSM and was introduced
to reduce the size of the FSM.

3.4. The Row-Column Cell.
The row-column connection cells serve to connect column and row sig-

nals, that is, they form the crossbar switch connections. They connect the fol-
lowing signals:

1) Row Control signal --> Column Control signal.

2) Row Data signal <--> Column Data signal.

3) Row R/W signal --> Column R/W signal.

4) Row Request signal --> Column Busy signal.

5) Row Busy signal <-- Column Busy signal.

8) Row Priority In signal <-- Column Priority In signal.

VL3I Design of a Crossbar Switch.
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Figure 9 shows the signal connection logic. When the row-column connec-
tion is made initially only connections 4-6 are made. This is done so that if the
column is busy (indicated by BUSY active), the column data stream will not be
corrupted.

The signals and their functions are:

Row Control Signal - This signal serves to propagate the CONTROL pin value
when the connection has been established. This signal is controlled by the FSM
when it is sending successive stage address bits out of the output port. As the
FSM is streaming address bits out from the address stream buffer it uses the
output port CONTROL line to signal to the next stage that an address bit
stream is present. The FSM determines, from the ZERO signal, when the out-
going address stream is finished in order to deactivate the output port CON-
TROL line.

Row Data Signal - This signal is the data connection path — note that if the
chip were designed to handle b bit paths this would be a b bit connection path
-- used for the bidirectional propagation of data between the input port and
the output port after the connection has been made. This signal is also used
during connection setup to propagate the successive address bits to the next
stage.

Row R/W Signal - This signal indicates the direction of the data propagation.
It must be connected to the input and output port DATA pin drivers to control
the direction of data signal propagation. Thus this signal must be connected
from the input row to the output column (column R/ W signal).

Row Reguest Signal - This signal is activated when the FSM requests control of
the output column addressed by the Primary Register. This signal is the basis
for the column BUSY signal. A row FSM activates the Row Request signal
before and during its use of the column, this allows other row FSM's to test the
column BUSY line for the column busy condition. This signal also serves to
cutoff the Priority In signal (PIN') of lower priority requesters when simultane-
ous request conflicts occur. See the description of the Priority In signal (PIN)
below.

Row Busy Signal - This signal is the BUSY input to the Row FSM, it is the
selected column BUSY signal. Again, the FSM checks the signal to tell whether
or not the desired column is busy.

Row Priority In Signal - This is the priority input signal (PIN) to the FSM from
the selected column priority chain When this signal is active, the FSM is able to
request the column if it is not busy. If multiple requests occur during the
same clock cycle only the highest priority FSM will see PIN active and thus be
the only FSM to proceed. Another priority structure could be used, but a
chain was chosen for simplicity and compactness.

Connect Signal - This signal is used to make the final connection of the signals
in 1-3 above. It is generated by the logic in the output of the FSM. The Connect
signal guarantees that the present user of signals 1-3 can go ahead without
being corrupted.

The FSM interacts with the above signals in the following way. After sig-
nals 4-6 are connected and row i's FSM sees BUSY active, then it does not

VLSI Design of a Crossbar Switch.



Master Reset

Si=1
CONTROL=0 WRMODE=!
CONTROL=|
Szl
Si=l
BUSY=| BUSY=I
x PIN=0
=| . -
REO=1 - s2:1 BUSY=I
BUSY=0
PIN.ZERO=l \IP:-ZEROzl
ZERO=0 21
REQ=1
REQ=I CONOUT=I
DEC=| ENDATA=|
CONOUT=I
ZERO=I
REQ=I
ENDATA=I
REQ=|
REQ=| CONTROL=0 | CONPROP=I
CONTROL=0( CONPROP=| ENDATA=|
ENDATA=I SWMODE=
CONTROL =/
L:\
cONIED
REQ=|
CONPROP=|
ENDATA=I CONTROL=0

Figure 7. State Diagram of the FSM.
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affect any other signals. When BUSY goes inactive (i.e., the present user of the
column finishes), all rows desiring the column activate their respective Row
Request signals. A column priority chain then indicates to the highest priority
FSM, using the Row PIN signal, that it has control of the column. This priority
chain is such that the highest priority column-row connection is on the for-
ward diagonal of the array of cells. The trailing end of the chain wraps around
the column ends where appropriate. The priority chain is shown in Figure 10.
With the diagonal priority organization the identity permutation is favored (if
m=n). We chose this simple daisy chain type of priority scheme for simplicity
and compactness as mentioned above, however, if the daisy chain proves to be
too slow (determined by chip layout and implementation technology) a parallel
priority encoder can be used. Implementing this would take more chip space.
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The FSM that receives control of the column has control of the Column
Data and Control lines. It maintains its assertion of Row Request for as long as
the path is established. Once a path is established and the next stage address
has been transmitted, the input port CONTROL pin’s value is continuously pro-
pagated through the Row and Column Control lines to the output port CON-
TROL pin. Initially the FSM connects the input port DATA pin to the output port
DATA pin through the Row and Column Data lines, and pin buffers on the chip
are set to transfer data from input to output port. This is the write mode of
signal direction. :

When the requesting processor gets its acknowledge, the network is in
write mode. To change it to read mode the requesting processor activates the
CONTROL pin for two clock cycles (see the FSM state diagram, Figure 7), the
FSM then toggles the connection to read mode. Repetition of this action at a
later time toggles the connection to write mode.

To terminate a connection the requesting processor simply activates the
CONTROL pin for one clock cycle then deactivates it for one clock cycle (see
the FSM state diagram, Figure 7). Provided it is active long enough for all
stages to detect, any protocol will suffice.

In the case of the serial addressed crossbar the acknowledge bit plane of
the ICN must relay an acknowledge signal, thus its n-m crossbars must estab-
lish a path and then automatically switch to read mode so the acknowledge
signal may propagate back immediately. This necessitates that two chip types
be designed, however, their only difference is a slight change in the FSM state
design, i.e. in the FSM's PLA.

Along with the connection logic, each row-column cell must contain a
decoder that detects when its appropriate logzm bit code is on the bus from
the Primary Register.

An alternative to distributed decoding is the use of a central logzm-to-m
line decoder (implemented with a PLA in NMOS). The m decoder output lines
would be fanned out to the m row-column cells. This, though, is less space
eflicient than fanning out the 2logzm lines because the rows of row-column
cells would each have to be far enough apart so that {m-2logom) more lines
may pass between them. It is better to layout the rows as close together as
possible to keep column signal propagations delays as small as possible, as
well as to reduce the overall size of the layout.

A serial addressed 16-16 crossbar was designed by us in NMOS. The design
was performed as part of an NMOS VLSI circuit design course offered by. The
Electrical and Computer Engineering Department of the University of Michigan
in Fall 1980. The layout contained approximately 25,000 devices.

VLSI Design of a Crossbar Switch.
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4. Structure and Design of the Parallel Addressed n-m Crossbar.

This section describes the architecture of a parallel addressed n-m
crossbar. The operation of the device is similar to the serial address design,
but the address bits that select the desired output port are presented in paral-
lel. That is, each input port of the n-m crossbar is presented with the logom bit
address of the desired output port.

Parallel addressing yields a smaller setup time (i.e. improved CE) at the
cost of extra pins per port. In the design presented crossbar setup time is two
clock cycles during which the path request is transmitted through the crossbar
and data stabilizes. Thus crossbar setup time is constant, it is not a function of
the crossbar size. Network setup time is equal to 21-1 clock cycles, where | is
the number of crossbars the signal has to propagate across. An acknowledge
must be returned to complete the connection. Each module, once a connection
has been made, is capable of bidirectional data transmission for hardware
efficiency.

To change read/write modes an input port FSM could be used. It could use
a time count on a "control” line (similar te the serial addressed control proto-
col) or a separate R/W pin could be used for each input port. This offers switch-
over speed advantages and simplifies the row control algorithm. The design
described uses a separate R/W pin for speed and ease of interfacing to the net-
work. Either approach could be used but parallel control was chosen for speed:

VLSI Design of a Crossbar Switch.
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since parallel addressing is used for speed it seemed contradictory to use serial
control with parallel addressing.

Due to the parallel addressing, stage address propagation in this design is
quite different from the serial addressed design. In parallel addressing proces-
sors present a parallel static memory module address to the network. The per-
tinent first stage crossbar uses an appropriate logom bit field of this address as
its output port address. This logzm bit field is shared by all the ports in each
bit plane belonging to the same bus (see Figure 11). Transferring successive
stage address bits in parallel is done by treating them as data bits until the
stage of the network at which they are needed for addressing. At that stage
logzm of the address bits are used, assuming each stage is composed of
crossbars with m output ports, and are not transmitted further through the
network. Thus the number of bit planes of the network (see Figure 11) is
reduced by logsm bits at every stage (assuming each stage is composed of
crossbars with m output ports).

The port 1/0 signals are shown in Figure 12. The address/control propaga-
tion will be described later. Each input port uses:

" logzm address pins,
a R/W direction control pin,
a REQIN request control pin,

b bidirectional data pins (b = 1 in Figure 12).
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Figure 11. Address Fanout to Each Bit Plane.
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The output port uses a single bidirectional data pin.

The REQIN signal is an input used for control. It indicates that a stable
address is present on the address lines and a connection is requested. At the
first stage REQIN is received from the processor interface. At successive stages
REQIN may be obtained from a "data" bit plane in a similar manner to parallel
address propagation mentioned above. This approach to request propagation
saves a pin on each output port at the expense of higher package count.
Although we have chosen not to do so, another output pin might be included
with bidirectional capability so that it may communicate information back-
wards through a bidirectional REQIN pin. Backward communication may be
used for stage communications in pipelining the network, or packet switch
request/acknowledge operations when a data transfer between stages is to take
place.

At the first stage within each bus all bit planes have their address bits con-
nected to the appropriate bits of the memory module address generated by the
corresponding bus at the processor interface. Within each bus the interface
also generates a request signal which is connected to all bit plane REQIN lines
in that bus as it enters the network. The request signal is also connected to a
data bit in the "Request” plane. This plane was not needed in the serial
addressed crossbar (see Figure 2). Another new bit plane is needed for R/W
propagation. It operates in a similar manner to the Request plane.

/
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Figure 12. Parallel Addressed Chip 1/0 Signals.
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The remaining discussion applies to all individual interstage bus connec-
tions. In other words, if mention is made of a signal fanning out it is to be

The DATAOUT line of the Request plane at the present stage is fanned out
to the REQIN lines of all bit planes in the next stage. The DATAOUT line of the
Request plane is also connected to the DATAIN line of the next stage of the
Request plane. The DATAOUT line of the R/W plane at the present stage is also
fanned out to R/W input lines on the next stage. The R/W bit is not connected
to all bit plane R/W inputs, it is connected only to those bit planes that are to
be bidirectional. In particular, the R/W output bit is connected to the DATAIN
line of the R/W plane at the next stage and the R/W control input of the bidirec-
tional data bit planes. The remaining R/W inputs are hardwired to the levels
discussed below.

All those planes whose data is used as network address information, as well
as those planes that carry address information used to access within memory
modules are write mode only so their R/W pins are wired inactive (write mode).
This also applies to the R/W and Request planes, they are write mode only. The
Acknowledge plane, though, is read mode only, so all modules in this plane
would have their R/W lines hardwired active. The row-column cell design (see
later) provides correct logic levels so that noise-free backward acknowledge
propagation may take place. At the last stage the Request plane DATAOUT line
is directly connected to the Acknowledge plane DATAOUT line. Since the
Request plane is hardwired to write mode, and the Acknowledge plane is
hardwired to read mode, when the full network path has been created, the
request signal propagates back through the Acknowledge plane to inform the
requesting processor that the path has been created.

4.1. The Row Control Structure

The chip design for parallel addressing is similar to the serial addressed
design except that new port 1/0 signals are used and the control algorithm is
simpler. Figure 13 shows the row control structure at each input port. Notice
that it is simpler than the serial addressed control logic.

The row FSM operates in a similar fashion to the FSM in the serial
addressed design. Its state diagram may be found in Figure 14.

The FSM 1/0 signals and their functions are:

LOAD - This signal controls the loading of the double railed latch that holds the
crossbar output port address. This load signal is a level signal (not an edge
triggered one). The latch provides the same service that the Primary Register
provides in the serial addressed design.

REQ - This signal is identical in operation to the Row Request signal in the
serial addressed design.

CONNECT - This signal serves to connect appropriate row-column signals when
needed. It is the same as the "Connect” signal in the serial addressed design,
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however, the generation of Connect in the serial addressed design is derived
from gating logic seen in Figure B, here it is obtained directly from the row
FSM.

BUSY - This signal is identical to the BUSY line in the serial addressed design.

PIN - This priority test signal is identical to the PIN signal of the serial
addressed design.

The R/W input signal is used to control the direction of the data signal(s),
as such it is connected to bidirectional pin buffers at the input and output
ports. Therefore, it must be switched through the row-column cell. It must
also control data signal flow in the row-column connection logic. This control is
accomplished with a simple pass transistor in NMOS.

Inverting buffers are used on the input and output pins so that when an
output port is not activated, its DATAOUT line is held Low. This is also true of
the DATAIN line when read mode is asserted. This is important for noiseless
Request/Acknowledge signal propagation.

4.2. The Parallel Addressed Row-Column Connection Cell

The cell may be seen in Figure 15. It is similar to Figure 9, the only
difference is that only one output pin signal is propagated to the output port.
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5. Additions to the Basic n-m Crossbar.
By modifying the FSM it is possible to add "intelligent” features to the

basic n-m crossbar. Several useful additions are discussed in this section. The
list, though, is by no means complete. The additions to be discussed are:

1) Connection status test.

) Interrupt/Preempt capabilities with priorities.

3) Connection timeout capabilities.

4) Scalar broadcast capabilities.

VL3I Design of a Crossbar Switch.



5.1. Connection Status Test.

This feature would enable a processor to test the status of any of the M
memory bank connections. The processor would essentially "ask” the network
if a given memory bank is being used. This would require a different network
setup behavior than before. The feature would be useful for general purpose
MIMD machines, and an "ICN test” instruction could be included in the
processor's instruction set. For example, a low priority process running in one
processor may occasionally test to see if a particular memory is free. If it is
not, the processor may switch in and run another process for a while before
retesting. This avoids having requests pending that block other high priority
processes.

The Status Test option is intended for use in general purpose machines
where separate processors may be used for running separate operating sys-
tem processes, or where separate processors may be shared among many
users. For example, a pool of central Processors may be allocated among
several users so that each user gets his/her own CPU. In addition, common
system resources such as secondary memory and common peripherals;
printers, plotters, etc. can be allocated their own small processor which mul-
tiprograms low priority processes (printing, etc.) whose parameter/data
blocks may be kept in global memory.

Using the n-m crossbar allows the system designer to design modular gen-
eral purpose machines in an economical fashion. In such applications the
serial addressed crossbar appears to be the logical solution, in that a multi-
programmed multi-user machine can easily be run so that it has the block
structured addressing behavior that yields a high CE. For example, each pro-
cess and its environment can be constrained to use a few memory modules.
This also assists the implementation of user security.

5.2. Priority Interrupts.

In a general purpose machine the capability of one processor to interrupt
another is of critical importance. For example, a lower priority process may
be using a particular memory that a high priority process requires. In this
case the high priority process should be able to interrupt the lower priority
process’ connection. Obviously, this could be done using an additional "inter-
rupt” bus not related to the network, but interrupt facilities may also be
implemented in the network.

Priorities could also be imposed on the connection interrupt structure in
order to make it more useful. This capability calls for a priority comparator
for each row of the n-m connector, its size depends on the number of levels of
priority that are desired. A priority bus would be needed for each row and
column, thus the row-column cells will increase in size. Dynamic priority
structures could also be accommodated.

Interrupts are difficult to implement in the network unless a control pro-
tocol is developed that ensures that a processor using a connection is
informed of a preemption. That is, no processor's connection path should be
disturbed without warning beforehand. This requirement demands a more
complicated protocol and, as such, use of the network will be more compli-
cated. The silicon area occupied by a crossbar will be further increased due to
the added FSM complexity.

5.3. Connection Timeouts.

Although not explicitly designed for use in SIMD machines, the n-m
crossbar can be used in such environments. To simplify its use in an SIMD

VLSI Design of a Crossbar Switch.



25

machine (where the network acts as a permuter with a short connection time,
e.g. one operand transfer time) a programmable time counter may be placed
at the base of each column bus. The timer would be responsible for monitor-
ing the connection time of the column and then after reaching a limit, discon-
necting the row-column connection. This makes the SIMD ICN setup-fetch
cycle slightly more efficient because the connections are automatically des-
troyed after the specified timeout. The specified timeout length could be pro-
grammed, if desired, through extra pins on the chip.

Note that in SIMD mode of operation, conflict problems may be ignored
for the sake of setup speed. The user is responsible for assuring that no
conflicts occur, thus the FSM's job is simpler because it need not check for a
busy column condition. In addition, the acknowledge signal can be omitted.

5.4. Scalar Broadcasting.

This addition can be useful in some MIMD algorithms, however is especially
useful for SIMD algorithms where the need arises to expand a scalar into a vec-
tor [e.g. for row normalization in Gaussian Elimination]. This facility, though, is
more difficult to implement than the other additions above.

To broadcast to all outputs is straight forward. A special address that
does not correspond to any output may be used to signify such a request.
However, if it is desired to broadcast to arbitrary outputs, then each output
address must be sent into the network individually and the row FSMs must
have the capability to "add” connections to already existent ones. Thus each
row-column cell needs a "selection” flip-flop that may be set by the row FSM
so that many columns may be selected sequentially as the path is built.
Establishing an arbitrary broadcast will be time consuming.

A compromise is to specify the output address with possible "don't care”
conditions. This requires twice the number of bits to specify an address which
is an improvement over the arbitrary broadcast case. It allows some subsets
of the output ports to be addressed, specifically any group of outputs whose
addresses are adjacent on a Karnaugh map. The price paid for speed is flexibil-
ity. Write mode broadcasts require that all columns to be broadcasted to are
inactive before the next stage can be setup: the successive stage address must
be transmitted synchronously to all desired output columns. The time spent
waiting for all columns to clear may be long in an MIMD environment. It is less
of a problem in an SIMD environment.

Breoadcasts during memory reads are more complicated than broadcasts
during memory writes. To perform a memory read broadcast requires that all
involved processors establish a connection prior to the actual memory read
operation. This implies that a crossbar allow, "taps” to be placed on already
existent connections (to tap a read operation, the requesting tap must be in
read mode). The final problem to be overcome in read broadcasts is that of
initiating the read operation. Only one processor is allowed to perform the
operation to avoid electrical conflict problems if the suggested connection
word formats are used.
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6. Size Complexity of the Design.

Because the constraint on crossbar size is essentially a pin limitation, the
silicon area of the network is not a critical issue at this peint in time. However,
when VLSI technology reaches the point where processors, memories, and
crossbars can all be placed on a chip area will start to become an issue.

Let S be the space required for an n-m crossbar design. Then from examination
of the logical structure it is seen that:

S=Amn+Bn+Cm + D.

where,

Ais the size complexity of a row-column cell. A is a function of protocol com-
plexity, the connection path width, b, and the decoder which has size propor-
tiocnal to log,m.

B is the size complexity for the elements of a row controller, i.e. the FSM, regis-
ters, busses, etc. The FSM has size proportional to logzm, since, among other
things, it must count up to logom. Furthermore, the Primary and Secondary
registers also have size proportional to log,m and L respectively (see section 3).
However, for small m the logzm dependency of B can be neglected and B can be
regarded as a constant.

C is a fundamental size complexity for column elements such as output pin
drivers, connection timeout counters, etc.

D is a constant term representing the size of the shared chip elements such as
central clock drivers, reset signal drivers, etc.

For small m and n, and b=1, it has been found that B is the dominating
coeflicient in the above expression and thus the chip size complexity is approx-
imately linear in n. As b increases the Amn term starts to dominate and the
size complexity becomes O(nmlogzm). Note that as b increases more efficient
use is made of the CONTROL pin in that for b=1 half of the port pins are used for
control, but as b increases a lower fraction of the port pins are devoted to con-
trol. This is even more apparent in parallel addressing where the input port
overhead is logzm + 2 pins (logym address pins; 1 request pin; 1 R/W pin). If a
small connector is required it is more efficient to increase b in each chip as
long as the pinout is within the given constraint.

The pin number for the serial addressed design may be expressed as:
Pefor t)fmsn) k.
where Kk is a constant representing connections for power, clock, etc. Two level

logic is assumed.
For the parallel addressed design, P is:

P=[b+log2m+2]n+bm+k.
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7. Network Setup Times.

This section discusses network setup times for the serial addressed and
parallel addressed designs. Setup times are given in clock cycles. Throughout
the discussion assume no conflicts occur.

As mentioned previously setup time for a parallel addressed crossbar is
constant and equal to 2 clock cycles. This is the interstage setup times. At the
last stage the first clock cycle sets up the connection and after a data settling
delay during the second clock cycle the acknowledge signal propagates back
through the Acknowledge plane. Thus sometime during the (21-1)th clock cycle
(1 is the number of stages in the network) the acknowledge signal will be
received by the processor interface. This assumes the propagation back
through the Acknowledge plane does not require more than 1 clock cycle.

The setup time for a network constructed from serial addressed crossbars
is slightly more complicated. Assume that the network is a Delta network with 1
stages and where b-b crossbars are used. A timing diagram for 1=4, b=186 is
shown in Figure 16. From this it may be seen that without blocking the ack-
nowledge signal will be returned to the processor interface sometime during
the ( logaM+21—1 )th clock cycle after the request stream initiation.
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Propagate acknowledge.

Figure 16. Serial Address Stream Diagram.
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B. Network Package Count.

Consider using a Delta network for the topology of an NxN ICN. This section
gives a package count for any such Delta network constructed from c-c
crossbars.

Let W be the desired memory-processor data path connection width, and
assume that N = c¥, ¢ = 2! where j and k are integers. Let P be the number of
available pins (not counting power, reset, the clock, ete.). ‘

The number of W data bit wide c-c crossbars required to construct an NxN
Delta network is:

N
c—loch .

For the serial addressed crossbar the package count G is:

-2

+ 1Jloch .

where again b is the data path width per monolithic c-c crossbar. Note the "+1"
for the Acknowledge plane.

This can be expressed jn terms of package parameters by noting that the
number of pins P is 2¢lb + 1] so we get:

N[ W
G= c [IZC P-2¢

+ 1J log N .

For the parallel addressed design where the network width changes at
each level, the situatiop ig slightly more complicated. The planes for data and
liW
g g]

I: l + 3| log.N packages. Note the "+3" for the Ack-

nowledge, Request, and R/W planes. These planes are assumed to be imple-
mented from components having b=1. The planes for network addressing con-
tribute:

control contribute

N log N -1
— 3 klogge
¢ k=1

packages. Since loggzc bits are used per stage and they need not be routed past
the stage at which they are used. Furthermore, there are log.N stages. As with
the control signals, crossbars having b=1 are assumed. Therefore, for the
parallel addressed design it takes:

N [W N logzc logcN [10ch - 1]
G= —c-[lb +3J log.N +

2c

logzN Jlogc N = 1

N rw 2 [ c ]
= e— o+

G - [l—-lb BJloch+ 5
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packages assuming b=1 for all bit planes except the data path, i.e. the path
that the processor uses after setup.

b may be expressed as:
P - logge =2

b= )
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9. Conclusions.

The problem of designing ICN’s in VLSI is actually a problem of mapping
the network into a feasible implementation structure. For example, for "on-
chip” networks, where processors and their ICN are on a single chip, silicon
area is an important issue and is a major constraint on the design. But when
the network and processors are on different integrated circuits or boards (or
chassis for that matter), pin limitations are the major constraint on the net-
work design. Furthermore, in such cases pin constraints actually influence the
set of network topologies that are feasible for the given space and cost.

This report described the design of two n-m crossbars: one that uses serial
address transmission, and one that uses parallel address transmission.

To make large networks feasible (say 10R4x1024) a design for a basic n-m
crossbar was presented that exploits VLSI circuit densities and yet uses pins
efficiently. In order to make the logic to pin ratio high, and thus exploit VLSI
densities, it was decided to transmit routing information through the network
in bit serial fashion. This has the advantage of requiring only two, two level
logic, pins per connection port of the n-m crossbar. The effect of the resulting
long network setup time may be minimized if connections exist for sufficient
time to make CE high. Low pin count allows for high density monolithic
switches which in turn lends itself toward more package conservative ICN
designs.

The parallel addressed design allows the network to be setup more quickly,
but the basic parallel addressed n-m crossbar requires more pins per port than
the serial addressed design. This pin cost may very well become a less
significant problem if VLSI technology development drives corresponding
development of large scale packaging techniques. :

Both designs presented make high density crossbars feasible. Their size is
only limited by pin constraints. For example, it was noted earlier that approxi-
mately 25,000 devices were required for a monolithic NMOS 16-16 crossbar that
was serially addressed. This is well within current commercial IC densities {con-
sider the 64k RAM), however, a serial addressed crossbar requires a package
with >64 pins. The basic design presented is versatile in that many additions
may be made to make the n-m crossbar more useful for a particular environ-
ment. However, the additions made may require increase setup time.

The designs are oriented toward large multiprocessor that may be used in
general or special purpose computing.
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11. Appendix.
The Appendix contains examples of Delta Networks.
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