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Abstract - This paper presents a new low latency Crossbar
design that can be used to interface systems working at
different frequencies. For case of multiple input ports
contending for same output port contemporary designs
provide localized arbitration solution. The arbitration
circuitry itself is a major contributor to the area and
latency of the crossbar. This hinders the scalability of
contemporary designs.

A crossbar using a distributed arbitration
mechanism in the form of token rings, is presented in this
paper. This implementation provides a highly scalable
solution, in terms of both area and latency.

I. INTRODUCTION

With the increases in die size and clock frequency, it
has become increasingly difficult to drive signals across die
[1, 6]. To reduce clock skew and power, the general trend is
towards the use of multiple clock domains on a single die.
Inter clock domain communication can be enabled in both
synchronous [7] and asynchronous [2, 3, 4, 5] fashion. The
International Technology Roadmap for Semiconductors
(2005 Edition, ITRS05) states a requirement of
asynchronous global signaling (to handle multiple clock
domains). GALS [6] (globally asynchronous locally
synchronous) is a methodology that is supposed to address
this problem according to ITRS05. It enables the use of
clocked design for smaller scale functional unit (which has
been industry standard approach). It also provides the ability
to connect synchronous functional units using robust
asynchronous interconnect.

The efficient design of an asynchronous crossbar is one
of the most promising implementation of GALS
methodology. This solution is particularly suitable for
systems where multiple input ports need to communicate
with multiple output ports. For the case where a single input
port always communicates with a single output port, a FIFO
is a better solution [3].

To resolve the issues related to multiple input ports
contending for the same output port, contemporary designs
[4] use an arbitration tree. An arbitration tree comprised of
MUTEX elements is expensive in terms of the overall gate
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count (area, power), the number of gate delays (latency) to
determine the overall winner and the number of transitioning
nodes (power). These issues make the arbitration tree style of
implementation less scalable.

Ring style arbitration [3, 5, 10] provides a scalable
alternative to tree style arbitration. Scalability of ring style
arbitration comes from 1) Lower gate count compared to tree
arbitration as the number of ports increases 2) lower latency
under most distributed work loads because token ring has
less number of transitioning nodes to determine a winner.

The latency of the proposed implementation is further

improved by implementing asynchronous to synchronous and
synchronous to asynchronous interface logic using
bidirectional signal. These signals serve as both request and
acknowledge and exhibit a very fast GasP like
implementation [9] (however, unlike GasP the
implementation is not self resetting).
Related work. Fulcrum Microsystems has presented an
asynchronous crossbar interconnect, which uses the name
Nexus [4]. Their implementation is 16-port, 36 bit
asynchronous crossbar. Nine 16 by 16, four bit crossbars
comprise a 36-bit datapath. The arbitration logic in this
design is comprised of a binary tree of arbitration (MUTEX)
and merge-elements. Irrespective of the timing of requests,
the arbitration circuitry sits on the forward critical path.

II. THE CROSSBAR ARCHITECTURE

The crossbar presented in this paper is configured as 4
rows and 4 columns, with 4 bits of data transported from
sender at the input ports to receiver at the output ports. The
crossbar structure shown in figure 2.1 is subdivided into
input ports, steering logic and output ports. Data is driven
along the rows from the input ports. Each of the four columns
supplies data to their respective output ports. Every
intersection of rows and columns has steering logic that
steers the data from an input port to a desired output port.

The input port communicates with the synchronous
sender. It consists of a 4 bit data receiver (data port) circuit
and 4 request ports. The data port converts the input to 4
phase dual rail protocol. When the input port is available, the
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Figure 2.1 Arbitration for 4x4 crossbar

request port receives a 1 hot request from sender. The input
request port steers the data to an output port after winning the
arbitration. The arbitration between input ports is
implemented as a token ring (located in the input port)
shown in figure 2.1. In the case where multiple input ports
are contending for the same output port, the arbitration logic
decides the winner.

Each input port has one request wire for each output
port. In this way, a 4x4 cross bar has 16 request wires.
Conversion of data to four phase dual rail protocol enables a
QDI (quasi delay insensitive) implementation, which enables
better scaling as we move into deep submicron processes.

Steering logic sits at every intersection of row and
columns. This gives crossbar the ability to route data from
any input port to any output port. A request from an input
port will selectively enable an appropriate steering logic to
connect an input port to the chosen output port.

An output port communicates with synchronous
receiver. An output port also contains the completion
detection circuit, for the data propagating through the
crossbar. The completion detection circuitry indicates to the
input port and the synchronous receiver that a valid data has
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been transported to the output port. More circuit details are
presented in [11].

III. THE PROTOCOL

Figure 2.1 gives the overview of Token ring arbitration.
There is one token ring corresponding to each output port.
The number of stops on Token ring correspond to number of
input ports. Signal transition graph (STG, a simplified
version of Petri net [12]) in figure 3.1 corresponds to one
input port, crossbar grid and one output port and defines the
protocol of crossbar (circuit details are presented in [11]).

Depending on the system workload, crossbar can be
operating in one of the following modes.

Mode 1: A request (Req_tif and Ackout?) is waiting for
the token (T[in]t) in figure 3.1. This mode should be the
most common case and represents a fully loaded system. In
this mode, the token arrival will enable the request to the
output port.

Mode 2: The token (T[in]1) is waiting for the request
(Req_st?) in figure 3.1. This mode represents a lightly loaded
system.

Mode 3: The token (T[in]t) and the request (Req_st?)
in figure 3.1 arrive at same time. This is a corner case mode



and should be rare enough that performance is not defined by
it. The MF (metastability filter) will ensure that the
appropriate request propagates through the crossbar.

The three MF, shown in figure 3.1 correspond to
potential metastability associated with input port, token ring
and output port. For the case of asynchronous to synchronous
transfer the transition of interest is Ack inf for input port
and Req of for output port. Clk winning across MF is
represented by O11 on sender MF and R11 on receiver MF.

In Figure 3.1 the request to crossbar input port Req_stf
is generated by clk?, Syn reqf ( request from synchronous
sender) and Ack inf (crossbar not transferring data to
corresponding output port). The arrival of token T[in]f, in
the input port with available request Req tif, will fire the
input port request to desired output port (Req im)).
Availability of data at the output port will be indicated by the
data completion detection Req_out| across MF. There is also
an additional activity not shown in figure 3.1 for simplicity:
Req_out| will also cause data precharge, setup of input port
for new request (Ack int) and early release of token (before
the  acknowledge, Ackrf from receiver). The
acknowledgement of data receive Req_outf will enable the
input port to send new request to the output port. Enabling of
input port to output port communication based on Req out?
prevents any race between the token return T[n]{ to same
input port and availability of out port.

IV. IMPLEMENTATION

The crossbar implementation is subdivided into: 1)
Input port 2) Grid element 3) Output port.

A.  Input port

The input port can be further sub divided into: 1) the
circuit that interfaces to synchronous sender 2) the circuit
that converts single rail data to 4 phase dual rail data 3) the
circuit to propagate the request to the appropriate output port
4) the token ring to arbitrate among the synchronous senders.

Figure 4.1 shows the input request port implementation.
The input port implementation in figure 4.1 is subdivided
into; input request port, token ring and crossbar interface to
the synchronous sender. The completion detection of data
Req out| on the output port will generate acknowledge
(figure 4.2) for the synchronous sender Req_st| and Ack s?.

Acknowledge from an input port (Ack st), will
propagate to the sender only when clock (clk) is high (shown
in figure 4.1 with an inverted clock into the MF. The MF is
implemented as MUTEX from [8]. This implies that
asynchronous crossbar is responsible for synchronization.
The setup for the synchronous receiver is just before the
rising edge of the local clock. The signal not switching in
low phase of the local clock, guarantees that acknowledge
will setup before next rising edge of the clock.
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Figure 4.1 Crossbar input port
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Req_st is implemented as a bidirectional dynamic line,
with its state defined by pulses of appropriate duration. The
duration of pulses in this implementation is 3 gates. The
pulsed nature of interconnect allows a single wire to send
request and acknowledge across synchronous and
asynchronous domain. The synchronous sender will check if
it has received acknowledge (Ack st) from the crossbar
before it sets Syn_reqf, indicating a new request (figure 4.1
and figure 4.3) and place data on the interface. For a given
input port, a one hot Ctl| pulse (shown in figure 4.1), enabled
by Syn_reqt and clkf, will enable the transmission gates that
transfer data to the asynchronous crossbar. The same Ctl|
pulse will also enable a new request Req stf from the
synchronous sender.

A keeper circuit shown in figure 4.1 for request (applies
to data as well), will be required because of the dynamic
nature of Req st (and data). An input data port converts
single rail data to 4 phase dual rail data. The Req outf (in
figure 3.1) indicates that the synchronous receiver has sunk
the data. This in turn causes the data and the input request
port to be enabled for a next possible request from the
synchronous sender.

Figure 4.4 shows the token ring implementation. A valid
request from the synchronous sender Req stf, is one of
enabling conditions for the request port (Req tit). The
arrival of token (T[n]t) after a valid request will cause
transition on the output of the request port (figure 3.1 and
figure 4.1) and send a request across the crossbar Req _im].
The MF is included in the ring to cover the corner case, when
token arrival (T[n]1) and valid request (Req_st?) transition at



the same time. The disabling of valid request (Req_st|) will
cause the token propagation (T[n]{ to T[n+1]1 in figure 3.1).

Interface to sender

Local clk of sender Clkt Syn_reqt seer?dueerSt from

MF (crossbar to
sender)

= =
S S
c E ¢
[<3] <]
50 E 0
o8 |73
S o ® 0o
9 c 3 <
el o 2
g5 |56
3¢ |B€
>
<o Z o

- t
O N
tl |2
i~ LN 5 -
ER
O
()
<
s 1 t
=
kel hy —
2 o |
< ey
g T Transition when
Acknowledge wins
<
)

——» Ack_ST + Ack in
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sender

A token will propagate through the ring (in figure 4.4),
unless it hits a valid request. From this moment onwards the
token will be gated by the request that is being serviced by
the token. The token will be released into the ring to service
next request, only after data has arrived at the output port,
indicated by the Req_out]. This allows early release of token
to service next request (hence reducing latency by taking
acknowledge from receiver Req out? out of path of token
release). The initiating input port will be enabled only after
the current request has been serviced Ackoutf. This
guarantees that same request is not propagated twice by two
different tokens. When starting from reset, the starter
complements MF to inject one token into the ring.
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Figure 4.4. Token ring implementation

B.  Grid element

The grid element can be subdivided into: 1) forward
path data steering circuit 2) feedback path acknowledge
steering circuit. The winning request port (Req_im| in figure
4.1) will direct the data from a requester input port to a
destination output port using the forward path data steering
circuit. Because the token ring output is fully decoded, the
data steering circuit implementation requires just 2 transistors
for each bit of data transfer to an output port. The feedback
circuit directs acknowledge from an output port to the correct
input data port. The steering of acknowledge is done by same
request that steers the forward data. The input data and
request port will be enabled on receiving Ackoutf from the
output port, indicating that the synchronous receiver has sunk
the data. By steering the completion from an output port
(using Req_im] in figure 4.1) to the selected input data port



(Ackdat)), grid element enables NULL to be driven from the
selected data converter port (figure 4.5).
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C. Output port

The output port in figure 4.6 can be subdivided into: 1)
completion detection to indicate valid data at the input of
output port C- element latch 2) interface logic to transfer data
from asynchronous to synchronous domain. The availability
of data token at the input of latch will be indicated by the
completion detection circuit. The completion detection
Req out| in an output port will trigger three concurrent
activities (figure 3.1): 1) capture data into the latch (shown as
C-element in figure 4.6, where the latch is enabled by
Req out|) 2) send request to the synchronous receiver
indicating availability of a valid data in the output port
Req rf (figure 3.1 and figure 4.6) 3) Ackout|, which in turn
causes a) Release of token to service next request (Ack st in
figure 3.1) b) enables data precharge through input port
(shown as Data| in figure 3.1). The high level of concurrency
and pulsed nature of interconnect (like GasP) makes this
implementation a very low latency design.

The acknowledge from receiver (Ackr? in figure 3.1)
will: 1) enable the transfer of data from asynchronous
crossbar output port to the synchronous receiver (enabled by
ctl in figure 4.6) 2) enable the pre-charge (NULL) data value
to be latched into the output port latch (shown as C element
in figure 4.6) 3) enable input request and data port (Ackout?
in figure 3.1).

Asynchronous to synchronous request transfer is
triggered off the completion detection in the output port
Req_out|. Like input port the request is allowed to propagate
to the output receiver if the clock (clk) is high. This
guarantees the setup of data to next rising clk edge on the
synchronous receiver flop.

V. SIMULATION RESULTS AND COMPARISION
TO NEXUS TREE ARBITRATION

The case simulated is Mode 1, 2 from section 3. The
arrival of token T[n]f at this input port will send a request
across the crossbar to the output port. To evaluate
performance of the crossbar presented in this paper the
circuits are implemented using TSMC’s 180nm technology.
All the simulations are done at three voltages 1.5V, 1.8V,
2.1V, 25°C and TT corner using Cadence® tools. All the side
loadings and topology sizes are carefully incorporated into
simulations to increase their accuracy.

To achieve realistic timing, the gates on critical path are
layed out. The simulation setups included extracted
capacitance and resistance for these gates. The layout of
gates is also used to calculate dimensions of input port,
output port and the length of interconnect. The wire
(interconnect) capacitance is calculated based on minimum
width fully shielded wires. The per unit wire capacitance is
obtained from TSMC technology file.

The graph in figure 5.1 shows the delay through the tree
arbitration circuit as a horizontal line. Same graph also shows



the total delay through a token ring for various hops. For the
token ring latency calculations, an 8 entry token ring is
simulated at 1.8V, 25°C and TT corner. This gives a
comparison point against 8 entry arbitration tree from [4].
From figure 5.1, for hop distance of 2.5 (average for ring
with 4 places), token ring gives better arbitration latency
(300ps) compared to the tree arbitration (455ps). Latency of
the tree arbitration in figure 5.1 is calculated under best case
assumptions. Accordingly, any delay associated with the
loading buffers or feedback path in [4] is assumed to be zero.
For tree arbitration, the delay associated with the buffers to
drive high fan-out nets will be significant as the number of
crossbar ports increase.

Table 5.1 shows latency scaling of the crossbar as the
voltage is scaled for different modes of operation. This table
also gives the latency across crossbar for mode 2 of protocol
(from section 3). From table 5.1 the latency of crossbar will
increase as the hop distance increases for lightly loaded
system. The total latency through the crossbar corresponds to
Lat_xb from equation 5.1. Grid latency (Lat_g) corresponds
to latency from input of request port to the input of output
port. The implementation in figure 4.1 (input request port)
and steering logic are associated with this latency. The
output port latency covers the latency associated with the
pulse generator circuit and output port latch.

When operating in mode 1 (from section 3), the total
forward latency of crossbar is defined as:

Lat xb=Lat tr+ Lat g+ Lat op 5.1

Where:

Lat_xb: is total crossbar latency
Lat_tr: is token ring latency
Lat g: grid latency

Lat_op: is output port latency

Table 5.2 gives the gate count for token ring arbitration
vs. the tree arbitration. For this gate count each inversion
stage is considered as a gate. To get the gate count for tree
arbitration, the tree arbitrator structure in [4] is scaled for
8x8, 16x16 and 32x32 configurations. The buffers (which
will be significant part of total gate count and latency, as the
system scales) required for driving high fanout loads have
not been rolled into total gate count for tree arbitration
shown in table 5.2. The tree arbitration structure in [4] gives
the encoded value of the winning port. The decode logic will
be required at intersection of each row and column (ignored
here) will be a significant contributor to the overall gate
count and latency. To get the gate count for the token ring
arbitration the structure in figure 4.4 is scaled for 8x8, 16x16
and 32x32 configurations. The maximum fan-out for token
ring is 2. Moreover, this fan-out is to the localized gates
(next stage in token ring and feedback C element).
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Figure 5.1. Ring latencies plotted against the tree latency for

4x4 an 8x8 crossbar.

Table 5.1 Total crossbar latency at different voltages

latency(ps)

voltage(volts)| hop distance | token ring reg/str | output port total
15 0 0 675 200 875
1 170 675 200 1045

2 340 675 200 1215

3 510 675 200 1385

1.8 0 0 550 160 710
1 150 550 160 860

2 300 550 160 1010

3 450 550 160 1160

21 0 0 475 130 605
1 105 475 130 710

2 210 475 130 815

3 315 475 130 920

Table 5.2. Gate count for arbitrators with system scaling
arbitration gate count

crossbar size | token ring_] arbitration | tree arbitration
4x4 8 12
8x8 16 33
16x16 32 78
32x32 64 171

VI. CONCLUSIONS

A new low latency highly scalable crossbar design has
been proposed. The proposed design has, input ports
arbitrating for the output ports using distributed arbitration
scheme, implemented as token rings.

The scalability of a design is a function of latency,
bandwidth, area and power utilization of the design as the
system size increases. The timing analysis and SPICE
simulations, results demonstrate that under distributed (high
bandwidth) workload conditions, proposed design provides a
lower latency arbitration topology compared to contemporary
designs utilizing arbitration trees. The nice feature of
proposed design is the decrease in the crossbar latency as the
system bandwidth increases and the average hop distance
becomes smaller. This compares favorably with the tree




arbitration which has constant forward path latency
irrespective of the system bandwidth.

The gate count and area of a token ring arbiter increases
at much lower rate compared to tree arbitration as the
crossbar size increases. The token ring arbiter will have less
leakage power because of less overall device area. Moreover,
the token ring arbiter will also consume much less active
power because of significantly lower fan-out and
significantly lesser number of switching nodes.
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