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Abstract
This paper presents several new asynchronous FIFO de-

signs. While most existing FIFO’s trade higher throughput
for higher latency, our goal is to achieve very low latency
while maintaining good throughput. The designs are imple-
mented as circular arrays of cells connected to common data
buses. Data items are not moved around the array once they
are enqueued. Each cell’s input and output behavior is dic-
tated by the flow of two tokens around the ring: one that
allows enqueuing data and one that allows dequeuing data.
Two novel protocols are introduced with various degrees of
parallelism, as well as four different implementations. The
best simulation results, in 0.6µ, have a latency of 1.73ns
and throughput of 454 MegaOperations/second for a 4–place
FIFO.

1 Introduction

This paper presents several novel designs for asynchronous
FIFO’s. The designs are built using token passing rings of
identical components. The goal is to achieve very low latency,
while still maintaining good throughput.

Most existing FIFO’s trade higher throughput for higher
latency. However, there exist applications where low latency
of a data item (delay from input to output in an empty FIFO)
is desired. Such FIFO’s are used, for example, to interface
systems that operate at different speeds, so an asynchronous
solution is a natural choice.

There are several existing FIFO designs that target low la-
tency. Some of these use circular buffers with centralized
control, while others attempt to modify existing throughput–
oriented pipelines to shorten critical paths. A final group of
designs uses some form of token–passing techniques and dis-
tributed control. Compared to our designs, those in the first
two categories suffer from significant overhead in area and
delay, while those in the latter category impose greater re-
strictions on concurrency or have longer critical paths.

∗This research was funded by NSF Award No. CCR-97-34803.

Our new FIFO’s are implemented using circular structures
of identical blocks, called cells. Each cell communicates with
the environment on common data buses. The input and output
behavior of a cell is dictated by the flow of two tokens around
the ring: one that allows enqueuing of data and one that al-
lows dequeuing of data. Data items are not moved around
the ring once they are enqueued. Since data is not moved,
low latency can be obtained: once a data item is input, it is
immediately available for output.

In particular, we present two FIFO protocols, with varying
degrees of parallelism, as well as four different implementa-
tions. The implementations are synthesized using a variety
of circuit styles (handshake circuits, Petri Nets, burst–mode,
manual) and decompositions.

Detailed HSpice results are also included for each imple-
mentation, to evaluate both latency and throughput. A variety
of simulation experiments were performed, with varied FIFO
capacity (4- to 16–cell FIFO’s) and speed of the environment.
The results are quite promising, both in terms of latency and
throughput. These results indicate that, even for larger ca-
pacity, our bus–based circular FIFO’s maintain competitive
throughput rates and while allowing very low latency.
Related Work. There are numerous asynchronous FIFO de-
signs presented in the literature. These can be classified them
into two broad categories.

Most FIFO designs are targeted tohigh throughput.
They can be built from asynchronous pipelines (calledmi-
cropipelines[1]) by removing the stage logic. Recently, a
number of optimizations have been proposed [11, 12, 13].
These differ from our designs in two respects: they often have
quitepoor latency(proportional to the length of the queue),
and they requiredata movement(which can result in large
power consumption). All of these designs have distributed
control.

A second class of FIFO designs is targeted toimproving
latency(the time from enqueuing to dequeuing one data item
in an empty FIFO). One technique is to use variants of ex-
isting flow–through FIFO’s, structurally modified such that
the datapaths are shortened. An approach in [5] decreases
the latency by reducing the number of stages a data item has

1



to travel from input to output (parallel FIFO, tree FIFO and
square FIFO). A second approach in [5] is to forward a data
item whenever cells in front of it are empty (folded FIFO).
In all of these designs, unlike ours, data items are moved.
Furthermore, in the first approach, the latency (in terms of
number of traversed stages) is still proportional to the num-
ber of FIFO stages; in the latter, while the latency is only two
stages, these are fairly complex and the critical path includes
an arbiter.

Another common technique for low latency, adapted from
the synchronous world, is to use acircular buffer. Two such
designs, by Sutherland [1, 14] and Yakovlev et. al. [15], use
centralized control. They do not move data; instead, they use
counters to keep track of the current storage locations. Unlike
ours, these designs suffer from significant complexity, which
results in increased delay and area overhead.

Closer to our own work, several designs have been pro-
posed for circular buffer withdistributed controlusingtoken
passing[16, 19, 18]. Unlike our design, several of these do
not allow overlapped writes and reads to the same cell, and
thus suffer from increased latency through an unloaded FIFO.
In addition, besides concurrency limitations, these designs
present latency penalties due to increased datapath length [16]
or slow control logic [19] (local control logic is influenced by
the state of the current cell as well as the states of the adjacent
cells and global FULL/EMPTY signals).

Finally, in a design very similar to ours, Yi [17] has pro-
posed a “Word–Slice FIFO”, which uses a circular array of
cells, common data buses and token passing. However, there
are some notable differences. First, the throughput on the
get interface is significantly worse: in addition to the com-
mon completion trees and bus broadcasting, his critical path
includes 10 gates (3 C–elements, 4 AND’s, 1 OR and 2 in-
verters), while ours includes at most 6 gates (2 C–elements,
1 AOI, 2 inverters and a register read matched delay). Fur-
thermore, while the control latency (in logic gates) is roughly
the same for both designs, he has noticeably tighter bundling
constraints on the get interface. In an empty FIFO, with a
pending get request, our design already enables the read port
of the cell using anearly read enable.In contrast, his design
enables the read port only after the new data is safely latched,
using alate read enable. As a result, due to this late broad-
cast of the data item, there is less time to meet the bundling
requirements. This effect is only exacerbated as the FIFO size
increases. Finally, there are some differences in protocol (ac-
tive vs. passive ports, behavior when the FIFO is full) and in
cell interface (he exports of the data validity).

There are also somewhat related designs which are not
general–purpose FIFO’s. Yantchev & al. [6] present a low-
latencyFIFO buffer for network interfaces. Unlike our de-
sign, the buffer’s behavior is restricted to writingk data items
and then reading them, in strict alternation.

The idea of token passing has been used successfully in

other asynchronous applications. Our token passing approach
has similarities to work by both Martin [2] (the permission
token only moves when needed) and Ebergen [4] (there is no
explicit counter–flowing requests for tokens).
Paper Overview.The paper is structured as follows. Section
2 describes a base protocol for a FIFO cell, and Section 3 de-
scribes three different implementations of the base protocol.
Section 4 introduces an optimized variant of the base protocol
which offers greater parallelism, and also describes an imple-
mentation. Finally, HSpice simulation results are presented
in Section 5.

2 Base Protocol

This section describes the architecture of the FIFO and dis-
cusses the base protocol of each of its cells. The base protocol
is used as a template for each design in the paper.

2.1 FIFO Architecture

The FIFO has two interfaces to the environment: aput in-
terface for enqueuing data and aget interface for dequeuing
data. A top level block diagram of the FIFO is presented in
Fig. 1. The queue can perform concurrent enqueuing and de-
queuing of the data.

FIFOget

put

Figure 1: FIFO’s interface to the environment

In all the designs, theput andgetchannels are passive (i.e.
the environment initiates the enqueuing and dequeuing of the
data). Throughout the paper, the passive channels are indi-
cated with hollow circles and the active channels with filled
circles. However, all designs can be modified to have any
combination of passive/active interfaces on the two channels
with little effort. The port activity type does not change the
base protocol.

At the architectural level, ann–place FIFO consists of a
circular array ofn identical cells and a special cell called
Starter. Each cell can store one data item, and it commu-
nicates with the environment and with the two neighboring
cells (Fig. 2).

Communication with the environment is performed on
common global buses. There are two buses: a “put” bus
(the environment enqueues some data item, corresponds to
the globalput interface) and a “get” bus (the environment
dequeues some data item, corresponds to the globalget inter-
face).

At any time, after startup, there are two tokens in the array:
a PUT token and a GET token. The cell that has the put token
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Figure 2: FIFO’s internal architecture

forever { FIFO≡
ObtainPutToken *[[ right;
EnqueueData [put −→ put?x];
PassPutToken [left −→ left];
ObtainGetToken right;
DequeueData [get −→ get!x];
PassGetToken} [left −→ left] ]];

(a) (b)

Figure 3: Cell’s base protocol

(tail of the queue) has the permission to enqueue the data item
from theput bus, and the cell that has the GET token (head
of the queue) has the permission dequeue its data item onto
the get bus. The tokens always flow in a counterclockwise
direction. The PUT token isalwaysahead of the GET token.
This requirement corresponds to normal FIFO behavior: a
cell must first enqueue data before dequeuing it.

TheStarteris a special cell used at startup to inject the two
tokens into the ring. Initially, the ring is empty and the starter
has both tokens. When requested, it will put the two tokens in
circulation: first the PUT token and then the GET token. After
that, it will simply pass the tokens from one adjacent cell to
the other, performing no other actions.

2.2 Cell: Base Protocol

Informally, the protocol of each cell can be described by the
simple program in Fig. 3(a). The cell’s behavior is the fol-
lowing. It first requests the PUT token from right. Once it
obtains it, it enqueues data when the environment provides it
and passes the token to the left. Next it requests the GET to-
ken and, when received, dequeues data when the environment
requests it and passes the token to the left. The whole cycle
starts again by requesting the PUT token from right.

This behavior guarantees:

• correct sequencing: since both PUT and GET tokens
have first been used by the right cell and then passed
to the left neighbor, it follows that the right cell will en-
queue data before the left one and it will dequeue data
before the left one.
• no deadlock: the tokens will freely flow around the ring,

because each cell passes tokens to the left once they have

been used for a data operation.

The dynamic behavior of a FIFO is illustrated in Fig. 4.
The figure presents the initial state of the queue and the re-
sulting states after put and get operations. The PUT and GET

tokens are indicated with a star next to the interfaces to the
put andgetbuses, respectively.
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Figure 4: Dynamic behavior of the FIFO

There are two special cases in the FIFO’s behavior:

• FIFO empty: In this case, the environment can still
safely make agetrequest. PUT and GET are in adjacent
cells (left and right, respectively). The PUT cell is cur-
rently not receiving new data. The GET cell tries to pass
the GET token to left, but it is blocked. It will remain
blocked until the PUT cell has completely enqueued data
and passed the PUT token.
• FIFO full: In this case, the environment can still safely

make aput request. GET and PUT are in adjacent cells
(left and right, respectively; the reverse of the previous
case). The GET cell is currently not dequeuing stored
data. The PUT cell tries to pass the PUT token to the
left, but it is blocked. It will remain blocked until the
GET cell has completely dequeued data and passed the
GET token.

2.3 Cell: Handshake Behavior

We now concentrate on the detailed handshake behavior of
each cell. We first discuss the cell’s interfaces and then give
a CSP [3] specification of the cell’s behavior.

The interface of each cell consists of four channels. Two
channels are used to communicate with the environment:put
(passive, used to receive data from the environment) andget
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(passive, used to output data to the environment). The other
two are used to communicate with the adjacent cells:right
(active, used to receive the tokens) andleft (passive, used to
pass the tokens)

The flow of the two tokens is multiplexed ontosinglechan-
nels. Theright channel is used first to receive the PUT token
and then the GET token. Similarly, the tokens are passed on
the left channel in the same order. The strict sequence and
separation of enqueuing and dequeuing of data guarantees the
safe multiplexing of token passing.

The behavior of each cell can is described in a CSP-like
syntax, as shown in Fig. 3(b). The CSP program is interpreted
as follows. The cell first completes a full handshake on the
right channel. The cell then checks theput channel for data,
using the probe construct [3] (a probe is a boolean function
on a channel that is true when there is a pending communica-
tion; the start of the communication may have occurred at any
point before the probe is checked). When a pending commu-
nication is detected, the cell completes a full handshake on
put and then checks the left channel for a pending request.
When a request is detected, the cell completes the full hand-
shake on the left channel. This behavior repeats again, with
the communication with the environment on thegetchannel.

The CSP specification leaves some choices for the hand-
shake type and data encoding. In all the designs presented in
this paper, we have used 4–phase handshaking for channels,
bundled data for data channels and a broad protocol for data
validity [8]. The handshake expansion of the above program
helps us trace the observable activity (the handshake events)
on the cell’s channels:

∗[ right req ↑; [right ack]; right req ↓; [¬right ack];
[put req]; put ack ↑; [¬put req]; put ack ↓;
[left req]; left ack ↑; [¬left req]; left ack ↓;
right req ↑; [¬right ack]; right req ↓; [¬right ack];
[get req]; get ack ↑; [¬get req]; get ack ↓;
[left req]; left ack ↑; [¬left req]; left ack ↓]

The Starter has a different behavior and its own unique
specification. The interface of theStartercell consists of two
channels, both used to communicated with the adjacent cells:
left (passive, used to pass the tokens) andright (active, used
to request the tokens). Its behavior is described by a CSP
program:

STARTER≡
[left −→ left];
[left −→ left];
*[ left −→ right; left]

The starter’s behavior is as follows. For the first two re-
quests on its left channel, theStartersimply completes the
handshake on those channels, corresponding to placing of the
two tokens into circulation. TheStarter then enters an infi-
nite loop in which, for each request on its left channel, it per-
forms a handshake on the right channel and then completes

the handshake on the left. This operation corresponds to pass-
ing a token from the right cell to the left cell.

The observable events on the starter’s interface are given
by the following handshake expansion:

[left req]; left ack ↑; [¬left req]; left ack ↓;
[left req]; left ack ↑; [¬left req]; left ack ↓;
∗[[left req];
right req ↑; [right ack]; right req ↓; [¬right ack];
left ack ↑; [¬left ack]; left ack ↓]

3 Base Protocol Implementation

This section presents three distinct implementations of the
base protocol. The first one uses handshake circuits [7, 8],
the second is synthesized from Petri Nets [9], and the third
one uses communicating burst–mode machines [10, 20]. The
next section will discuss a more optimized protocol and a cor-
responding implementation.

3.1 Handshake Circuits

The base protocol can be implemented using handshake cir-
cuits [7, 8]. We present both a Tangram program specifica-
tion, and a corresponding handshake decomposition. Finally,
the reader is referred to [8] for details regarding the imple-
mentation of the handshake components.

The Tangram programs for both the FIFO cell and the
Starterare given below:

proc cell (put?T & get!T & right & left)
begin

x : T
| forever do

right; put?x; left;
right; get!x; left;

od end

proc starter (left & right)
begin
| left;

left;
forever do right; left od

end

The program for the FIFO cell executes an infinite loop. It
first performs a communication on the right channel, then in-
puts a data item (of typeT ) into internal variablex, and then
performs a left communication. This corresponds to the PUT

part of the program. The GET part is similar: communication
on the right channel, data output from variablex and commu-
nication on the left channel.
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The Starter program initially performs two communica-
tions on the left channel and then enters an infinite loop. The
loop consists of two communications: a right one followed
by a left one1.

A handshake circuit for FIFO cell is given in Fig. 5. This

#

;

;

MUX

REG

;;

;

MUX
left

get

right

put

s1

s2

m1

s3

t1 p1

s4

s5

m2

p2

p3

r1

r w

t2

Figure 5: Cell’s implementation with handshake circuits

circuit was manually derived from the Tangram program. The
topmost component (r1 – “repeater”) repeats communication
forever with the two–way sequencer s1 (a component that, for
each handshake on the passive port, sequences handshakes in
turn on its two active ports).

The two handshake calls of s1 (first to s2 and then to s4)
correspond to the two parts of the program: first enqueuing
data and then dequeuing data. Each part consists of a se-
quence of three handshakes. For the PUT part, s2 first per-
forms a handshake on the right channel through the MUX
m1 (also known as call module; a communication on one of
the passive channels determines a communication on the only
active channel); it thus obtains the token, and then it calls s3.
This sequencer, in turn, first synchronizes with theput chan-
nel through the passivator p1 (a component that synchronizes
communications on its passive ports) and then transfers data
to the register through the t1 transferer, thus effectively en-
queuing data. It then passes the token by synchronizing with
the left channel through the MUX m2 and passivator p3. To
end the put cycle, s3 completes the handshake with s2, which,
in turn, completes the handshake with s1.

The second handshake on s1 activates a GET, which is very
similar, but the communication with the environment is per-
formed on thegetchannel by transfering data from the regis-
ter.

Interestingly, the behavior of each FIFO cell resembles the
behavior of a one–place wagging register [7], a special form
of shift register in which input and output operations strictly

1Since Tangram lacks the probe construct of CSP, we first initiate a right
communication and then synchronize on the left channel. The role of the
starter remains exactly the same, but the observable interface activity changes
a bit.

alternate. In fact, the implementation contains a wagging reg-
ister (dashed box). One complete cycle of this register con-
sists of a put followed by a get (in contrast, the original wag-
ging register of [7] first outputs data, then inputs data). The
rest of the logic is used to control these data operations, syn-
chronizing them with receipt of the appropriate token.

TheREGhandshake component is a storage element, im-
plemented using latches [8] with tri–state outputs. It has two
passive ports:w andr (writing data/reading data). The data
inputs to thew port are taken from theput channel and the
data outputs from ther port are placed on theget channel.
This implementation of the register will be used throughout
this paper.

The Starter can be similarly decomposed, as shown in
Fig. 6. Its behavior is as follows. Upon startup, it sequences

MUX
left

;

;

#

; right

s1

s2

m1 r1

s3

p1

Figure 6: Starter’s implementation with handshake circuits

two calls from s1: a call to MUX m1 to synchronize on the
left channel and another one to sequencer s2. This latter one
first performs a synchronization on the left channel through
MUX m1 and then calls repeater r1. This cell henceforth re-
peatedly calls sequencer s3, which first performs a right com-
munication and then a left one through the MUX. Repeater r1
never acknowledges s2.

The actual implementation of each handshake component
can be found in [7] and [8]. We have chosen the compo-
nents’ implementations such that the observable behavior at
the interface is the same as the one given by the handshake
expansions of the previous section.

3.2 Petri Nets

The behavior of a FIFO cell and of aStartercan also be de-
scribed using Petri Net specifications (not shown here due
to space limitations). The specifications closely follow the
handshake expansions of Section 2.3. Only the implicit con-
currency of the probe construct in the CSP specifications has
to be carefully modeled. The specifications were synthesized
with Petrify [9] into monolithic circuits (as opposed to net-
works of communicating controllers).

5



3.3 Burst–Mode Decomposition

The final implementation of the base protocol is described
using burst–mode (BM) machines [10]. We cannot derive a
single monolithic burst–mode specification for the cell behav-
ior due to the concurrent activity on theput andgetchannels.
Instead, we decompose the cell into several interacting ma-
chines.

The decomposition for the FIFO cell is given in Fig. 7. It
consists of two core BM machines, a datapath component (the
register) and two SI C–elements (implementingPut andGet
Controllers2). Each component has the following role:

left pass

(TD)

Left

Controller

(LC)

right

put get

gtokptok

Put

Controller

(PC)

Reg
Get

Controller

(GC)

Token distributor

Figure 7: BM decomposition for a FIFO cell

• Token Distributor (TD): This is the core controller of the
decomposition. It has two functions: to perform hand-
shaking on the right channel (receive the token) and to
alternately enable thePut ControllerandGet Controller.
Once the appropriate data operation is complete,(TD)
passes the token to the left cell by synchronizing with
theLeft Controller.
• Put/Get Controllers (PC/GC): These machines handle

the handshaking on theput/get channels. They are en-
abled both by requests on the corresponding bus chan-
nels and by tokens received from(TD) (the PUT token
on theptokchannel and the GET token on thegtokchan-
nel). They also control the writing and reading of the
data register.
• Left Controller (LC): This machine performs handshak-

ing on theleft port. It is enabled when it receives a re-
quest from the left cell and when(TD) tries to pass the
token.

The behavior of the interacting machines is as follows.(TD)
first completes a communication on the right channel, then
distributes the token to eitherptokor gtokchannels (ptokfirst,
gtoknext) to enable the appropriate data operation. Once the
data operation is completed, it then passes the token to the
left on thepasschannel.

When enabled,(PC) will synchronize and complete the
four–phase handshaking on theput channel and on theptok

2We will shortly show that these can actually be regarded as valid BM
machines.

channel, and also controls the register to enable data latching.
TheGet Controllerworks similarly, but it enables the register
to output data.

The BM specifications for(PC) and (GC) are given in
Fig. 8. These specifications assume the cell has the appro-
priate PUT/GET token. However, usually a cell does not have
the appropriate token. In this case, it will simply observe the
changes onput req (or get req) without producing any out-
put.

The BM specification for(LC) is given in Fig. 9 and the
BM specification for(TD) is given in Fig. 10.

put_ack+ ptok_a+

put_req+ ptok_r+/ get_req+ gtok_r+/

get_ack+ gtok_a+get_ack- gtok_a-

get_req- gtok_r-/put_req- ptok_r-/

put_ack- ptok_a-

Get ControllerPut Controller

Figure 8: BM specs for Put and Get controllers

left_ack- pass_a-

left_req- pass_r-/ left_req+ pass_r+/

left_ack+ pass_a+

Figure 9: BM specification for the Left Controller

right_ack+/
right_req-

right_ack-/

ptok_a+/
ptok_r-

ptok_a-/

pass_a+/
pass_r-

pass_a-/right_req+

right_ack+/
right_req-

right_ack-/
gtok_r+

gtok_a+/
gtok_r-

gtok_a-/
pass_r+

pass_a+/
pass_r-

pass_a-/right_req+

ptok_r+

pass_r+

Figure 10: BM specification for the Token Distributor

The specifications for(PC), (GC) and (LC) can be im-
plemented as C-elements. For(PC) once theinput burst(a
concurrent change in the inputs that determine output and/or
state changes [10])put req+ ptok r+ arrives, the controller
responds by acknowledging on both channels in theoutput
burst(a concurrent change in the outputs caused by the input
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burst). Symmetrically, the input burstput req- ptokr- causes
the end of the handshakes by lowering the acknowledges on
both channels.3

The specification for(TD) is more complex. The circuit
starts with a full handshake on the right channel, followed by
a full handshake on theptokchannel. Once the handshake is
complete, it executes a full handshake on thepasschannel.
Similar handshaking is used to handle thegtokchannel.

The register is controlled by(PC) and(GC). Theput ack
output of (PC) is fed to the write enable port ofREG. The
resultingwrite acknowledgesignal is used as an acknowledg-
ment on theput channel. Similarly,get ack from (GC) is
used as read enable for the register, and theread acknowledge
is used as an acknowledgment for thegetchannel.

Finally, the BM specification for theStarteris straightfor-
ward (Fig. 11). All BM machines were synthesized using the

left_req+/
left_ack+

left_req-/
left_ack-

left_req+/
left_ack+

left_req-/left_ack-

right_ack+/
left_ack+

left_req-/
right_req-

right_ack-/left_ack-

left_req+/
right_req+

Figure 11: BM specification for theStarter

MINIMALIST [20, 21] CAD package.

4 Optimized Protocol

In the previous two sections we have discussed the base proto-
col and its implementation. In this section, we concentrate on
ways to improve the performance of our FIFO, both in terms
of latency and throughput. Increased performance is obtained
by allowing more concurrency both at the program level (par-
allelizing operations) and the architectural level (overlapping
return-to-zero phases with active phases).

4.1 High–Level Protocol

The high–level optimized protocol is given by a Petri Net in
Fig. 12. There are two types of parallelization. The first one

3Interestingly, the BM specs of Fig. 8 can be shown to be complete and
valid specifications of the desired controller’s behavior, regardless of whether
the cell has a token. In a BM specification, if a proper subset of the input burst
is received, any BM implementation must be hazard–free, and the circuit will
not have any state/output change. This partial input burst may therefore be
asserted and deasserted in turn, arbitrarily, under fundamental mode timing
assumptions, and the implementation will be guaranteed to behave correctly.
Therefore, any BM implementations synthesized from the above specifica-
tions will have the desired behavior.

Obtain Put Token

Dequeue Data

Obtain Get Token

Pass Put TokenEnqueue Data

Pass Get Token

to
 th

e 
le

ft
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el
l

fr
om

 th
e 

ri
gh

t c
el

l

Figure 12: The optimized protocol

allows a data operation and the subsequent passing of a token
to be overlapped, the token passing operation starting after
the data operation starts (the dotted boxes in the figure in-
dicate that token passing starts only after the data operation
begins, but then they are concurrent). The second paralleliza-
tion allows the concurrency between dequeuing of data and
obtaining the PUT token, and the concurrency between en-
queuing data and obtaining the GET token.

The newly introduced concurrency has two effects:

• higher throughput: the number of critical actions per-
formed for a data operation is decreased from 3 to 2: ob-
tain token, then do data processing; the resulting token
passing is performed in parallel with data processing.
• lower latency: the number of critical actions between

enqueuing and dequeuing decreases from 2 to at most 1.
If ObtainGetTokenis fast and is complete by the end of
enqueuing data, the cell can begin dequeuing data im-
mediately. Otherwise it waits until the GET token is ob-
tained.

The new protocol changes the interface of each cell. There
are still two channels communicating with the environment;
however, there can no longer be only one channel each on
the left and right interfaces. Since obtaining the PUT and
GET tokens can be performed in parallel, the actions cannot
be multiplexed on singleright or left channels. The new de-
sign therefore has two channels on both the left and the right
interfaces.

4.2 Cell’s Architecture

A block diagram of the cell’s architecture is given in Fig. 13.
The cell is decomposed into several blocks.ObtainPutTo-
ken (OPT)andObtainGetToken (OGT)obtain the respective
tokens from the right interface,PutController (PC)andGet-
Controller (GC)perform handshaking on the respectiveput
andgetchannels and also pass the respective token to the left

7
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Figure 13: Cell Decomposition (optimized protocol)

cell, andDataValid (DV) indicates when theREGhas valid
data (after enqueuing) and when not (after dequeuing).

(PC) is enabled when three conditions have all occurred:
the cell has the PUT token, there is a request from the envi-
ronment on theput channel to enqueue data, and data in the
cell is not valid (i.e. what was previously there has been de-
queued). Once(PC) is enabled, it latches data in theREG
by assertingwe, communicates to(DV) that data is valid, and
starts sending the PUT token to the left cell and a put acknowl-
edgment to the environment. At the end of the handshake on
put, (PC)makes the latches opaque, finishes sending the PUT

token to the left, and tells(OPT) to request the PUT for the
next put operation.

(GC) is similarly enabled by three conditions: the presence
of the GET token, a request from the environment on theget
channel, and data validity (i.e. a data item was enqueued).
When(GC) is enabled, it outputs data from theREGonto the
get bus by assertingre and starts sending the GET token to
the left. The register will acknowledge to the environment
when data is output. At the end of theget handshake,(GC)
tells (DV) that data is invalid, finishes sending the GET token
to the left, makes the latches opaque and tells(OGT)to obtain
the next GET token from the right.

There are two points worth mentioning here:

• newly–enqueued data is marked validas soon asthe ac-
tive phase of enqueuing is over, which means that the
active phase of dequeuing can be overlapped with the
return to zero of enqueuing;
• newly–dequeued data is marked invalid only at theend

of the dequeuing return to zero. This prevents the cell
from overwriting its data while the contents of theREG
are being output.

The new cell specification has been formally veri-
fied to implement a FIFO. Using a trace theory verifier,
AVER [14], it was shown that the composition of three cells is

conformation–equivalentto a FIFO of capacity three: a col-
lection of three cells can be used in lieu of a 3–place FIFO
and will have the same observable behavior. The verification
can easily be repeated for any number of cells.

4.3 Cell’s Implementation

The actual implementation of a cell (Fig. 14) consists of sev-
eral BM machines synthesized using MINIMALIST (imple-
menting(OPT), (OGT)) [20], a machine ((DV)) synthesized
using Petrify [9], and some small hand–designed compo-
nents. Note that the left and right interfaces consist of sin-
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+

+

REG

we

re

va
li

d

ra

ptok

gtok

+C

put_req put_data put_ack

get_dataget_reqget_ack

(DV)

(OGT)

(OPT)

re1

we1

wr wa
ra rr

Figure 14: Cell implementation (optimized protocol)

gle wires and not of channels. This optimization makes our
implementation non–SI, but it increases its speed.

The BM specifications for(OPT)and(OGT)are shown in
Fig. 15. The STG specification for(DV) is shown in Fig. 16.

we1+/

we1-/
ptok+

we+/
ptok-

we-/

gtok+
gtok-

Obtain Put Token Obtain Get Token

re1+/

re1-/

re+/

re-/

Figure 15: BM specifications for(OPT)and(OGT)

The three controllers work as follows.(OPT)will enable
(PC) by raisingptokas soon as the cell on the right has fin-
ished setting and then resettingwe1which is thewrite enable
signal from the right cell (i.e. once the right cell has latched
its data, the current cell is enabled for the put operation). This
pulse onwe1therefore indicates a completed token passing.
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Figure 16: STG specification for(DV)

(OPT)will deassertptokwhen the current cell starts to latch
new data (we is high).

(OGT) is very similar; it is controlled by theread enable
signals from the right cell (re1) and the current cell (re). The
(DV) controller has two inputs, and an output which indicates
when data is valid. This output (calledvalid) is asserted when
we (write enable) is asserted, and the output is deasserted
whenre is deasserted (after being previously asserted).

Both (PC)and(GC)are implemented with asymmetric C–
elements: the outputweof (PC)becomes 1 when every input
is 1, but is reset whenput reqandptokare 0; the outputre of
(GC)will be 1 when all inputs are 1, but it will reset whenever
get req is 0.

There is one more optimization at the implementation
level. We wish to drive the outputget data bus as soon as
possible due to the increased load on it. For this, we enable
writing to the bus (i.e. enabling a read ofREG) as soon as
a cell has the GET token, even if noget req has been issued!
The acknowledgementra from the register is then used to en-
able(GC). This is the reason why(GC) is implemented with
an asymmetric C-element (otherwise deadlock might occur).

For this design we do not need an explicitStarter. We can
simply modify a typical cell’s implementation (Fig. 14) to
initially contain both tokens. To do so, we add reset logic to
initialize ptok, gtokand the internal state variables for(OPT)
and(OGT)to one.

4.4 Timing Constraints

The above implementation of the FIFO cell is not speed–
independent: there are two types of timing constraints that
have to be met to make the implementation work correctly.
The first category of timing constraints contains thefunda-
mental modetiming constraints for the(OPT) and (OGT)
burst–mode machines: the next input must arrive only after
the circuit is stable. Similarly,(DV) is not QDI or SI be-
cause it was synthesized with the.slowenv Petrify option,
which modelsfundamental modeconstraints. These timing
constraints are very easily met. Increasing the number of cells
does not affect the timing constraints since they are localized
in the controllers that communicate only with the adjacent

cells.
The circuit also presents apulse–widthtiming constraint on

we. The pulse width ofwehigh must be greater than the time
for machine(DV) to process thewe high input. The timing
constraint, expressed in terms of critical paths, is:

δwe↑→valid↑ fedback < δwe↑→put ack↑→put req↓→we↓

The constraint is easily met since the longer delay involves a
path through the environment, as well as a reasonably long in-
ternal cell path (several gates). In fact, as the number of FIFO
cells increases, it is easier to meet this constraint because the
path through the environment becomes longer.

The non–SI cell implementation can be formally verified
for conformance to the cell specification using either the
Firemaps [22] or ATACS [23] tools. The former tool is not
publicly available; the later one required time bounds on the
paths through the logic and neither of the authors were pro-
ficient in using it. Instead, we have verified conformance
by changing the cell specification and using trace theory
(AVER). The timing constraints are modeled as constraints
on the environment: the environment is observing the inter-
nal signals in the implementation and is producing an event
only after the trace corresponding to the shortest path in the
timing constraint has occurred.

All BM controllers were synthesized using MINIMAL-
IST [20], and the(DV) controller was synthesized using Pet-
rify [9].

5 Results

In order to evaluate the performance of the various FIFO de-
signs presented in this paper, the circuits were simulated in at
3.3V and 300K in 0.6µ HP CMOS technology using HSpice
( c© Avant! Corporation).

We performed four sets of experiments. Two sets were
conducted on FIFO’s of capacity 4 and two sets on FIFO’s
of capacity 16. All FIFO’s had data of width 8. Since the
delays through the environment are critical for the cycle time,
we have also explored two distinct assumptions about the en-
vironment: for each FIFO length, we consider both a “slow”
and a “fast” path through the environment. The “slow” path
has 3 inverters, roughly corresponding to latching of data and
placing a new data item on the data input buses. For the “fast”
path through the environment we have only one inverter. This
is probably an unrealistic path. However, we wanted to test
the maximum performance of our circuits assuming an ideal
environment.

Special care has been taken to make the simulations re-
alistic. We have used the following models for each global
signal:

• put req; get req; put data: For the 16–place FIFO ap-
propriate buffering is used for each of these signals to
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drive the capacitance of all cells. For the 4–place FIFO,
buffering is not needed because, for each design, the
load of each signal is only two transistors per cell.4

• put ack; getack: An explicit tree of OR gates is used to
merge the individual acknowledges from each cell into a
global acknowledge to the environment.
• get data: Modeling of this global data bus requires spe-

cial attention. The bus is driven by tri–state buffers.
Therefore, both the load contributed by the environment
and by the long wires must be modeled. We have as-
sumed that the load provided by the environment is 2
inverters (roughly corresponding to a latch). Since these
are pre-layout simulations, we do not know the length of
data wires, so we have simply assumed a wire capaci-
tance of 2 inverters per cell.

Two metrics have been simulated for each design:latency
andthroughput. Latency is the delay from the input of a data
item to its presence at the output (i.e. fromput req ↑ to
get ack ↑) in an otherwise empty FIFO. Throughput is de-
fined as the inverse of the cycle time for a get (put) operation.

The results for latency are presented in Table 1. The exper-
iments are labeled: E4F/E4S (4–place FIFO with fast/slow
environment) and E16F/E16E (16–place FIFO with fast/slow
environment). The best latency (1.73ns) was obtained for the

Latency Base Opt.
(ns) Hndsh Petri BM

Circ Net

E4S 13.76 12.54 7.94 1.73
E4F 13.75 12.54 7.81 1.73
E16S 14.32 13.01 8.52 2.30
E16F 14.13 12.90 8.41 2.29

Table 1: The latency of the FIFO designs

4–place FIFO, under the optimized protocol. However, for
the 16–place FIFO a good latency was still obtained (˜2.3ns).

The results are consistent with our earlier analysis of la-
tency at program level. The better results for the optimization
are mostly due to allowing overlap between the active phases
of put andget operations in thesamecell. Also, as is ex-
pected, the latency decreases when the capacity of the FIFO
is increased. This is due to the introduction of broadcasting
and the increased depth of the acknowledgment tree.

The throughput (in MegaOps/sec) for each design is pre-
sented in Table 2. The best throughtput is obtained with the
4–place FIFO with a fast environment (454 MegaOps/sec).
For a 16–place FIFO, the results are still good (˜350
MegaOps/sec).

As expected, it is observed that the throughput decreases
as the FIFO capacity increases. Also, a slow environment is
seen to slow down the FIFO’s. However, for the base case,

4The only exception is the implementation of the Base Protocol with Petri
Nets.

Throughput Base Opt.
(MegaOps/ Hndsh Petri BM

sec) Circ Net

E4S put 185 200 200 404
get 161 208 172 427

E4F put 185 200 204 423
get 162 216 175 454

E16S put 175 190 191 335
get 161 196 164 348

E16F put 179 195 192 359
get 162 202 167 367

Table 2: The throughput of the FIFO designs

using handshake circuits and Petri Nets implementations, the
internal paths are longer than those through the environment
for all experiments, so for the above experiments the through-
put decrease due to slow environment is not observable.

In general, the table indicates that the throughput ofput
is generally larger than that ofget: when data is output, the
loads attached to the output data wires increase the cycle time.
However, there are two exceptions. For the Base Protocol, us-
ing the Petri net implementation, the load forput req is larger
than that forget req, so the cycle time forput is longer. Also,
in the optimized protocol,early data output is allowed even
before aget request has been received, so by the time a re-
quest arrives, data is already output. Therefore, theget cycle
time is reduced.

The area for each implementation (expressed in number of
transistors) is given in Table 3 for the 4–place FIFO. In adi-
tion to the FIFO area (which includes theStarter, where ap-
propriate), we only indicate the area of the cell’s control part,
since the same register is used for every implementation. The
register uses 292 transistors, including delay matching and
buffering. Again, the design for the optimized protocol has

Area Base Opt.
Hndsh Petri BM
Circ Net

Cell cntrl 164 167 180 89
FIFO 1914 1983 1968 1545

Table 3: The area of the FIFO designs (# transistors)

the smallest area, which is expected due to the simplicity of
its controllers.

The above results indicate that the best implementation is
for the optimized protocol, which has very low latency, while
maintaining a good throughput for a bus–based design. Also,
of all the presented designs, it has the smallest area.

6 Conclusions

This paper has presented and analyzed some novel FIFO de-
signs based on the idea of token passing. The goal was very
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low latency while still maintaining high throughput. The base
protocol implementation was improved by manipulating the
parallelism at the program level and also by introducing ar-
chitectural optimizations. In particular, the design for the op-
timized protocol shows the best results with respect to both
throughput and latency.

Our designs also have potential for reduced power con-
sumption. It is well known that data immobility may help
in saving power. For example, Sparsø [24] cited immobile
operands as one key decision in his low–power design. How-
ever, for bus–based systems the relation between data im-
mobility and power consumption is not always clear. van
Berkel [7] made an argument that there is little power reduc-
tion in a data–immobile bus–based design, since broadcast-
ing may increase power consumption. However, we feel that,
overall, our bus–based designs have the potential for reduced
power consumption.
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