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Abstract
This paper presents a low–latency FIFO design that in-

terfaces subsystems on a chip working at different speeds.
First, a single-clock domain design is introduced, which is
then used as a basis for a mixed–clock version. Finally, the
design is adapted to work between subsystems with very long
interconnection delays. The designs can be made arbitrarily
robust with regard to metastability and clock frequencies.

1 Introduction
Future VLSI systems will likely be systems-on-a-chip in-
volving many clock domains. A challenging problem is
to robustly interface these domains. There have been few
adequate solutions, especially ones providing reliable low–
latency communication. The contribution of this paper is
a new low-latency, high–throughput FIFO design which ro-
bustly accommodates mixed-clock systems.

Our FIFO design mediates between two interfaces: a
senderwhich produces data items and areceiverwhich con-
sumes data items. It is implemented as a circular buffer of
identical cells, where each cell communicates with the two
systems on common data buses. The input and output be-
havior of a cell is dictated by the flow of two tokens around
the ring: one for enqueuing data and one for dequeuing data.
Data items are not moved around the ring once they are en-
queued, thus providing the opportunity for low–latency: once
a data item is enqueued, it is shortly thereafter available to be
dequeued.

We first introduce a basic single–clock FIFO design which
is loosely based on a previous asynchronous design in [4].
Then, reusing many of its components, we derive two mixed–
clock FIFO designs. These avoid expensive data synchro-
nization: only control signals are synchronized. The first
mixed–clock design is a general–purpose one, that can be
used to interface any two clock domains. The second one is
an extension to accommodate long interconnect delays. It is
adaptation to mixed–clock domains of a recent single–clock
approach using relay stations [2]. Initial simulation results
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in 0.6µ indicate that the designs can be clocked at over 500
MHz.

Related Work. A number of papers in the literature pro-
pose FIFOs and components to handle timing discrepancies
between subsystems. Some designs are limited to handling
single-clock systems. These approaches have been proposed
to handle clock skew [5, 6], drift and jitter [5], and very long
interconnect penalties [2].

Several designs have also been proposed to handle mixed–
timing domains. One category of approaches attempts to
synchronize data items and/or control signals with the re-
ceiver, without interfering with its clock ([7, 8]). In partic-
ular, Seizovic [8] robustly interfacesasynchronouswith syn-
chronous environments through a “synchronization FIFO”.
However, the latency of his design is proportional with the
number of FIFO stages, whose implementation include ex-
pensive synchronizers. Furthermore, his design requires the
sender to produce data items at a constant rate.

Other designs achieve robust interfacing of mixed–clock
systems by temporarily modifying the receiver’s clock ([3, 1,
9]). Synchronization failures are avoided by pausing ([3, 9])
or stretching ([1]) the receiver’s local clock. Each commu-
nicating synchronous system is wrapped with asynchronous
logic, which is responsible for communicating with the other
systems and for adjusting the clocks. Our approach is entirely
synchronous and does not change any of the local systems’
clocks, thus avoiding the latency penalties in restarting them.
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Figure 1: The FIFO’s interfaces

2 Single-Clock Domains
This section introduces our single–clock FIFO design. In the
next section, we modify it to handle multiple clocks.

FIFO Overview and Interface. As shown in Fig. 1, a
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Figure 2: The architecture of the FIFO

FIFO interfaces two subsystems: asenderwhich produces
data items and areceiverwhich consumes the data items.
The “put interface” consists of a data busdataput (used to
send data items), areqput input (requests to enqueue a data
item) and afull output (signals when the FIFO is full). The
“get interface” consists of a data busdataget (used to receive
a data item), areqget input (request to dequeue a data item), a
validget output (used to signal the validity of a data item) and
anempty output (indicates when the FIFO is empty). In this
design, the two clocks are identical (CLKput = CLKget =
CLK).

FIFO Protocol. The protocol with the sender is as follows.
When the sender wants to enqueue a data item, it places it on
dataput just after the positive edge ofCLK and simultane-
ously assertsreqput. If the data can be accepted (the FIFO is
not full), it will be enqueued. When the FIFO becomes full,
due to a request onreqput, thefull output will be asserted
just after thenextclock edge. At that time, any new pending
request from the sender will not be satisfied: the FIFO will
freeze the put token and the enqueuing operation, and the new
data must be maintained by the sender untilfull becomes0.

The protocol with the receiver is more complex. The re-
ceiver first issues a request (reqget = 1) just after the positive
edge ofCLK. If valid data is available, it will be placed on
dataget before the next positive clock edge, along with two
status bits (validget andempty), and latched by the receiver
on that edge.

There are four possible values ofvalidget andempty in
response to a get request. Two cases occur when valid data
is dequeued: (1)validget = 1 andempty = 0: the FIFO
dequeued valid data and is not empty; (2)validget = 1 and
empty = 1: the FIFO dequeued the last valid data item; it
freezes the get token, and any new request from the receiver
is ignored untilempty = 0. The two remaining cases oc-
cur when no valid data is available: (3)validget = 0 and
empty = 0: the FIFO returned a dummy (invalid) data item,
and is not empty; or (4)validget = 0 andempty = 1: ei-
ther (a) the FIFO returned no valid data (FIFO is empty and
stalled),or (b) it returned a dummy (invalid) data item and has
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Figure 3: The FIFO cell’s interface

become empty. Case 4(a) applies to our single-clock FIFO,
when the FIFO is completely empty and cannot process a
pending get request. Cases 3 and 4(b) will only be relevant to
our mixed-clock FIFO: in this design, both valid and invalid
(“dummy”) data items are allowed in the FIFO. The design
will be discussed further in Section 3.

FIFO Architecture. Fig. 2 shows the basic architecture of
a 4–place FIFO. A FIFO consists of a circular array of iden-
tical cells, afull detectorand anempty detector,and control
logic for the put operation and get operation. The full and
empty detectors observe the state of the FIFO and determine
whether the FIFO is full or empty. The input and output be-
havior of the FIFO is controlled by the flow of two tokens: a
put token(used to enqueue data items) and aget token(used
to dequeue data items). Once a data item is enqueued, it is
not moved until it is dequeued. Thus the FIFO provides low
latency: once a data item is input, it is almost immediately
available for output.

Theput controllerenables and disables the put operations.
If its output is asserted, the FIFO enqueues one data item and
rotates the put token to the left. If it is deasserted, the put
interface is stalled. Similarly, theget controllerenables and
disables the get operations.

Tokens move counterclockwise through the array of cells.
The cell containing the put token (tail of the queue) has per-
mission to enqueue a data item, and the cell with the get token
(head of the queue) has the permission to dequeue its data.
The get token is never ahead of the put token. Once a cell has
used a token, it will pass it to its left neighbor at the begin-



ning of the next clock cycle, after the respective operation is
completed. The token movement is controlled both by inter-
face requests as well as the state of the FIFO (full or empty),
which are combined into the global signalsenput andenget.

Cell Implementation. A block diagram of an individual
cell is shown in Fig. 3. Each cell communicates with the put
interface ondataput (to receive data),enput (the request for
the put operation from the put controller), andreqput (in-
dicates valid data enqueued).1 Similarly, it communicates
with the get interface ondataget (used to output a data item),
validi (indicating the cell contains valid data) andenget (the
control for the get operation). In addition, the single clock is
tied to bothCLKput andCLKget. Each cell receives tokens
on ptokin (put token) andgtokin (get token) from the right
cell and passes the tokens onptokout andgtokout to the left
cell. The state of the cell is communicated to the full detector
onei (asserted high when the cell is empty) and to the empty
detector onfi (asserted high when the cell is full).

A detailed implementation of a cell is shown in Fig. 4. We
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Figure 4: FIFO cell’s implementation

will first illustrate the operation of the cell by tracing aput op-
erationand then aget operation. Initially, the cell starts in an
empty state (ei = 1 andfi = 0) and without any tokens. The
cell waits to receive the put token from the right cell on the
positive edge ofCLKput, and waits for the sender to place a
valid data item on thedataput bus. A valid data item is in-
dicated to all cells byenput = 1, which is the output of the
put controller. When there is valid data, the cell does three ac-
tions: (a) it enables the registerREGto latch the data item and
also a data validity bit (which isreqput), (b) it indicates that
the cell has a valid data item (asynchronously setsfi = 1),
and (c) it enables the upper left ETDFF (enput = 1) to pass
the put token to the left cell. On the positive edge of the next
clock cycle, the data item and validity bit are finally latched

1In the single-clock scheme, only valid data is enqueued, but the mixed-
clock scheme will allow enqueuing of invalid or “dummy” data.

and the put token is passed to the left cell.
The behavior for dequeuing data is quite similar. The cell

waits to receive the get token (gtokin = 1) and waits for the
receiver to request a data item (enget = 1, the output of the
get controller). When both conditions hold, the cell performs
several actions: it (a) enables the broadcasting of the data
item on thedataget tristate bus and the broadcasting ofvi
(the latchedreqput) on thevalidi tristate bus, (b) indicates
that the cell is empty (asynchronously setsei = 1), and (c)
enables the lower left ETDFF to pass the get token. At the
beginning of the next clock cycle, the get token is then passed
to the left cell.

External Controllers. Now that we have completed the
discussion of the FIFO cells, we address the remaining com-
ponents of Fig. 2: the put and get controllers, and the empty
and full detectors.

The implementation of the put and get controllers is shown
in Fig. 5. The put controller enables and disables the put op-
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Figure 5: The control for the single–clock FIFO

eration and the movement of the put token in the FIFO: these
operations are only enabled when there is a valid data item
on dataput and the FIFO is not full. The get controller en-
ables and disables the get operation and the movement of the
get token in the FIFO: they are only enabled when there is a
request from the receiver and the FIFO is not empty. The sim-
ple AND gate implementations in Fig. 5 correspond exactly
to these conditions.

Dynamic logic implementations of the full and empty de-
tectors for a 4–place FIFO are shown in Fig. 6. The full de-
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Figure 6: The full and empty detectors’ implementation

tector outputs one when there is no empty cell in the FIFO.
The empty detector outputs one when there is no full cell in



the FIFO. In the precharge phase, bothfullp andemptyp are
asserted to one (through two inverters). In the evaluate phase,
if no cell is full (all fi = 0), thenemptyp remains one, oth-
erwise becomes zero; if no cell is empty (allei = 0), then
fullp remains one, otherwise it becomes zero. These values
are latched on the next clock edge tofull andempty, respec-
tively.

3 Mixed–Clock Domains
In this section we extend our single–clock FIFO to handle
mixed–clock domains. We wish to reuse the same FIFO cell
implementations and a similar overall architecture. However,
since the FIFO is now controlled by two different clocks, we
must introduce synchronizers and some modifications to the
external logic. Our approach can be made arbitrarily robust
in the presence of fast clocks and very different clock speeds.

Overview. Let us now give some intuition motivating the
changes needed to handle two clock domains. The previous
design will operate correctly with mixed–clock subsystems
if the two interfaces are “cooperative”. Interfaces are coop-
erative if they run at a similar pace and always maintain a
few data items of separation in the FIFO. A data item can be
safely enqueued into a cell because dequeuing takes place far
away from that cell. The global control signals are computed
quickly and remain stable.

In reality, however, the two interfaces will often not be co-
operative and the FIFO may become empty or full. This sit-
uation potentially creates synchronization problems. For ex-
ample, suppose the FIFO is full. The receiver may grab a data
item making the FIFO not fulljust whenthe sender is reading
the FIFO’s state as full and is clocking thefull signal. In-
terestingly, the only problem is for the sender to see aclean
full signal (i.e, synchronized to its own clock), and not the
actualvalueof that signal: if it sees a full FIFO, it conserva-
tively stalls an extra clock cycle; if it sees it as not full, then
it correctly proceeds.

Our solution is to introduce synchronization on the global
control signals. Thefull andempty global control signals
are now each synchronized to a single clock (CLKput and
CLKget, respectively). However, this synchronization in
turn introduces additional latencies that may result in data in-
consistencies (overflow and underflow). Therefore, we must
modify the definitions of “full” and “empty”: we now detect
when the FIFO isheading towardsa full or empty state, and
stop the respective interface in time.

There is one final change in the design that is necessitated
by the new synchronization scheme: because of the early de-
tection of empty, deadlock may occur. We might stall the re-
ceiver when there still is a single valid data item in the FIFO.
To avoid deadlock, we allow both valid and invalid (dummy)
data items to be enqueued. A dummy data item is enqueued

by the FIFO itself solely to prevent deadlock; once the re-
ceiver restarts, no future dummy items are used.

Interestingly, data metastability is not an inherent issue
with this FIFO architecture2. The two interfaces help each
other each other to avoid metastable states: the sender helps
the receiver by producing data items and moving the tail of
the queue away from the head; the receiver helps the sender
by consuming data items and creating space for depositing
more data items.

FIFO Architecture. The architecture of our mixed–clock
FIFO is shown in Fig. 7. The same exact FIFO cell as in Fig. 4
is used. There are only 4 key differences with respect to our
previous design: (a)two clocksare now controlling the inter-
faces (not one clock); (b)full and empty detectorsare modi-
fied to incorporate synchronization; (c) in some special cases
deadlock may arise, so adeadlock detectoris introduced, and
(d) the logic inside theput and get controllersis modified.

While not shown in Fig. 7, the two clocks now control dis-
tinct portions of the FIFO. The passing of the put token is con-
trolled by the sender’s clock (CLKput), and the passing of the
get token is controlled by the receiver’s clock (CLKget). The
full detector is controlled byCLKput and the empty detec-
tor is controlled byCLKget. The newly-introduced deadlock
detector is synchronized withCLKput.

Synchronization of Control Signals. We first consider the
most important feature of the new FIFO: the synchronization
of the two global control signals,full andempty. The prob-
lem is that each of the signals is clocked by one clock, but its
value is effectively controlled by two clocks. Our solution is
to re-synchronize thefull signal to the sender’s clock, and
theempty signal to the receiver’s clock, by adding an extra
latch to the output of each of the detectors. These latches
delay the output of signals by one clock cycle, which thereby
resolves potential metastable states on the two control signals.

Unfortunately, the additional latency on generatingfull
and empty signals may result in FIFO overflow or under-
flow. For example, when the FIFO becomes full, the sender
interface is stalled two clock cycles later; so in the next clock
cycle the sender might deposit a new data item, effectively
overwriting a un-read data item. Conversely, when the FIFO
becomes empty, the receiver interface is stalled two clock cy-
cles later, so in the next clock cycle the receiver might read
an empty cell.

As a result, for correct operation, the definitions of full and
empty states in the FIFO must be changed: the FIFO is now
considered “full” when there are either 0 or 1 empty cells
left, and it is considered “empty” when there are either 0 or
1 cells filled. Thus, when there are fewer than 2 data items,
the FIFO is declared empty: the receiver may then remove
the last data item and issue a new (unacknowledged) request,

2Issues with data metastability in the actual implementation are discussed
later in the section.
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Figure 7: The architecture of the mixed–clock FIFO

before stalling two clock cycles later. Similarly, when there
are fewer than two empty cells, the FIFO is declared full:
the sender can safely deposit a final data item and issue a new
(unacknowledged) request, before being stalled two clock cy-
cles later. The new definitions do not change the protocol with
the two subsystems. The only effect is that sometimes the two
subsystems see ann–place FIFO as ann− 1 place FIFO.

The new implementations of the full and empty detectors,
presented in Fig. 8, correspond precisely to the above new
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Figure 8: Empty and full detectors, mixed–clock FIFO

definitions: the FIFO is full when there are no twoconsec-
utive cells empty, and the FIFO is empty when there are no
two consecutivecells full.

Deadlock Prevention. One special case must be now ad-
dressed in the new FIFO: the potential for deadlock. Using
our new definition of empty (0 or 1 data items), it is possible
that the FIFO still contains one valid data item and yet the
requesting receiver is stalled.

Our solution is to detect the possibility of deadlock and
reactivate the receiver so it can read the stored data item. To
do so, we signal to the receiver that the FIFO is “not empty”
by injecting a singledummy data item(invalid data item). The

dummy data item is injectedonly when the FIFO is “empty”
and contains a single valid data item. The empty detector will
then see two data items in the FIFO and restart the receiver.
(This approach is used even if the receiver is not requesting.)

The solution changes the current implementation in two
ways. First, adeadlock detectoris introduced. Secondly, the
put and get controllers must also be changed.

The implementation of the deadlock detector is shown in
Fig. 9. It implements the exact condition described above: its
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Figure 9: The implementation of deadlock detector

output,empty2, will be 1 if the FIFO is empty andat least
one cell has a valid data item. The deadlock detector looks
for valid data items only in cells that are full and have their
data validity bit set (see Fig.4). This prevents the deadlock
detector from using stale validity bits: one such bit can be-
come stale because our design never resets theREGcontents
(including the validity bit) after its contents are dequeued.

The output of the deadlock detector controlls the injection
of dummy data items:empty2 is fed into the put control block
which enables the enqueuing of a dummy data item. The de-
tector’s output is in turn synchronized through two ETDFF’s
controlled byCLKput. Once the dummy data item is in-
jected, no further ones are injected since the output is de-
asserted (the FIFO is no longer empty).



The put and get control logic must also be modified to
handle dummy data items. The put control (Fig. 10(a)) now

(a) Put Controller (b) Get Controller
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Figure 10: The controllers for the mixed–clock FIFO

enables the enqueuing of data items under two conditions:
(a) the data item is valid (reqput = 1), or (b) a dummy item
must be injected for deadlock prevention (empty2 = 1 from
the deadlock detector). The get controller is also modified to
indicate both valid and invalid data items:validget is com-
puted from the validity of the current dequeued data item.

FIFO Robustness. The FIFO design developed in this sec-
tion works under many operating conditions. However, there
are some cases where it might fail. The first case is when it
operates at very fast clock frequencies, and metastable states
on control cannot be solved in one clock cycle. The second
case is due to large discrepancies between the sender’s and
receiver’s clock frequencies. Below, we present solutions to
these problems that make the FIFO more robust.

Fast clock speeds.In general, it is desirable to have high
mean time between failures (MTBF). At low clock frequen-
cies, using two latches for synchronization is usually suffi-
cient for good MTBF, but at higher clock frequencies the
MTBF may be inadequate. We can make the synchroniza-
tion arbitrarily robust by adding more latches to whichever
global control signal (or signals),full andempty, has poor
MTBF. For each added latch, we must declare the FIFO full
when there is onemoreempty cell left and declare the FIFO
empty when there is onemore full cell left, thus modifying
the full or empty logic accordingly.

Large differences in clock speeds.Our design uses a small
optimization which may cause malfunction in extreme cases:
early signaling of full/empty for a cell. As shown in Fig. 4, a
cell’s full/empty value is setasynchronouslyin the SR latch
during the clock cycle, but the data operation is only com-
pleted on the next clock edge. This optimization may cause
problems when the relative clock rates of the two interfaces
are very different.

To see the problem, suppose there are exactly two data
items in the FIFO and the sender sends a new data item. At
the beginning of the clock cycle, the tail cell is set to full, but
the actual data will only be latched at the end of the clock cy-
cle. However, if the clock frequency of the receiver is more
than three times that of the receiver, the receiver can quickly
read the two intervening valid data items and access then the
tail cell. In this case, it can then read the stale data from
this cell and complete the get operation,beforethe sender has
completed its clock cycle and latched the new data.

A simple and robust solution is to modify the full or empty
logic (whichever controls the faster interface) to stop the
faster interface earlier. Let us suppose that the receiver is
much faster than the sender. The definition of empty is mod-
ified as follows: the FIFO is empty when there are less than
three full cells left. In this case, the receiver will stall before
reading the last item, so no stale data will be dequeued3.

4 FIFO as a Relay Station
There are two important challenges in designing a chip con-
sisting of several subsystems: the subsystems operate at dif-
ferent clock speeds, and there are long communication delays
on wires between subsystems. The FIFO design presented in
the previous section handles different clock speeds. We now
modify our design to solve the second problem too. For this,
we use the idea ofrelay stations, first introduced in [2] for
use only in single–clock systems. Here, we adapt them to
mixed–clock systems.

Relay stations were introduced to alleviate the connection
delay penalties between two subsystems operating under the
same clock (Fig. 11(a)). After placement, the systems may be
connected by very long wires, on which a signal takes several
clock cycles to travel. The solution is to break the long wires
into segments corresponding to clock cycles, and then insert a
chain of relay stations which act like a FIFO sending packets
from one system to another.

The implementation of a relay station is given in Fig. 11(b).
Normally, the packets from the left relay station are passed to
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3If empty logic is modified, then the deadlock detector must be modified
similarly.



the right relay station. The right relay station also has the pos-
sibility to put counter–pressure on the data flow by stopping
the relay stations to the left. Each relay station has two regis-
ters: one is used in normal operation and one used to store an
extra packet when stopped.

A relay station works as follows. In normal operation, at
the beginning of every clock cycle, the data packet received
onpacketIn from the left relay station is copied to MR (main
register) and then forwarded onpacketOut to the right relay
station. A packet consists of a data item and a valid bit which
indicates the validity of the data in the packet. If the receiver
system wants to stop receiving data, it raisesstopIn. On the
next clock edge, the relay station raisesstopOut and latches
the next packet to the auxiliary register. When the relay sta-
tion is un-stalled, it will first send the packet from the main
register to the right, and then the one from the auxiliary reg-
ister.

Our mixed–clock FIFO can be modified into a special form
of mixed–clock relay station. Its new interface is shown in
Fig. 12. The new FIFO simply replaces one relay station,
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and interfaces between left and right relay chains (each chain
being operated under a different clock).

In contrast to the mixed–clock design, the new FIFOal-
wayspasses (valid or invalid) data items from left to right:
there are no active requests on either interface. Instead, the
get and put interfaces can only actively stop, or interrupt, the
continuous flow of data items. The get interface reads a data
item from the FIFO on every clock cycle; its only possibilty to
stop the flow is to assertstopIn. Similarly, the FIFO always
enqueues data items from the put interface. Thus, unlike our
previous designs,reqput is usedsolely to indicate data va-
lidity, being treated as part ofpacketIn and not as a control
signal. When it becomes full, the FIFO simply stops the put
interface: thefull signal is used asstopOut to the left inter-
face.

The new FIFO can be easily derived from our mixed–
clock design of Section 3 using small modifications. The put
and get controllers need to be changed. In the mixed–clock
FIFO, the put controller enables both the injection of dummy
data items and the enqueuing of valid ones (thus using both
empty2 andreqput signals), while in the relay–station design
(Fig. 13) it simply allows both dummy and valid data items

(a) Put Controller (b) Get Controller
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Figure 13: The control for the relay station FIFO

to pass through. In addition, even compared with our basic
single–clock design, where the put controller only enables in-
sertion of data items on demand (i.e. using thereqput input),
our new put controller continuously enqueues data items un-
less the FIFO becomes full. Thus, the put controller is simply
an inverter (see Fig. 13(a)). In a similar fashion, our new get
controller enables continuous dequeuing of data items, un-
like our mixed–clock FIFO where dequeuing was done on
demand. Dequeuing can only be interrupted if the FIFO be-
comes empty or the get interface signals it can no longer ac-
cept data items by assertingstopIn.

Finally, note that a relay–station FIFO can never deadlock:
the put interface enqueues a data item (valid or invalid) on ev-
ery clock cycle, meaning that the FIFO, if “empty”, becomes
“non empty” immediately. After the synchronization through
the empty detector, the get interface is thus able to read the
stream of data items. Until it is restarted, the get interface
simply “reads” void data items. In summary, since the get in-
terfacealwaysrestarts, the deadlock detector is removed from
the design.

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

We have simulated the behavior of a FIFO of capacity 8,
with a data item of width 8. Special care has been taken to
make the simulations realistic. Forenput, reqput, enget and
dataput, we have used buffering to drive the capacitance of all
cells. Forvalidi anddataput, in addition to the load provided
by the appropriate latching/result logic, we have modeled the
load contributed by long wires. Since we this is a pre-layout
simulation, we can only estimate the wire load, which was
assumed to be 2 inverters per cell.

The results for the maximum clock frequencies at which
each circuit can be clocked are presented in Table 1. All of

Version CLKin CLKout

Single Clock 584 MHz
Mixed Clocks 523 MHz 554 MHz
Relay Station 562 MHz 552 MHz

Table 1: Maximum clocking frequencies for new FIFO’s



the designs can be clocked to over 500MHz. The somewhat
lower performance of the mixed–clock design is due to the
increased complexity of theempty andempty2 logic. Al-
though the mixed–clock and the relay station designs are very
similar, the performance of the latter is better due to the elim-
ination of theempty2 circuitry and the decreased complexity
of the put controller.

6 Conclusions and Future Work
This paper has presented a new low–latency FIFO design
which interfaces between subsystems with different clock
speeds. The design is based on the idea of token passing.
Our solution is developed from a basic single–clock version.
Our mixed–clock design does not need data synchronization:
it only synchronizes on a few global control signals. A fur-
ther extension to the newly–introduced relay stations is able
to interface between systems with long interconnect delays
and different clock speeds.

In steady–state operation, our mixed–clock FIFO main-
tains both high throughput and complete robustness. The re-
ceiver can dequeue and the sender can enqueue data items
on each respective clock cycle. Furthermore, in steady state,
our design haszero probability of synchronization failure.
In contrast, Seizovic [8] always synchronizes data through
a pipeline synchronizer, which always has a non–zero proba-
bility of failure. Likewise, the approach using stretchable and
pausible clocks ([1, 3, 9]) may result in throughput penalties,
even in steady–state, due to local clock adjustments.

One area of future work is to further improve the FIFO’s
latency. When the FIFO is empty, our design has moderate
overhead in restarting. When a valid data item is inserted,
our design requires deadlock detection, insertion of a dummy
token and reactivation of the get interface before that item can
be removed. Furthermore, the injection of a single dummy
token may in some cases delay the read of the next inserted
valid data item. We believe that new variants of deadlock
prevention may reduce these overheads.

We also plan to adapt our mixed–clock design to interface
asynchronous and synchronous subsystems, by combining it
with our earlier asynchronous FIFO presented in [4].
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