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Abstract in 0.6u indicate that the designs can be clocked at over 500
This paper presents a low-latency FIFO design that iMHz.

terfaces subsystems on a chip working at different speqfisiated Work. A number of papers in the literature pro-
First, a single-clock domain design is introduced, which [syse FIFOs and components to handle timing discrepancies
then used as a basis for a mixed—clock version. Finally, thgneen subsystems. Some designs are limited to handling
design is adapted to work between subsystems with very Igpgjle-clock systems. These approaches have been proposed
interconnection delays. The designs can be made arbitraflynandile clock skew [5, 6], drift and jitter [5], and very long
robust with regard to metastability and clock frequencies. jnterconnect penalties [2].
Several designs have also been proposed to handle mixed—

timing domains. One category of approaches attempts to

1 Introduction synchronize data items and/or control signals with the re-

Future VLSI systems will likely be systems-on-a-chip inqeiver, Withqut interfering_with its clock ([7, 8]). .In partic-
volving many clock domains. A challenging problem iglar, Seizovic ,[8] robustly mterfacexssynchronogswth syn-

to robustly interface these domains. There have been fajonous environments through a “synchronization FIFO".
adequate solutions, especially ones providing reliable IO\WQ\Ngver’ fthe latency of hlshde5|gn 'f propor'glongl V;"tg the
latency communication. The contribution of this paper f&/MP€r 0 FIFO stages, whose implementation include ex-

a new low-latency, high-throughput FIFO design which rg_ensive synchronizers. Furthermore, his design requires the
bustly accommodates mixed-clock systems sender to produce data items at a constant rate.

Our FIFO design mediates between two interfaces: sasottehrﬁ; gestlgr?]s oar(;rr]illevﬁorgiﬁ‘);iit '?;Zr;cgggse?; rcT:]Ig(ceI? (—[glolc K
sendemwhich produces data items andegeiverwhich con- Y y P y 9 T

sumes data items. It is implemented as a circular buffer%?' Synchronization failures are avoided by pausing ([3, 9])

identical cells, where each cell communicates with the tv% stretching ([1]) the receiver's local clock. Each commu-

systems on common data buses. The input and output ryggtmg $yn9hronous system IS wrappgd \.N'th e}synchronous
[ggic, which is responsible for communicating with the other

havior of a cell is dictated by the flow of two tokens aroung stoms and for adiusting the clocks. Our approach is entirel
the ring: one for enqueuing data and one for dequeuing d3a ) 9 ’ PP y,
nichronous and does not change any of the local systems

Dimrnmvrnhrinnhr%\fl- . S .
ata items are not moved around the ring once t eyaecocks, thus avoiding the latency penalties in restarting them.

queued, thus providing the opportunity for low—latency: once
a data item is enqueued, it is shortly thereafter available to be

@ [~ req_put—s| l—req get \ o

dequeued. g data_put -] - valid_get ,g
We first introduce a basic single—clock FIFO design which £ fll| FIFO |~ 3';2%& £

is loosely based on a previous asynchronous design in [4]. & | cLK put_ — CLK_get 3

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. 1pis Single-CIock Domains
adaptation to mixed—clock domains of a recent single—cIOf is

approach using relay stations [2]. Initial simulation resulfs section introduces our singleclock FIFO design. In the
PP 9 y ’ next section, we modify it to handle multiple clocks.

Figure 1: The FIFO's interfaces

*This research was funded by NSF Award No. CCR-97-34803. 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:sanderwhich produces CLKpuEN_put req put detay T
data items and a@eceiverwhich consumes the data items. ‘ l { T
The “put interface” consists of a data bista,,: (used to PLok o] FIFO Call [ ptoki
send data items), #eq,,,; input (requests to enqueue a data 9tOK g+ +— gtoki,
item) and afull output (signals when the FIFO is full). The ‘ x l { l

“get interface” consists of a data bista.; (used to receive
a data item), &egg.; input (request to dequeue a data item), a
validge: 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 L K, = CLK et =
CLK). become empty. Case 4(a) applies to our single-clock FIFO,
FIFO Protocol.  The protocol with the sender is as followshen the FIFO is completely empty and cannot process a
When the sender wants to enqueue a data item, it places iPBRING get request. Cases 3 and 4(b) will only be relevant to
data,.; just after the positive edge ¢fLK and simultane- o“ur m|xe<3-clock .FIFO: in this desgn, both valid and |nva.I|d
ously assertseq,.. If the data can be accepted (the FIFO fsdummy”) data items are allowed in the FIFO. The design
not full), it will be enqueued. When the FIFO becomes fulfVill be discussed further in Section 3.
due to a request oreg,.:, the full output will be asserted FIFO Architecture.  Fig. 2 shows the basic architecture of
just after thenextclock edge. At that time, any new pending 4—place FIFO. A FIFO consists of a circular array of iden-
request from the sender will not be satisfied: the FIFO wiltal cells, afull detectorand anempty detectoand control
freeze the put token and the enqueuing operation, and the fsyic for the put operation and get operation. The full and
data must be maintained by the sender ufiiill become®. empty detectors observe the state of the FIFO and determine
The protocol with the receiver is more complex. The revhether the FIFO is full or empty. The input and output be-
ceiver first issues a request(,.; = 1) just after the positive havior of the FIFO is controlled by the flow of two tokens: a
edge of CLK. If valid data is available, it will be placed onput token(used to enqueue data items) angea token(used
datage; before the next positive clock edge, along with two dequeue data items). Once a data item is enqueued, it is
status bits ¢alid,.; andempty), and latched by the receivemot moved until it is dequeued. Thus the FIFO provides low
on that edge. latency: once a data item is input, it is almost immediately
There are four possible values oflid,.; andempty in available for output.
response to a get request. Two cases occur when valid dafeheput controllerenables and disables the put operations.
is dequeued: (1)alidg: = 1 andempty = 0: the FIFO Ifits outputis asserted, the FIFO enqueues one data item and
dequeued valid data and is not empty; (2)id,.. = 1 and rotates the put token to the left. If it is deasserted, the put
empty = 1: the FIFO dequeued the last valid data item; iinterface is stalled. Similarly, thget controllerenables and
freezes the get token, and any new request from the receflisebles the get operations.
is ignored untilempty = 0. The two remaining cases oc- Tokens move counterclockwise through the array of cells.
cur when no valid data is available: (38)lid,: = 0 and The cell containing the put token (tail of the queue) has per-
empty = 0: the FIFO returned a dummy (invalid) data itemmission to enqueue a data item, and the cell with the get token
and is not empty; or (4yalid,e: = 0 andempty = 1: ei- (head of the queue) has the permission to dequeue its data.
ther (a) the FIFO returned no valid data (FIFO is empty afthe get token is never ahead of the put token. Once a cell has
stalled),or (b) it returned a dummy (invalid) data item and hassed a token, it will pass it to its left neighbor at the begin-

CLKge En_get valid_i datag &

Figure 3: The FIFO cell’s interface



ning of the next clock cycle, after the respective operationand the put token is passed to the left cell.

completed. The token movement is controlled both by inter-The behavior for dequeuing data is quite similar. The cell
face requests as well as the state of the FIF@(or empty), waits to receive the get tokeptpk;, = 1) and waits for the
which are combined into the global signals,,; anden,.;. receiver to request a data itemn(., = 1, the output of the
Cell Implementation. A block diagram of an individual get controllgr). When both conditions hold, the'cell performs
cell is shown in Fig. 3. Each cell communicates with the pggveral actions: it (a) enables the broadcasting of the data
interface ondata,,; (to receive data)n,.; (the request for €M on thedatag., tristate bus and the broadcasting:of

the put operation from the put controller), anelg,.; (in- (the Iatchedr.eqput) on thewalid; tristate bus, (b) indicates
dicates valid data enqueuetd)Similarly, it communicates that the cell is empty (asynchronously sefs= 1), and (c)
with the get interface ofiata,.; (used to output a data item) €nables the lower left ETDFF to pass the get token. At the
valid; (indicating the cell contains valid data) aad,.; (the beginning of the next clock cycle, the get token is then passed
control for the get operation). In addition, the single clock {9 the left cell.

tied to bothC LK), andC' LK ;.. Each cell receives tokensExternal Controllers.  Now that we have completed the
on ptok;, (put token) andjtok;,, (get token) from the right discussion of the FIFO cells, we address the remaining com-
cell and passes the tokens pik,,; andgtok..; to the left ponents of Fig. 2: the put and get controllers, and the empty
cell. The state of the cell is communicated to the full detectand full detectors.

one; (asserted high when the cell is empty) and to the emptyThe implementation of the put and get controllers is shown

detector ory; (asserted high when the cell is full). in Fig. 5. The put controller enables and disables the put op-
A detailed implementation of a cell is shown in Fig. 4. We

empty en_get
: req_get
dapt ! req_g,ﬂltlﬂ P empty valid_get
en}?tlt ] reg_get
CLK _put (a) Put Controller (b) Get Controller
tok ini . .
Pt°k—°”t+ . i P e Figure 5: The control for the single—clock FIFO
Y
fi<e— gr° = REG eration and the movement of the put token in the FIFO: these
el R operations are only enabled when there is a valid data item

Vi

3 ! on datay,: and the FIFO is not full. The get controller en-
@ (% ‘i | rEn ables and disables the get operation and the movement of the
gtok_in

Right cell

gtok_out get token in the FIFO: they are only enabled when there is a
CLK_get request from the receiver and the FIFO is not empty. The sim-
data_get 1 ple AND gate implementations in Fig. 5 correspond exactly
en_get : .
valrc?_i : to these conditions.
Dynamic logic implementations of the full and empty de-
Figure 4: FIFO cell's implementation tectors for a 4—place FIFO are shown in Fig. 6. The full de-

will first illustrate the operation of the cell by tracingat op- Full Detector__ #E o
erationand then get operation Initially, the cell starts in an oo fulp full
empty stated; = 1 and f; = 0) and without any tokens. The e_oﬂ e_HS e? e3

cell waits to receive the put token from the right cell on the ¢ |
\

positive edge o' L K.+, and waits for the sender to place a ‘j j

valid data item on th&ata,,: bus. A valid data item is in- Empty Detector oLk
dicated to all cells byn,,; = 1, which is the output of the o #E

put controller. When there is valid data, the cell does three ac- %%@um»mpty
tions: (a) it enables the registREGto latch the data item and f_HS f1 S f_24§ f_34§

also a data validity bit (which i8eg,.+), (b) it indicates that CLK | | | |

the cell has a valid data item (asynchronously gets- 1), ] Bl

and (c) it enables the upper left ETDREng,,: = 1) to pass

clock cycle, the data item and validity bit are finally latched

1in the single-clock scheme, only valid data is enqueued, but the mixd8Ctor outputs one when there is no empty C?” in the F”:Q-
clock scheme will allow enqueuing of invalid or “dummy” data. The empty detector outputs one when there is no full cell in



the FIFO. In the precharge phase, bilil,, andempty, are by the FIFO itself solely to prevent deadlock; once the re-
asserted to one (through two inverters). In the evaluate phasdver restarts, no future dummy items are used.
if no cell is full (all f; = 0), thenempty, remains one, oth- Interestingly, data metastability is not an inherent issue
erwise becomes zero; if no cell is empty (all = 0), then with this FIFO architecture The two interfaces help each
full, remains one, otherwise it becomes zero. These valgéiser each other to avoid metastable states: the sender helps
are latched on the next clock edgeftal! andempty, respec- the receiver by producing data items and moving the tail of
tively. the queue away from the head; the receiver helps the sender
by consuming data items and creating space for depositing
more data items.

3 Mixed—Clock Domains FIFO Architecture. The architecture of our mixed—clock

In this section we extend our single—clock FIFO to handidFO is shownin Fig. 7. The same exact FIFO cell as in Fig. 4
mixed—clock domains. We wish to reuse the same FIFO dg|lised. There are only 4 key differences with respect to our
implementations and a similar overall architecture. HowevBFEVious design: (&wo clocksare now controlling the inter-
since the FIFO is now controlled by two different clocks, wi&c€s (not one clock); (il and empty detectorare modi-
must introduce synchronizers and some modifications to {ifd {0 incorporate synchronization; (c) in some special cases
external logic. Our approach can be made arbitrarily rob§§2dlock may arise, sodadlock detectas introduced, and

in the presence of fast clocks and very different clock speetfd), the logic inside theut and get controllerss modified.
While not shown in Fig. 7, the two clocks now control dis-

Overview. Let us now give some intuition motivating thgjnct portions of the FIFO. The passing of the put token is con-
changes needed to handle two clock domains. The previgified by the sender’s clock{L K .;), and the passing of the
design will operate correctly with mixed—clock subsystemgg: token is controlled by the receiver's clockI Kget). The

if the two interfaces are “cooperative”. Interfaces are coogy detector is controlled by’ LK,,; and the empty detec-

erative if they run at a similar pace and always maintaing is controlled byC'L K ;.. The newly-introduced deadlock
few data items of separation in the FIFO. A data item can gtector is synchronized WItHLE 1.

safely enqueued into a cell because dequeuing takes place far

away from that cell. The global control signals are computey"chronization of Control Signals. We first consider the
quickly and remain stable. most important feature of the new FIFO: the synchronization

In reality, however, the two interfaces will often not be ¢ € wo global control signalgull andempty. The prob-

operative and the FIFO may become empty or full. This s gmis that each of the signals is clocked by one clock, but its

uation potentially creates synchronization problems. For é/)glue Is effectively controlled by two clocks. Our solution is

ample, suppose the FIFO is full. The receiver may grab adgﬁe{e—synchronize thefuil signal to the sender's clock, and

item making the FIFO not fuluist wherthe sender is reading™ '€ ©"Pty Signal to the receiver's clock, by adding an extra
the FIFO's state as full and is clocking tifedl signal. In- latch to the output qf each of the detectors. Th'ese latches
terestingly, the only problem is for the sender to sedean delay the outpu_t of signals by one clock cycle, which thgreby
full signal (i.e, synchronized to its own clock), and not threesolves potential metastable states on the two control signals.

actualvalueof that signal: if it sees a full FIFO, it conserva- Unfortunately, the additional latency on generatifg!

tively stalls an extra clock cycle; if it sees it as not full, thefi"d ¢7pty signals may result in FIFO overflow or under-
it correctly proceeds. flow. For example, when the FIFO becomes full, the sender

o . L interface is stalled two clock cycles later; so in the next clock
Our solution is to introduce synchronization on the globa . . . .
. . cycle the sender might deposit a new data item, effectively
control signals. Thefull andempty global control signals

are now each synchronized to a single clock.(,.; and overwriting a un-read data item. Conversely, when the FIFO

. . - .~ .becomes empty, the receiver interface is stalled two clock cy-
CLK e, respectively). However, this synchronization in . i .
. | . . cles later, so in the next clock cycle the receiver might read
turn introduces additional latencies that may result in data h-
. . an empty cell.
consistencies (overflow and underflow). Therefore, we mus . -
As a result, for correct operation, the definitions of full and

modify the definitions of “full” and “empty”: we now detect . X
when the FIFO isieading towards full or empty state, and empty states in the FIFO must be changed: the FIFO is now
' considered “full” when there are either 0 or 1 empty cells

stop the respective interface in time. o . )
P . P . . . . .. left and it is considered “empty” when there are either 0 or
There is one final ‘?haf‘ge in the design that is necessit e(gjells filled. Thus, when there are fewer than 2 data items
?gciik:)enr;?’;;yr;(:h;zgga téinr:;h%rgfmb%s:ﬁf ﬁ{ ;?ae”iﬁgﬁt%_%' FIFO is declared empty: the receiver may then remove
; ply, dead| nay o nignt e last data item and issue a new (unacknowledged) request,
ceiver when there still is a single valid data item in the FIFO.

To a\{Oid deadlock, we allow both valid and inva“q (dummy) 2jssues with data metastability in the actual implementation are discussed
data items to be enqueued. A dummy data item is enquelaed in the section.
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Figure 7: The architecture of the mixed—clock FIFO

before stalling two clock cycles later. Similarly, when ther@ummy data item is injecteshly when the FIFO is “empty”
are fewer than two empty cells, the FIFO is declared fulind contains a single valid data item. The empty detector will
the sender can safely deposit a final data item and issue a tiem see two data items in the FIFO and restart the receiver.
(unacknowledged) request, before being stalled two clock §yhis approach is used even if the receiver is not requesting.)
cles later. The new definitions do not change the protocolwithThe solution changes the current implementation in two
the two subsystems. The only effect is that sometimes the tways. First, adleadlock detectais introduced. Secondly, the
subsystems see an-place FIFO as an — 1 place FIFO. put and get controllers must also be changed.

The new implementations of the full and empty detectors, The implementation of the deadlock detector is shown in
presented in Fig. 8, correspond precisely to the above rfelg. 9. Itimplements the exact condition described above: its
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Figure 8: Empty and full detectors, mixed—clock FIFO

Figure 9: The implementation of deadlock detector

output,emptys, will be 1 if the FIFO is empty anat least
o . one cell has a valid data item. The deadlock detector looks
definitions: the FIFO is full when there are no twonsec-
i . for valid data items only in cells that are full and have their
utive cells empty, and the FIFO is empty when there are no
: ata validity bit set (see Fig.4). This prevents the deadlock
two consecutiveells full.
detector from using stale validity bits: one such bit can be-
Deadlock Prevention. One special case must be now adome stale because our design never resetRE@contents
dressed in the new FIFO: the potential for deadlock. Usi(igcluding the validity bit) after its contents are dequeued.
our new definition of empty (0 or 1 data items), it is possible The output of the deadlock detector controlls the injection
that the FIFO still contains one valid data item and yet tlo# dummy data itemszmpty, is fed into the put control block
requesting receiver is stalled. which enables the enqueuing of a dummy data item. The de-
Our solution is to detect the possibility of deadlock artéctor’s output is in turn synchronized through two ETDFF’s
reactivate the receiver so it can read the stored data item.cdatrolled byCLK,,:. Once the dummy data item is in-
do so, we signal to the receiver that the FIFO is “not emptjécted, no further ones are injected since the output is de-
by injecting a singldummy data iterinvalid data item). The asserted (the FIFO is no longer empty).



The put and get control logic must also be modified to A simple and robust solution is to modify the full or empty
handle dummy data items. The put control (Fig. 10(a)) ndagic (whichever controls the faster interface) to stop the
faster interface earlier. Let us suppose that the receiver is

rg“L‘;gtj}e”—gef much faster than the sender. The definition of empty is mod-
full L ‘ ified as follows: the FIFO is empty when there are less than
e{gg%ﬁﬁ} ggéﬁ}’d'd—ge‘ three full cells left. In this case, the receiver will stall before
(a) Put Controller (b) Get Controller reading the last item, so no stale data will be dequéued

Figure 10: The controllers for the mixed—clock FIFO

4 FIFO as a Relay Station

enables the enqueuing of data items under two conditions: ) ] o )
(a) the data item is valid-¢g,.; = 1), or (b) a dummy item There are two important challenges in designing a chip con-

must be injected for deadlock preventiemipty, = 1 from sisting of several subsystems: the subsystems operate at dif-
the deadlock detector). The get controller is also modified &Nt clock speeds, and there are long communication delays
indicate both valid and invalid data itemsalidye; is com- on wires between subsystems. The FIFO design presented in

puted from the validity of the current dequeued data item. the Previous section handles different clock speeds. We now
) o modify our design to solve the second problem too. For this,

FIFO Robustness. The FIFO design developed in this seGye yse the idea afelay stations first introduced in [2] for

tion works under many operating conditions. However, thgige only in single—clock systems. Here, we adapt them to

are some cases where it might fail. The first case is whepyiked—clock systems.

operates at very fast clock frequencies, and metastable stat@g, oy stations were introduced to alleviate the connection

on control cannot be solved in one clock cycle. The secogiglay penalties between two subsystems operating under the
case is due to large dlsc.repanmes between the send_ers e clock (Fig. 11(a)). After placement, the systems may be
receiver's clock frequencies. Below, we present solutionsdg,nacted by very long wires, on which a signal takes several
these problems that make the FI_F_O mor'e robust. _ clock cycles to travel. The solution is to break the long wires
Fast clock speedsin general, it is desirable to have highyq segments corresponding to clock cycles, and then insert a
mean time between failures (MTBF). At low clock frequensain of relay stations which act like a FIFO sending packets
cies, using two latches for synchronization is usually suffiym one system to another.
cient for good MTBF, but at higher clock frequencies the The implementation of a relay station is givenin Fig. 11(b).

MTBF may 'be inadequate. We can make the Synchron'?\ﬁirmally, the packets from the left relay station are passed to
tion arbitrarily robust by adding more latches to whichever

global control signal (or signals)ull andempty, has poor

MTBF. For each added latch, we must declare the FIFO full — ~
when there is onenoreempty cell left and declare the FIFO g & t@ Rs| Rs| Eﬁﬁ: &%
empty when there is onmorefull cell left, thus modifying ﬁ% e %gg
the full or empty logic accordingly. = ~

Large differences in clock speed3ur design uses a small
optimization which may cause malfunction in extreme cases:
early signaling of full/lempty for a cell. As shown in Fig. 4, a MR
cell's full/lempty value is seasynchronouslyn the SR latch packetin packetOut
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 stopOut stopin
the actual data will only be latched at the end of the clock cy- SR
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 Figure 11: Relay stations
tail cell. In this case, it can then read the stale data from
this cell and complete the get operatibeforethe sender has ™ 3 empty logic is modified, then the deadiock detector must be modified
completed its clock cycle and latched the new data. similarly.

(a) Insertion of relay stations between systems

Control

(b) Implementation of arelay station




the right relay station. The right relay station also has the pos- ;g‘pﬁtny en_get
sibility to put counter—pressure on the data flow by stopping on empty. .

. . . _put alid_get
the relay stations to the left. Each relay station has two regis- full—{>o—= %ﬁ%‘q%} e
ters: one is used in normal operation and one used to store an (a) Put Controller (b) Get Controller

extra packet when stopped.
A relay station works as follows. In normal operation, at ~ Figure 13: The control for the relay station FIFO
the beginning of every clock cycle, the data packet received
onpacketIn fromthe left relay station is copied to MR (main
register) and then forwarded pncketOut to the right relay 0 pass through. In addition, even compared with our basic
station. A packet consists of a data item and a valid bit whigigle—clock design, where the put controller only enables in-
indicates the validity of the data in the packet. If the receivé®rtion of data items on demand (i.e. usingithg,.. input),
system wants to stop receiving data, it raisesIn. On the OUr New put controller continuously enqueues data !tems un-
next clock edge, the relay station raiséspOut and latches less the FIFO becomes full. Thus, the put controller is simply
the next packet to the auxiliary register. When the relay st inverter (see Fig. 13(a)). In a similar fashion, our new get
tion is un-stalled, it will first send the packet from the maifentroller enables continuous dequeuing of data items, un-
register to the right, and then the one from the auxiliary regﬁe our mixed—clock FIFO where dequeuing was done on
ister. emand. Dequeuing can only be interrupted if the FIFO be-
Our mixed—clock FIFO can be modified into a special forfPMeS €mpty or the get interface signals it can no longer ac-
of mixed—clock relay station. Its new interface is shown Pt data items by assertingppn.

Fig. 12. The new FIFO simply replaces one relay station,Finally, note that a relay—station FIFO can never deadlock:
the putinterface enqueues a data item (valid or invalid) on ev-

Clock domain 1, Clock domin 2 ery clock cycle, meaning that the FIFO, if “empty”, becomes
packetin - packetOut “non empty” immediately. After the synchronization through
\,« req_put| ] valldfga// . .
el Twand Raay s ] ¢ the empty detegtor, the get mtgrface is thus able to read the
.§ -% Csopod g stopin” _6-% stream of data items. Unitil it is restarted, the get interface
T & FIFO & simply “reads” void data items. In summary, since the getin-
terfacealwaysrestarts, the deadlock detector is removed from
CLK_put CLK_get the design.
Figure 12: The interface of the relay station FIFO 5 Results
and interfaces between left and right relay chains (each chi&i@rder to evaluate the performance of the various FIFO de-
being operated under a different clock). signs presented in this paper, the circuits were implemented in

In contrast to the mixed—clock design, the new FI&O 0.6 HP CMOS technology and simulated at 3.3V and 300K

wayspasses (valid or invalid) data items from left to right!Sing HSpice ©Avant! Corporation). _
there are no active requests on either interface. Instead, th@/e have simulated the behavior of a FIFO of capacity 8,
get and put interfaces can only actively stop, or interrupt, théh @ data item of width 8. Special care has been taken to
continuous flow of data items. The get interface reads a dgtake the simulations realistic. Fon,u:, regput, enge: and
item from the FIFO on every clock cycle; its only possibilty t§@¢a@pu:, We have used buffering to drive the capacitance of all
stop the flow is to assestopIn. Similarly, the FIFO always cells. Forvalz‘di_ anddata?m, in addltlo_n to the load provided
enqueues data items from the put interface. Thus, unlike 8¥rthe appropriate latching/result logic, we have modeled the
previous designsyeq,,; is usedsolelyto indicate data va- Iqad coptrlbuted by long wires. Since we thisis a prg—layout
lidity, being treated as part @facketIn and not as a control Simulation, we can only estimate the wire load, which was
signal. When it becomes full, the FIFO simply stops the pggSumed to be 2 inverters per cell.

interface: thefull signal is used astopOut to the leftinter- ~ The results for the maximum clock frequencies at which

face. each circuit can be clocked are presented in Table 1. All of
The new FIFO can be easily derived from our mixed— .

clock design of Section 3 using small modifications. The put | Version | CLKin | CLEKou |

and get controllers need to be changed. In the mixed—clock Single Clock 584 MHz

FIFO, the put controller enables both the injection of dummy Mixed Clocks | 523 MHz | 554 MHz

data items and the enqueuing of valid ones (thus using both Relay Station | 562 MHz | 552 MHz

emptys andregqp,: Signals), while in the relay—station design _ _ _
(Fig. 13) it simply allows both dummy and valid data items Table 1: Maximum clocking frequencies for new FIFO's



the designs can be clocked to over 500MHz. The somewhaf D.M. Chapiro “Globally—Asynchronous Locally-Synchronous Sys-

lower performance of the mixed—clock design is due to the tems”, PhD Thesis, Stanford University, Oct. 1984.

increased complexity of thempty and empty, logic. Al-  [4] T.Chelcea, S. Nowick, “Low-Latency Asychronous FIFO’s using To-

though the mixed—clock and the re|ay station designs are very ken Rings”, International Symposium on Advanced Research in Asyn-
L f . chronous Circuits and Systems, April 2000.

similar, the performance of the latter is better due to the elim-

S oAt PR + 5] R. Kol, R. Ginosar, “Adaptive Synchronization for Multi-Synchronous
ination of thEemptyg circuitry and the decreased complexny Systems”, 1998 IEEE International Conference on Computer Design

of the put controller. (ICCD'98), pp. 188-189, Oct. 1998.

[6] M. R. Greenstreet, “Implementing a STARI Chip”, Proc. International
Conf. Computer Design (ICCD), pp. 38-43, IEEE Computer Society

6 Conclusions and Future Work Press, 1995,
This paper has presented a new low-latency FIFO design c. L. Seitz, “System Timing”, Introduction to VLSI Systems, Ch. 7,
which interfaces between subsystems with different clock Addison-Wesley, 1980.
speeds. The design is based on the idea of token passify.J. Seizovic, “Pipeline Synchronization”, Proc. International Sympo-
Our solution is developed from a basic single—clock version. sium on Advanced Research in Asynchronous Circuits and Systems,
Our mixed—clock design does not need data synchronization: PP 87-96, November 1994.
it only synchronizes on a few global control signals. A furd9 K.Y. Yun, R.P. Donohue"“PausibIe Cloc_king: A First Step Toward
ther extension to the newly—introduced relay stations is able g:tseizrogeneous Systems”, Proc. Inte‘rnatlonal Conference on Computer
i 8 - gn (ICCD), IEEE Computer Society Press, Oct. 1996.
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 hagzero 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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