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A PipelinedAsynchronousCacheSystem
Mika Nystr•om, Andrew M. Lines, Alain J. Martin

Abstract |
W e presen t the design of a pip elined cache system for use

in an async hronous MIPS R3000-compatible pro cessor. Al-
though caches have b een used in a few async hronous pro ces-
sors (AMULET2e, TIT A C-2), these rely on timing assump-
tions and dela y matc hing or di�er little from con ventional
sync hronous designs. Our cache is designed as a distributed
message passing system and implemen ted with full-custom
quasi dela y-insensitiv e circuits. This design achiev es tim-
ing robustness, lo w latency , and high average-case through-
put by making minimal assumptions on signal dela ys. Eac h
cache is partitioned in to 16 separately pip elined cells. These
cells are connected via a bus system that op erates at ab out
t wice the throughput of the cells. Consecutiv e accesses to
di�eren t cells occur at the bus throughput, while consecu-
tiv e accesses to the same cell are limited by the cell through-
put. The cache arc hitecture includes t wo 4-kB direct-
mapp ed write-through caches for instructions and data. The
design has b een fabricated (as part of Caltec h's MiniMIPS
async hronous pro cessor). Using a ten-transistor unit cell,
the entire cache system requires around 1.5 million tran-
sistors and occupies appro ximately 46 mm 2 in HP's 0.6- � m
CMOS pro cess. Sim ulations indicate an exp ected through-
put of 320 million loads p er second p er cache at 25 � C and
3.3 V with ab out 2.1 W p ower p er cache; the cache system
has b een tested at speeds up to 180 MHz at the nominal
voltage.

Keywor ds| Async hronous VLSI, quasi dela y-insensitiv e,
async hronous SRAM, pip elined caches.

I. Intr oduction

The MiniMIPS processordesignedat Caltech is a test-
bed for novel design ideas and methodologies in asyn-
chronous quasi-delay-insensitive (QDI) design[3], [2], [1].
The QDI framework is derived from delay-insensitive (DI)
designwith the addition of weak but necessarytiming as-
sumptions called \iso chronic forks" [3]. The goal of the
Asynchronous MIPS project is to achieve the highest pos-
sible level of performancein a given fabrication technology
(0.6-� m CMOS for the �rst version). The MiniMIPS is a
simpli�ed R3000-compatibleprocessor,simple enough for
us to completethe designwith limited designresourcesyet
powerful enough to demonstrate the potential of the de-
sign method. The main di�erences compared to the stan-
dard R3000are the omissionof kernel/user mode, memory
translation, partial-w ord operations, the inclusion of on-
chip four-kilobyte (kB) instruction- and data-caches, and
slightly di�eren t interrupt semantics. The �rst protot ype
\MiniMIPS" is entirely binary-compatible with the R3000
at the user level (with partial-w ord operations emulated
through the useof software traps or eliminated by recom-
pilation). The overall architecture of the processoris dis-
cussedelsewhere[1].
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In order to achieve our goals, we have had to expand
the current state of the art in asynchronous design tools,
architecture, and microarchitecture. Not the least of the
challengesstemmedfrom designingthe memory systemfor
the MiniMIPS. The goal was to executecode and perform
load/store operationsat high throughput eventhrough pro-
gram brancheswhile maintaining a reasonablysimplecache
architecture. The designalso had to be robust enoughnot
to jeopardize the functionalit y of the MiniMIPS processor
as a whole.

A. Problemoverview

In the �rst protot ype, we allowed ourselves the use of
high-speedSRAM aso�-c hip \main" memory. Yet, achiev-
ing reasonableperformancedependedon managingthe rel-
atively high latency of accessingeven on-chip SRAM level-
one (L1) caches. We approached this problem at several
levels: we developed a simple single-instruction branch-
prediction scheme that hides part of the latency of fetch-
ing the target instruction of a branch (not described in
this paper); we used a pipelined cache architecture that
dispatches two memory operations within the latency of
a single lookup in the cache memory array; and we de-
veloped an interleaved asynchronous memory architecture
that allows the useof half-throughput (or slower) memory
without sacri�cing the overall throughput of the memory
system.

B. The QDI designstyle

The MiniMIPS is entirely designedusing the Martin syn-
thesis method [2]. The processorusesfour-phase(return-
to-zero) signaling throughout, with data encoded as dual-
rail, quad-rail (two bits combined into a single one-hot
code), or using other delay-insensitive codes [11]. The
communication-based implementation that results from
this design method is amenable to expressingmany con-
currency constructs becausecommunication actions are
\blo cking" so that explicit synchronization variables be-
comeunnecessary|the synchronizations are implied by the
communication themselves. Function units compute when
their inputs are available and their outputs are ready to
be received. No process1 needs to wait for an external,
extraneous synchronization signal (such as a clock), but
processesautomatically wait until the units to which they
communicate their outputs are ready to receive inputs.

The asynchronous timing discipline is especially simpli-
fying in a memory system application since latencies are
quite variable, which can result in \log jams" in proces-

1We use the terms \pro cess" and \function unit" interchangeably
and also make reference to the \programs" executed by these pro-
cesses,meaning their logical behavior, as opposed to the software
\program" executed by the CPU.
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sor pipelines, and the designmethod handles these condi-
tions implicitly . Furthermore, handshake-basedprocessde-
composition makes the system modular since the physical
depth of pipelinesis invisible in the high-level architecture
of the processor. All processesin the cache control and
cache core are entirely deterministic so that the sequence
of actions performed by these units is determined only by
the data and not by timing.

The price wepay for the modularit y of the designmethod
is that it is not possible to know when a certain piece of
data is at a certain stage in a pipeline|w e cannot \count
clock cycles," sowe needto generateexplicit control infor-
mation that travelswith the data. This is necessary, for in-
stance,in any situation that involvestwo data streamsthat
are processedout of order, and a great deal of the complex-
it y of the cachesystemderivesfrom handling thesekinds of
data streams. In simple terms, the hazardsthat appear in
an asynchronous pipeline are not determined by the phys-
ical pipeline topology as in the usual synchronouscasebut
by the logical behavior of the function units (or the number
of tokenspresent in the pipeline.) Hence,eventhough extra
control signalsmay needto be added in the asynchronous
case,the system stays modular. In a normal synchronous
implementation of the samefunction using cycle counting,
the FSMs implementing the out-of-order operations would
need global timing information, reducing the modularit y
of the system. We suggestthat the modularit y advantage
outweighsthe cost of any extra control signals. Of coursea
synchronous system can also be structured around FIFOs
with handshake signals,but aswe shall see,oncethe hand-
shake signalsare there, the clock becomesunnecessaryand
in fact serves little purpose other than to slow down the
circuits.

C. Organization of this paper

In this paper, we examine the design of the MiniMIPS
cache system, giving an overview of the MiniMIPS overall
memory system, then paying special attention to the high-
level cache architecture, and �nally to the design of the
core memory arrays themselves.

I I. MiniMIPS Memor y System Over view

The MiniMIPS memory system consistsof three parts:
instruction cache (I-cache), data cache (D-cache), and
memory interface. The machine employs a \Harv ard" ar-
chitecture; in other words, the I- and D-cachesare wholly
independent|the hardware does not keep them consis-
tent. The two caches accessmain memory through the
memory interface for cache re�lls and write-throughs (for
the D-cache). From the point of view of the memory
interface, I- and D-cache requests may occur completely
asynchronously. An arbiter is used to interleave accesses
from the I-cache and D-cache nondeterministically.2 An
overview of the memory system is shown in �g. 1.

2By guaranteeing that the arbiter is at least weakly fair and that
we have �nite bu�ering in the processor, it is possible to write data
from the D-cache into main memory and then execute the data later,
without hazards. The circuit implementation of the arbiter used in
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Fig. 1. Overview of the MiniMIPS memory system.

The main memory used for the MiniMIPS protot ype is
standard \asynchronous" SRAM. The o�-c hip memory sys-
tem is not QDI but usesa more traditional \bundled data"
asynchronous approach (this is the only part of the Min-
iMIPS that does not use delay-insensitive codes). Proper
o�-c hip memory timing is achieved with delay lines that
canbe tuned to the delay of the memory modulesused. For
accessingother types of devices,e.g., EPROMs, UARTs,
there are provisions for separate adjustable delay lines,
which may even have address-dependent delays to allow
complex o�-c hip address-decoding circuitry . For each o�-
chip memory access,the proper delay line is selectedbased
on the addressof the access.

I I I. High-level Cache Ar chitecture

The two caches of the MiniMIPS are designedso as to
be very similar, to allow the reuse of signi�can t portions
of the designbetweenthe I- and D-caches. The cachesare
designedso that each has a \control" section (part of the
main datapath of the processor,see �gure in [1]) and a
1024-line(4-kB) cache array. Each cache line consistsof a
word (32 bits) of data and 16 bits of tags. The tags are
generatedfrom bits 12 through 27 of the address.Address
bit 31 is hard-wired to zero in the cache core; this tech-
nique is usedto implement an \uncacheable" two-gigabyte
segment sincerequestsfor addresseswith bit 31 set always
miss. Re�lls are performed in blocks of four lines or words;
this is donein parallel asthe o�-c hip memory bus is 128bits
wide (not dual-rail). It may not at �rst seemsensibleto use
single-word cache lines if they are going to be re�lled four
words at a time, but this is done to allow straightforward
interleavedaccessto the tags. The MiniMIPS doesnot sup-
port partial-w ord operations in hardware and therefore no

the MiniMIPS grants requests in the order they were received, unless
the requests arriv ed very close to each other, in which casewe do not
know|or care|in what order the requests are granted; this means
that if the I-cache requests accessto the memory, the D-cache will
be granted accessat most once before the I-cache request is serviced
(and vice versa).
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Fig. 2. High-lev el structure of the MiniMIPS cache system. This
depicts the structure of the D-cache; in the I-cache, there is no
store data going into the L or CORE process.

mechanism is provided for accessingsmaller regions than
whole words. The MiniMIPS, for reasonsof simplicit y and
R3000-compatibility, hasdirect-mappedcaches,and the D-
cache is write-through.

A. Decomposition of the CacheSystem

We �rst decomposedthe cache systeminto the two parts
\core" and \control." We further decomposedthe control
part into several units, each with speci�c tasks. Taking our
inspiration from a picture of the cache systemasa pipeline
(with feedback), we call the control unit that issuesad-
dressesand operations to the cache core L and the control
unit that is responsible for tags comparisons, scheduling
re�lls, and returning the results of cache operations R; see
�g. 2. The L processreceives its instructions either from
the instruction decode (in the caseof the D-cache) or from
the instruction fetch unit (in the caseof the I-cache, which
receivesno data sinceit cannot write).

The R processis further decomposedinto a \toss" unit
that discards data resulting from a cache miss (i.e., the
tags are checked in parallel with the readout of the data
from the cache core), a tags comparator, and a control
process. This decomposition is shown in �g. 3. In the I-
cache, a \predecode" unit is inserted between the cache
core and the toss unit. This allows each instruction to
be partially decoded before it is known whether or not it
resulted from a cache hit. This speculative mechanism re-
ducesthe total latency of decoding a MiniMIPS instruction
by about a nanosecond,a signi�can t amount in a simple,
single-delay-slot (\t wo-PC") architecture. The toss unit in
the I-cache also interfaceswith the instruction-fetch unit's
branch-prediction mechanism; the I-toss unit is responsible
for discarding the instruction corresponding to incorrectly
predicted branches.

Each oneof the units in �g. 3 is actually further pipelined
into several smallerunits, allowing much higher throughput
than if theseunits wereto be implemented directly. This is
possiblebecauseof the modularit y a�orded by the design
style mentioned in sectionI-B. Thus, from the point of view
of the main pipeline, the deeply pipelined caches behave
entirely as
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Fig. 3. Decomposed structure of the MiniMIPS cache system.

repeat forever f
receive (op,address);
if (op=read) send (mem[address]);
else f receive (data); mem[address]:= data; g
g ,

except that there is bu�ering, so that multiple receive s
may (but are not required to) occur before the �rst send.

The ultimate physical depth of the pipelines was cho-
sen to be approximately eight stagesper token, using the
methods described in [5], [9].

A more detailed description of the processdecomposition
that led to the MiniMIPS cache control is given in [4].

B. Pipelining the cachesystem

The main challengein the architecture of the cache sys-
tem is hiding the latency of the cache lookup and tags
comparison. Our performance goal of 320 MHz at room
temperature has to be ful�lled with a cache core latency
of about 3 ns and 1 ns for tags comparison plus at least
0.5 ns control overhead. It is clear that a solution in which
processL executes

: : :
issueaddress(� ); wait for hit/miss from R(y); (if a miss
was received, handle re�ll); issuenext address;: : :

will not su�ce, since it takes at least 5.3 ns to go from
(� ) to (y), implying a maximum throughput of 188 MHz
(provided that the four-phasereturn to zerooccurs in par-
allel).

Note that although the normal time betweenthe issuing
of address 1 and that of address 2 to the cache core is
about an instruction delay and the re�ll data on a misswill
appear from o� chip much later (perhaps ten instruction
delays for the protot ypeMiniMIPS), the extra re�ll delay is
invisible in both the program (formal) speci�cation and in
the circuit implementation sinceit is handled by a blocking
communication.



4

C. Pipelining cachereads

We kept the cache latency from resulting in a through-
put bottleneck by pipelining the cache aggressively and by
adding concurrency. The L processnow issuestwo oper-
ations before receiving the result of �rst operation. We
describe the pipelining of the cache core itself (that makes
this schemepossible) in section V. Now L behavesas fol-
lows:

issueaddress1;
issueaddress2;
wait for hit/miss 1;
issueaddress3;
wait for hit/miss 2
: : :

Our design requires that results of memory lookups be
output in the sameorder that the addressesaredispatched;
therefore cache missesneedto be handled by re�lls before
the results of the next lookup can be processed.Becauseof
the FIFO nature of the channels used in the implementa-
tion, L cannot easily control outputting the data immedi-
ately sinceit normally doesnot receive the result of a cache
accessuntil after it has dispatched the following cache op-
eration. Thus the outputting of re�lled data is handled
entirely in processR; processL is left responsible for initi-
ating the write into the cache core (this way we avoid hav-
ing to control the cache core from more than one place).
ProcessL now executes

issueaddress1 as a read;
issueaddress2 as a read;
receive miss for 1;
re-issueaddress1 as a re�ll; (z)
receive hit/miss for 2;
: : :

and processR executes

receive missedread on 1, discard output;
re�ll address1, output value from memory;
receive read on 2;
: : : .

It is clear that processL needsstorageto beable to recall
old addresses;this is handled by a linear FIFO. More im-
portantly , we seethat on a re�ll, the sequenceof operations
in L does not match that in R. The cache core provides
the bu�ering required for storing the re�ll data until the L
processdispatchesthe re�ll addressat (z).

D. Pipelining cachewrites

Memory stores are translated to cache and main mem-
ory writes. The addition of writes to the cachesintro duces
the possibility of structural hazards. To seewhy, considera
program that readsa value from memory and then immedi-
ately afterwards writes to the samere�l l block of memory.

Supposethe �rst read is a cache miss; then processL will
execute(weassumeboth the readand write are to the same
addressfor clarit y)

issueaddress1 as read;
issueaddress1 as write (with data);
receive miss for address1;
re-issueaddress1 as re�ll;

It is clear that what happensis that in the �nal state, the
value that waswritten to the cache corewill be overwritten
by the old value from main memory, so that subsequent
readsfrom address1 will yield incorrect data.

There are numerouspossiblesolutions to the write haz-
ard. We could simply destroy the contents of the block
(note that the value stored in main memory is correct),
or we could stall the cache system so that writes are not
allowed to proceeduntil all preceding reads have been re-
solved[6]. Neither of thesesolutions seemedattractiv e, the
�rst requiring extra hardware(the MiniMIPS cachesdo not
havevalid bits), and the secondincurring a substantial per-
formancepenalty sincememory writes are a non-negligible
proportion of total program operations (some 7% of rep-
resentativ e program instructions are memory writes [8]).
However, only very few of them|those where consecutive
reads and writes refer to the same four-word stretch of
memory|w ould actually need to be handled by the mech-
anism.

We choseto handle the write hazards \optimistically";
in other words, we dispatch all operations assuming they
will succeed,and correct the situation later if that turns
out to have beentoo optimistic. If so, we repeat the cache
write as follows (from the vantage point of L):

issueaddress1 as read;
issueaddress1 as write (with data);
receive miss for address1;
re-issueaddress1 as re�ll;
re-issueaddress1 as write (reissuedata, too);

This solution requires that L be able to recall the data
used in the last store (a one-placebu�er is used for this),
but in return the mechanism is only exercisedwhen a con-

ict is detected. The R processdetects that a cache miss
has beenfollowed by a store to the sameblock. For layout
reasons,R is made a bit pessimistic, sometimesreporting
con
icts even though the writes are to di�eren t pagesof
memory. This is becauseR only comparesthe block o�set
within the pageto detect possiblecon
icts, not the entire
address,but this is still correct becausefalsepositivessim-
ply incur an unnecessarycache write and do not lead to
data inconsistencies.

E. Eliminating read thrashing

Owing to the delayednature of the cachereads,there is a
possibility of unnecessaryre�lls due to accessesto consecu-
tiv e memory addresses.For instance,assumewords at two
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consecutive addresses1 and 2 are to be read (as might be a
particularly frequent occurrencein the I-cache), and both
miss; the sequenceof operations from the vantage point of
L is:

issueaddress1 as read;
issueaddress2 as read;
receive miss for address1;
re-issueaddress1 as re�ll;
receive miss for address2;
re-issueaddress2 as re�ll;

In this case, since re�ll blocks are actually four words
long, if address1 is in the beginning or middle of a re�ll
block, the data required by the secondread will already be
re�lled by the block containing address1, and the second
re�ll will be unnecessary. To eliminate the unnecessary
memory access,we reuse the comparator used to detect
con
icts betweenre�lls and subsequent writes and instead
have L executethe sequence

issueaddress1 as read;
issueaddress2 as read;
receive miss for address1;
re-issueaddress1 as re�ll;
retry address2 as read;

If address2 still misses(it might, becausewe do not check
every bit of the address,asmentioned in section I I I-D), we
re�ll address2 on the secondtry . Becausethe secondfailed
attempt will result in a re�ll, the procedurealways makes
progress.

F. Extending the pipelining scheme

While the MiniMIPS processordoesnot include memory
translation or partial-w ord operations, supporting these
sorts of memory accesseswas one of the main original mo-
tivations for the described architecture. The addition of
memory translation can be accomplished by inserting a
translation lookasidebu�er (TLB) that translates the page
number in parallel with the cache core lookup. This allows
memory translation to be added to the memory system
with essentially zero performance cost. Similarly, partial-
word operations can be supported by adding a single-word
bu�er sothat data read from the cachecoremay be merged
with data from the main processorpipeline. Again, this
can be implemented by extending the functionalit y of the
R processin a way that is not visible (or costly) under
normal circumstancesbut only when it is used|a decided
advantage of the asynchronous implementation. These is-
suesare explored in greater detail elsewhere[4].

IV. Pipelined Micr oar chitecture

Each one of the units of the MiniMIPS was pipelined
until it could meet the throughput target for the entire
processor. This means that the functional decomposition

described in the preceding paragraphs was continued un-
til each unit consistedof generally no more than a single
stage of CMOS domino logic followed by inverters. This
pipelining technique doesnot increasethe forward latency,
since no external latches are intro duced, and the number
of transitions on the forward path is unchanged. More
pipelining doessomewhat increasethe area and energy, as
more control circuitry is addedto handle the larger number
of handshakes. The area overheadfor our deeppipelining
is usually approximately 50% over the basic domino logic
blocks. However, we save area by omitting any clock gen-
eration, distribution, or gating.

Furthermore, most of the units were \b yte-sliced" into
four (for the 32-bit datapath) separatedatapaths that are
controlled independently through a QDI copy tree (which
adds moderately more area). This \t wo-dimensional"
pipelining (described elsewhere[1]) was a key feature in
making it possibleto achievethe ambitious throughput tar-
get.

V. Cache Core Ar chitecture Over view

The speci�cation of the corewaskept simple to separate
the problemsof managingthe cacheprotocol and designing
a denseand fast array. Each of the D-cache and I-cache
coresis organizedinto 1024linesof 48bits each, 16of which
are interpreted as tags in the control, but are otherwise
identical to the 32 data bits. Therefore, the total storage
is 6 kB per cache. The 50% tags overhead was mainly
a result of a desire to stay as compatible as possiblewith
standard MIPS R3000implementations and is not required
for an asynchronous implementation.

The D-cache core handles only three operations: load,
store, and re�ll. The requestedoperation is encoded as an
instruction to the cachecore. Included with this instruction
is a 10-bit address,derived directly from bits 2{11 of the
full address. For a load, the speci�ed line of the cache is
read and sent out on the load channel. For a store, a 48-
bit number is received from the store channel and written
to the speci�ed line. For a re�ll, the least signi�can t two
bits of the addressare ignored, and a four-word block is
read from the re�ll input channel and stored in parallel.
The I-cache core is identical, except that it lacks the store
operation and channel. For concreteness,all subsequent
discussionwill be of the D-cache core.

VI. Cache Core Tree Str ucture

The 1024 lines are accessedvia a three-stage tree.
The �rst stage interleaves between four 1-kB cache rows.
Within each 1-kB cache row, the next stageof the tree in-
terleavesbetweenfour cells. Each of the 16cellshas64lines
of 48 bits. All stagesof the tree are pipelined to maintain
high throughput.

A. The bit cell

To store a single bit, we used the ten-transistor
(two pMOS and eight nMOS) SRAM circuit of Fig. 4 and
Fig. 5. Although about 50% larger in area than the stan-
dard six-transistor circuit, it avoids charge from the read
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Fig. 4. Schematic of one-bit cache cell.

bussesbackwashing onto the state node. Also, sinceit has
separateread and write dual-rail data lines, the read and
write circuitry are more separable. In this design, the bit-
line voltage swingsare rail-to-rail. The conservatism of the
designwas due to a concern for reliabilit y and �rst-silicon
successof the entire MiniMIPS project; in this light, we ac-
cepted the area and power costsof the larger cell and full
voltage swings. There are no fundamental issuesthat pre-
clude the useof a standard six-transistor cell with reduced
voltageswingsand senseampli�ers in an asynchronouspro-
cessorsuch as the MiniMIPS.

To improve the latency and throughput, we provide a
di�eren t Vdd for the cross coupled inverters of the state
bit. This \HighVdd" may be set higher than the normal
Vdd (5 V versus3.3 V). Provided that the p-transistors are
weak, the lower-voltagewrite linescanstill set the state bit.
The greater gate voltage speedsup the read transitions.
The HighVdd dissipates power only when a state bit is
written, and it is a negligible contributor to overall power.
HighVdd also allows us to adjust the latency of the cache
without a�ecting its overall throughput, which allows us to
determine whether the latency or throughput of the cache
system is on the MiniMIPS critical path.

B. The 64-line cell

The lowest level of the core tree is a 64-line by 48-bit
cell. It is composedof a 64-by-48 array of state bits, read
circuitry , write circuitry , and decoding circuitry , as shown
in Fig. 6. The decoding circuitry reads a six-bit address
and a one-bit read/write instruction o� its input channel.
It demultiplexes this into a one-of-128code. This code
drives separate read and write line selects. The decode
circuitry is a separatepipeline stagefrom the read or write
itself.

Fig. 5. layout of 1 bit x 2 lines (52� x 71� ).

For a read, the selectedline of state bits pulls down one
of two read bus rails, which causesthe read circuitry to
send the result on the output channel. No senseamps or
other analog circuitry is used to inspect the read busses.
Once the busseshave dropped by a transistor threshold,
the output beginsto switch. Sincethesebussesare only 64-
way, the read delay is only about 1 ns. A 48-bit completion
tree is used to detect the completion of the read. During
the reset phase of the handshake, the read bus lines are
precharged. A 64-way OR tree detects the neutralit y of
the read selectionon the reset phase.

For a write, the data is latched onto a dual-rail bus, and
the state bits of the selectedline are set via n-transistor
passgates. These passgates are the only passgates used
in the MiniMIPS, and alsohavethe only on-chip transitions
that are not acknowledgedin a QDI fashion. Instead, the
48 data bus pairs and the 64 write selectionsare checked
for validit y (which takesseveral logic transitions), and the
state bit is assumedto have changed by the time this is
detected. During the reset phase of the handshake, the
dual-rail write bus is kept stable (i.e., it is a bistable device,
not a return to zero variable). This is so the data and
selectionmay go neutral in parallel, without the danger of
erasingthe state bit via the passgates.

It is possibleto makethe cachewrite fully QDI by pulling
down with one write line while leaving the other 
oating
high. Once the correct value is written, the 
oating line
will be pulled down by the bit cell, thus indicating the
completion of the write. Although this does not change
the state bit circuitry , the extra write circuitry and delay
required to do this was consideredexcessive in comparison
to a modest timing assumption.

The 64� 48-line cell can read continuously at 175 MHz
with 0.1 W of power, and writes at 190 MHz with 0.07 W
power (according to SPICE simulations).
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C. The 1-kB cacherow

Four 64� 48cellsare composedwith bus circuitry to con-
struct a 1-kB cache, as shown in Fig. 7. At this level, the
only operations are read/write, and the address is eight
bits long. The bus circuitry consistsof a \data split" pro-
cess,a \data merge" process,and a \control" process.The
control usesthe least signi�can t two bits of the addressto
send the remaining addressbits and the read/write bit to
the correct 64� 48 cell. It also usesthe read/write bit and
the least signi�can t two addressbits to tell either the \data
split" or the \data merge" with which of the four 64� 48
cells to communicate.

In order to increasethe throughput substantially , the 48-
bit data path is broken into six 8-bit sections. Each section
receives a bu�ered copy of the control and has its own
completion and acknowledgecircuitry . This is a standard
technique usedthroughout the MiniMIPS to avoid the cycle
time penalty of broadcastingand completing acrossa large
datapath. The 64� 48 cells themselves deal with all 48
bits at once for reasonsof greater density. However, to
give the bussessu�cien tly high throughput, they must be
decomposed.

All of the busseshave su�cien t slack (pipelining) sothat
a di�eren t 64� 48 cell can be accessedwhile the last one is
still in its reset cycle. If di�eren t 64� 48 cells are accessed
sequentially , their reading and resetting operations will run
in parallel. The 1-kB row bussescan read at 315MHz with
0.6 W power, and write at 336 MHz with 0.6 W power.

D. The 4-kB cache

Four 1-kB cache rows are composedwith another layer
of bus circuitry to construct the 4-kB cache, as shown in
Fig. 8 and Fig. 9. These bussesare analogousto those of
the 1-kB row except for the addition of a four-word parallel
re�ll operation.

The \address bus" usesthe least signi�can t two bits of
the addressto deliver the read/write bit and next eight bits
of the addressto the correct row. In the caseof a re�ll, it
broadcaststhe addressto all four rows and instructs them
to write. The datapath part of the cache control sends
additional control directly to the \load bus" and \store
bus."

The \load bus" mergesup the data from the four rows
in the caseof a load. For a re�ll, the load bus receives
a copy of the four-word re�ll from the memory unit and
selectswhich word to sendout the load channel (to the R
process). This e�ectiv ely bypassesthe cache so that the
re�lled word is available as quickly as possibleto the rest
of the processor.This is necessarysinceL is dealing with
the cache operation between the attempted read and the
re�ll.

The \store bus" splits the store data and tags to the
selectedrow in the caseof a store. Sincethe cache is write-
through, it also sendsa copy of the store data to the mem-
ory unit, which passesthrough a write bu�er. This bu�er
can hold from two to eight outstanding stores to memory,
depending on their addresses.For a re�ll, the \store bus"
receives a secondcopy of the four-word re�ll data (with
tags added to each word by the memory unit) and sends
them in parallel into the four cache rows.

As with the 1-kB caches,the \load bus" and \store bus"
are decomposedinto six eight-bit segments, which reduces
their critical paths and increasesthe throughput.

The bus wires on the \load bus" and \store bus" extend
nearly the entire height of the chip (22,000 � [10]). For
this length, wire resistancebecomesquite signi�can t, and
it would probably be impossibledirectly to drive the whole
length at high throughput. To solve this problem, a set of
inverters wasplacedat the end of the cache core region, so
that the signalswererepeatedup into the datapath portion
of the memory system. At the end of the busses,an extra
pipelining bu�er wasaddedto decouplethe bus cycle from
the cache control circuitry . With these improvements and
substantial transistor width optimization, the bussesof the
4-kB cache load at 320MHz with 1.31W of power and store
at 280 MHz with 0.81 W power.

VI I. Cache Core Perf ormance

The latency of a load through the entire 4-kB cache core
is only 14 transitions, or about 3.8 ns. Of thesetransitions,
the slowest are the 64-way read in the cell and the merge
and load busses.

When di�eren t rows are accessedsequentially (i.e., the
addressesdi�er in the bottom two bits), the cache corecan
load at the throughput of the outer busses,or 320 MHz
with 2.1 W of power. If the samerow is accessedsequen-
tially , but the cells di�er (that is, the addressesdi�er in



8

Load B
us

Row[0]

Row[1]

Row[2]

Row[3]

A
ddress B

us

IO

Address, RWLoadStore

S
tore B

us

Fig. 8. Blo ck diagram of the 4-kB data cache.

Fig. 9. Magic layout of the D-cache core. Metal 3 is not shown.

bits 2{3), the throughput is limited by the 1-kB busses,to
315 MHz. Only if successive accessesare to the samecell
(when the least signi�can t four bits are the same)will the
throughput be limited to 175MHz. In all cases,the power
varies linearly with the throughput.

Assuming a random distribution of addresses,we may
expect an averagecaseload throughput of 303 MHz. The
worst-casethroughput is 175MHz. For the I-cache,assum-
ing that a branch or jump occursoncein every six instruc-
tions, weexpect an averageinstruction fetching throughput
of 317MHz with a worst-casethroughput of 226MHz, since
the MIPS ISA ensuresthat branchesand jumps can occur
at most every other instruction. Since the MIPS Level 1
ISA alsorequiresa shadow after every load instruction, the
latency of the D-cache is not likely to beon the critical path
of normal user code unlessaddressesaccessedsequentially
line up in unfortunate ways (assumingno cache misses,of
course).

VI I I. Perf ormance

A. Transistor counts and layout area

The ten-transistor SRAM cells for the data and tags of
each 4-kB cache contribute 492,000 transistors. The D-
cache core contains 215,000additional transistors and oc-
cupies19.4mm2 in total. The I-cachecorecontains 189,000
additional transistors and occupies17.1 mm2. The I- and
D-cache control sections in the processordatapath con-
sist of approximately 40,000and 51,000transistors, respec-
tiv ely, and takeup 3.7and 5.5mm2 in HP's 0.6-� m process.
These transistor counts are measuredfrom extracted lay-
out, and thus over-count folded gates and include all the
\staticizers" (weak cross-coupledinverters used to make
dynamic nodespseudo-static).

Standard MOSIS logic layout rules (scmos-sub) were
usedfor the design,and the area of the cache core is dom-
inated by wiring, mainly for the dual-rail read and write
channels. The entire cache systemrequiresaround 1.5 mil-
lion transistors (about 15 total transistors per data bit)
and occupiesapproximately 46 mm2. The sizeof the con-
trol logic is basically independent of the sizesof the caches;
thus, a larger cache would have negligible area devoted to
control logic.

B. Simulation, fabrication, and measurements

Analog simulations of the cache systemindicate an aver-
agecasethroughput (ignoring cache misses)of 320 million
loads per secondper cache at 25� C and 3.3 V with about
2.1 W per cache power consumption. The accesstime of
the cache core is about 3.8 ns. The standby power of a
cache that is not being used is negligible. Performanceof
cache missesis almost entirely limited by the speedof the
o�-c hip memory interface (the MiniMIPS usesa straight-
forward, but antiquated, asynchronous SRAM main mem-
ory system).

All the units described in this paper havebeensimulated
both digitally and using the BSIM2 model on circuits ex-
tracted from the layout. The design was submitted for
fabrication in the fall of 1998 in HP's CMOS14B 0.6-� m
CMOS processvia MOSIS.

Silicon was received in January of 1999. The MiniMIPS
processoroperatesover a very wide voltagerange(lessthan
one volt to over six volts), but performancehas been dis-
appointing. Our target had been 280 MHz at 25� C, but
a design error (a polysilicon wire used to drive a heav-
ily loaded node in the instruction-fetch unit) and process
detuning by HP only allowed the processorto operate at
180 MHz. By adjusting HighVdd (see section VI-A), we
have determined that the instruction cache is not critical
at this speed,but that is unfortunately the extent to which
we have beenable to verify our performancepredictions for
the cache system. Given our information about the pro-
cessand our lab data, our best guessis that the I-cache
would be able to operate at roughly 250 MHz (down from
320 MHz) on its own at 25� C and 3.3 V and at roughly
220 MHz at a more reasonable junction temperature of
75{85� C. The D-cache is likely to be about 20 MHz slower
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becauseof the extra complexity of the control logic, but in
actual code, this di�erence would most likely be absorbed
by slack (bu�ering) between the various units of the Min-
iMIPS. Our power-delay product estimates were found to
be very accurate for the processoras a whole, and we have
no reason to believe otherwise for the cache system. We
are currently investigating a die shrink of the MiniMIPS to
a 0.25-� m or smaller technology.

C. Comparing with other designs

TIT AC-2 is a MIPS R2000-basedmicroprocessor de-
signed in the \Scalable-Delay-Insensitive" framework[12],
but its cache systemis quite di�eren t from the MiniMIPS.
The TIT AC-2 processorusesan ASIC SRAM macro cell
for its cache array and implements an 8-kB I-cache (no D-
cache) with an eight-word line with a sequential �ll. It uses
a mechanism similar to the MiniMIPS main memory inter-
facewith a bundled data interface and an o�-c hip tunable
delay line to properly time the signalsto the SRAM macro.
The TIT AC-2 cachesareaimedat a lower performancelevel
than the MiniMIPS, about 65 MHz (52 VAX MIPS) in 0.5-
� m CMOS.

The AMULET2e cache architecture is unconven-
tional[13]. It uses a very highly (64-way) associative
content-addressable memory (CAM) to store tags and
RAM only for the data; this is due to a desireto becompat-
ible with the ARM family of processors.The AMULET2e
cache is truly a fully self-timed design,but like the TIT AC-
2's cache, it is aimed at a substantially lower performance
level, with a cycle time of 16{20 ns in a 0.5-� m CMOS pro-
cess.Our cachesare about twice asbig as the AMULET2e
caches,but have �v e or six times higher throughput. More
recently , the AMULET group has done work on studying
higher-level cache protocols in asynchronous systems[15];
our work has focused more on high-performance circuits,
pipelining techniques, and microarchitecture.

The Digital Equipment Corporation (DEC) Alpha 21064
is a high-performance64-bit synchronous processorfabri-
cated in an \enhanced" 0.75-� m CMOS process[14]. Its
cachesusea six-transistor SRAM bit with a local intercon-
nect layer (said to save20%area). Normalizing for feature-
sizedi�erences, our ten-transistor SRAM cell is 2.65 times
larger. This is partly due to the four extra n-transistors,
but also partly due to wiring constraints, which could be
resolved with more layers or a local interconnect. The
Alpha 21064 runs at 200 MHz in the enhanced0.75-� m
technology, while our simulations in 0.6-� m CMOS run at
320 MHz and the silicon runs at least 180 MHz. The Min-
iMIPS has only a single delay slot, while the 21064 has
two (not architecturally visible), so our cache latency may
be better in proportion to our cycle time. Obviously, to
compete with this design,we would needto redo our core
cells to save area. This would be straightforward with a
more highly optimized fabrication technology and a six-
transistor unit cell.

IX. Summary and Conclusions

We believe that our experiencewith the QDI L1 cache
system for the MiniMIPS shows that the asynchronous,
communications-oriented designstyle is e�ectiv e in achiev-
ing excellent average-caseperformance with relatively lit-
tle design complexity. While the asynchronous design
method's automatic power-down is a well-known advantage
for low-power design,our focus in designingthe MiniMIPS
memory system has been more on performance and sim-
plicit y from the point of view of synchronization, even in
the presenceof variable delays due to the latency limita-
tions of o�-c hip memory and the data-dependent through-
put limitations of the cache coreitself. In contrast to arith-
metic/logical operations that can be handled with relative
easein both the synchronousand asynchronousprocessors,
the latency variabilit y of memory operations can be large
and data-dependent, especially if partial-w ord operations
are allowed. A synchronous memory system implementa-
tion in this environment would incur either largeworst-case
penalties or a great deal of design complexity in schedul-
ing pipelined operations, whereasour asynchronous imple-
mentation elegantly handlesmuch of this complexity with
blocking communications.

This design represents the �rst of its kind, a QDI mes-
sagepassing implementation of a L1 cache system for a
high speed asynchronous CPU. Many of the design deci-
sionswereconstrained by the desirefor compatibilit y with
the now-obsoleteR3000cache architecture and by zealous
avoidance of race conditions, interference, or low-voltage
signaling. For future designs, it would be easy to use
a six-transistor SRAM, senseampli�ers, or even a one-
transistor or three-transistor DRAM cell. These changes
would only alter the core 64� 48 cells, leaving the bus and
control architecture the same. Future designs from our
group will utilize more advancedcache architectures, such
as set-associativit y, a write-back policy, sharedtags, and a
larger line. With these changes,area savings of 50% over
the current designwould befeasiblewithout signi�can t per-
formance penalty.

The cachesfor the MiniMIPS processerdemonstratethat
the QDI design style is now su�cien tly developed to im-
plement all essential features of a modern microprocessor
without using a global clock, and without making assump-
tions about the delays of gates. The MiniMIPS cache sys-
tem outperforms its asynchronous competitors, and it is
also competitiv e in performance,although not yet in area,
with synchronous processorsin similar fabrication tech-
nologies.
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