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A Hybrid Wave Pipelined Network Router
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Abstract—In this paper, a novel hybrid wave pipelined bit- time mustbe reduced to decrease message delays. Other require-
pattern associative router (BPAR) is presented. A router is an ments may include flexibility to accommodate modifications to
Important component in communication network systems. The a network, algorithm and/or topology switching with minimum

BPAR allows for flexibility and can accommodate a large number del d bility t tal b frouti
of routing algorithms. In this study, a hybrid wave pipelined elay, and programmabiiity o support a large number orrouting

approach has been proposed and implemented. Hybrid wave @lgorithms and network topologies.

pipelining allows for the reduction of the delay difference between ~ The major approaches to the realization of flexible routers
the maximum and minimum delays by narrowing the gap between  are dedicated processors and lookup table [3]. A dedicated pro-
each stage of the system. This approach yields narrow “computing cessor allows bit manipulation, required by most algorithms.

cones” that could allow faster clocks to be run. This is the - . .
first study in wave pipelining that deals with a system that This type of router is capable of handling a number of networks,

has substantially different pipeline stages. The BPAR has three but due to its sequential execution of routing algorithms it is a
stages: condition match, selection function, and port assignment. slow approach. The lookup table approach requires the storage
In each stage, data delay paths are tightly controlled in order jn memory of a predetermined routing path for all possible des-
to optimize the proper propagation of signals. Internal control 4 \~+n nodes. The lookup-table approach reduces the time of
signals are generated to ensure that data propagates between . )
stages in a proper fashion. Results from our study show that determining the outp-ut port toamemory.accless delgy, hOWGYef'
using a hybrid wave pipelining significantly reduces the clock large tables are required to store the routing information. A third
period. The hybrid wave pipelined system described in this paper approach called bit pattern uses an associative approach to de-
has been fabricated using a 0.3sm technology. termine in parallel, the potential output ports (according to the
Index Terms—Bit-pattern associative memory, computer net- routing algorithm). The output port is selected by means of a se-
work address decoder, delay balancing, dynamic ternary content |ection function. This scheme has been shown to accommodate

addressable memory, hybrid wave pipelining, wave pipelined g3 |arge number of routing algorithms and to have fast execution

clock 3], (41,
In this paper, we present a high-performance hybrid wave
|. INTRODUCTION pipelined VLSI router based on the bit-pattern approach. Wave

OMMUNICATION between anv two network nodes iSpipelining enables pipelining in logic without the use of inter-
y mediate registers. In order to realize practical systems using

usually achieved by means of network routers. The func A L .
. : . . Wave pipelining, it is a requirement that accurate system-level
tion of a network router is to receive, forward, and deliver L -y .

and _circuit-level timing analysis be done. At system level,
messages. The router system transfers messages based on a

. . S . eneralized timing constraints for proper clocking and system
routing algorithm which is a crucial element of any communi~ .~ .~ . T
. : o ) optimization need to be considered. At the circuit level, perfor-
cation network [1], [2]. Given the reconfiguring requirements . : ; o .
. .. mance is determined by the maximum circuit-delay difference
for many network systems, a number of routing algorithms ; . - .
. IN propagating signals within a given module. Accurate anal-
as well as network topologies must be supported. Thus, ther . S
. . ; sis and strict control of these delays are required in the study
is a need for a very high performance flexible router to sups;

port these requirements. Having the capability of changiOf worst-case delay paths of circuits. In this study, a different

the routing algorithm at run time could facilitate smart mter"f‘%proaCh t(.) minimizing 'th.e clock.perlod IS undert.aketn.. Itis
. termedhybrid wave pipeliningand hinges on wave pipelining.

connects and adaptability that allow changes on the networ : . \ . A
e begin by presenting the router’s functional organization in

topology for different applications. Section Il, describing the basic circuits of each major module. In

A router intended for a number of routing algorithms and/cg : ; S .
. . ection Ill, we introduce wave pipelining and derive some equa-
network topologies must accommodate a number of routing re-

quirements. It is of great importance that the routing algoritht'ons that describe the hybrid wave-pipelining timing constraint.

execution time be extremely short. This time dictates how fas e design of the hybrid wave pipelined router, its timing re-

. uirements, control circuits and simulation results are discussed
a message can advance through the network, since a message . i .

. n Section IV. In Section V, a summary of the delays associated
cannot be transferred until an output port has been selected b

the routing algorithm. Thus, the routing algorithm executio‘rﬁw%.each module are graphmqlly represented and some con-
cluding remarks appear in Section VI.
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of the router organization shown in Fig. 1 is presented. This ~ 4{ | &
description is at a functional level, in order to illustrate the

requirements and capabilities of the system. _ o
The associative router uses a content addressable memory/&g: CMOS circuit for DCAM cell.
its bit-pattern associative unit, and this enables the destination

address alternatives to be considered in parallel. The destination*
address is presented as the input to the bit-pattern associative
unit (BPAU) for comparison with the stored data. The patterns
stored in the BPAU allow the router to make a decision about the
destination port based on the routing algorithm. The address of a
destination nod® (d,,_1, ...dp) needs to be compared to the *
current node’s address (c,,—1, ...
compares the bits of the two addresses; some bits are ignorec®
since they do not affect the current routing decision. These
“don’t care” bits usually occur at different positions for each
potential path being considered and need to be customized
according to the routing algorithm requirements. This in turn *
imposes a requirement for the BPAU to include “don’t care” bits

Port assignmentThis is a memory that stores the output
port assignments. The address where the assignment is
read is specified by a pointer from the selection func-
tion and this assignment is passed to the port assignment
register.

Port assignment registefThis register holds the assign-
ment which is used to send the message.

Row select:This register is used as a pointer to a row
of dynamic CAMs (DCAMSs) (BPAU array) and dynamic
RAMs (DRAMS) (port assignment) to be programmed to
or to be refreshed. It is not used during normal operation.
Refresh circuitry.This circuitry is used for refreshing
stored data, since dynamic circuits are used.

co). A routing algorithm

at different positions in each entry. To provide the flexibilityrhe BPAR organization supports three basic operation modes,
required to support multiple interconnection networks ambrmal (or matching), programming (or data loading), and
routing algorithms, the BPAR must be programmable. Thefreshing [3]. In normal (matching) mode, the previously
results of the comparison are passed to the selection functimaded data are compared to data presented at the SAR and the
which then passes the match output with the highest prioritgsults passed to the selection function. The programming mode
to the port assignment to select the word corresponding pieovides a means by which to initialize the memories with

the selected output port.
Modules of the BPAR include the following.

destination addresses, while refreshing enables the replenishing
of the loaded data during the normal operation, since dynamic

Search argument register (SARJhe SAR receives the Circuitry is being used.

destination address and passes it to the next stage at the

appropriate time. A. DCAM Cell

BPAU: This unit stores the bit patterns for a given intercon- The DCAM cell implements a comparison between an input
nection network node and performs a comparison betweand the ternary digit condition stored in the cell. The circuit of
the destination address and the current address (specifiesingle DCAM cell, shown in Fig. 2, consists of eight and a
by the bit patterns). All the patterns that match the inptnalf transistors; transistdt, is shared by two cells. The read,
address are passed to the following stage; the selectiorite, evaluation, and match line signals are shared by the cells
function. in a word while theBIT_STORE, NBIT_STORE, BIT_COMPAREaNd
Selection functionThe selection function is a priority NBIT_COMPAREIines are shared by the corresponding bit in all
encoder that selects only one of the BPAU outputs. Words of the matching unit. The design uses a precharged match
more than one pattern has been matched, the one wlitte to allow fast and simple evaluation of the match condition.
the highest priority gets selected [5]. The selected mat@tis condition is represented by the DCAM cell state which
pointer gets passed to the next stage. If no matching pet-set by Sbl and Sb0 node status. This state is stored in the
tern is found the selection function sets a no match signghte capacitance of the transist@is and7.. In Table I, the
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TABLE | in a synchronous manner. In a system setup like this there is
REPRESENTATION OFSTORED DATA IN A DCAM CELL only one set of data between register stages. The clock-cycle

Sb1 | S60 state time in conventional pipelining is governed by the worst-case

0 0 [ "X(don't care) operation of the stage with the largest delay. This results

15 3((::;)) in all stages being clocked at the rate of the slowest stage.

1 1 ot allowed The equation that defines clock-cycle time for conventional

pipelining is
possible DCAM cell stored values are listed. Transistes Tex > dmax(j) + Ts — T + Aci 1)

andT,.r; are used for refreshing.

The DCAM cell performs a match between its store#hered,,..(; is the maximum delay of stage(the stage with
ternary value and a bit input (provided l#yr_compaRE and the largest delay), witll's andT being the register setup and
NBIT_COMPARE, which represent a bit and its opposite valug)old times respectivelyAy is the uncontrolled clock skew.
respectively). The match line is precharged to “1.” Thus, when Wave pipelining is an approach aimed to achieve high per-
a no match exists this line is discharged by means of transiste¢mance in pipelined digital systems by removing interme-
T... Normal operation involves comparing the input data tdiate latches or registers [6]. Idle time of individual logic gates
the patterns stored in the DCAM and determining if a matoiithin combinational logic blocks can be minimized using wave
has been found. During match operation, the input data fipelining. Some of the challenges of designing wave pipelined
presented on theiT_comPAREline and its inverse value on thesystems are as follows.

NBIT_COMPARE line. Before the actual matching of these two e« Preventing intermixing of unrelated data “waveshere
values is performed, the match line is precharged to “1” which  must be no data overrun in each circuit block.

indicates a match condition. The matching of the input data « Balancing delay pathsDelay paths must be equalized
and the stored data is performed by means of an exclusive-or to reduce major differences between maximum and min-

operation which is implemented by the two transist@is @nd imum delays which have a direct impact on the system’s
T.o) that hold the stored value. performance.

) ) ) The requirements stated above are the most important design
B. Selection Function and Port Assignment issues in wave pipelining. The timing constraints of the wave-

The selection function should be designed to ensure the ¢@épelining scheme can easily be understood by studying the
terministic execution of the routing algorithms. With a givetime—space diagram shown in Fig. 3. Some variables appearing
input (i.e., destination address) and a set of patterns stored inith&igs. 3 and 4 need to be defined; these are as follows.

matching unit, the port assignment should always be the same. . Minimum propagation delay through the combina-
The priority allows only the highest priority pattern that matches tional logic.
the current input to pass on to the port assignment memoyy. Maximum (worst-case) delay in the combinational
Below is the Boolean expression for the encoded priority logic.
Tox Clock period.
EFi=M;- b Ts, Ty Register setup and hold times.
where M; and P; are the matchline and the priority status ofx Con_struc,:tlve clock skew.
JAVS} Register’s worst-case uncontrolled clock skew.

row;, respectively.

A priority lookahead scheme has been proposed and impfl?eB
mented, as reported in [5]. The port assignment memory of
RAM holds information about the output port that has to be as-
signed after a bit pattern that matches the current input is founé><(*) o .
This memory is proposed to be implemented using a dynamjc W'.th.m Sta%al' di ina d
approach. The selected row address is passed from the priority(?) M_lr;:_mum clay encountered in propagating data
encoder. The cells in this row are read and their data is Iatch@d within stage:.

Register’'s propagation delay.

Time at which data at the output register can be
sampled.

Maximum delay encountered in propagating data

in the port assignment register. The DRAM structure is able fo™i»-hold System’s overall delay difference. .
. : ue to delay differences between inputs, a stage could start in
perform anoRr function per column when multiple RAM rows 2 . .
AR . ath which is not the appropriate one. We refer to this poten-
are selected; this is when multiple matches are passed on. ?h[f)a )
DRAM structure is explained in [3] ial'problem as false start. Intermediate stages could have false
' starts with those furthest from the input latches being the most
prone to this problem. These problems are avoided using the
hybrid wave-pipelining approach by holding signals so that the
In this section, we describe the timing constraints for comext stage does not start until all the signals from the previous
ventional, wave, and hybrid wave-pipelining approaches. #tage are available. A common engineering practice is to con-
conventional pipelining, intermediate latches are used in aglder the worst-case delai(,.), to ensure that the system runs
dition to the input and output registers. Intermediate latchesoperly.D,,.. plays a very important role in the system’s per-
(registers) ensure that when the leading edge of the systEarmance and safe regions of operation. The shortest delay path
clock comes, data get propagated from one stage to the néxt,,;,,), on the other hand, indicates the earliest time the results

I1l. HYBRID WAVE PIPELINING
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Ty " scheme, the lower bound of the output latching tifiefor a
D system withn, stages is described as follows:
9
bl n
E T o B Ty, > Dr+ Z (dwmax(i) + Thold(s)) 2
g 9 i=1
§ ]
T whereTi,1q IS given byTyoqa = Ts + Aax — Tr. The upper-
E bound of the output latching time is given by
T‘ time n—1
Ty, <Tox, +Dgr+ Z (dmin(i) + dmin_hold(i)) + dmin(n)-
Fig. 3. Temporal/spatial diagram wave pipelined system. i=1 (3)
Given thatd .y (i) = dmin(i) + dmin_notd(i), (3) can be written
as
T
dmin_hold(3) 'l n—1

hold
dmin(3) o)
max(

TLh < TClle +Dgr + Z (dmax(i) + Thold(i)) + dmin(n)- (4)

i=1

staged

dimin_hold(2)

Il

dmin(2) 4

Equations (2) and (3) take into consideration the intermediate
stages of the design. The minimum delays and the hold times of
each stage are considered. The effort that goes into minimizing
delay differences per stage results in a considerable reduction
— e of the overall system’s delay variation. If further derivations are
carried out by combining (2) and (4), the clock period for the

hybrid wave-pipelining approach is determined to be

max(2)

stage2

LOGIC DEPTH

dinin_hold(1
T,
ifihy hold

dinax(1)

stagel

Fig. 4. Temporal/spatial diagram of a hybrid wave pipelined system.

o Tclkh > (dmax(n) - dmin(n)) + T’hold(n)- (5)
could emerge. In many computer/digital systems each stage has
a significantly different function and circuitry; wide variationsEquation (5) determines the shortest possible clock-cycle time
in delays Omin andDy,.x) May not be tolerated. in hybrid wave pipelining, given that stage has the largest
Timing constraints for the proposed hybrid wave-pipelinindelay differencediin_noia)- Having the largest,,in_noiq at the
approach are derived in the same fashion as in [6]-[8]. Tlead of the pipeline simplifies the analysis, however, the possi-
equations for the hybrid wave-pipelining scheme are denotbility of the largestdmin_no1a being at a stage other than tht
by the subscripk. The hybrid wave-pipelining temporal/spatialstage must be accounted for. For a case in whichtthstage
diagram is shown in Fig. 4. The computational cones in thigs the largest delay difference, we introduce the condition
diagram have been arranged to represent each stage within
the design. Tek;, > dmin_nold(i) + Thold(i)- (6)
Unlike wave pipelining, the clock-cycle time of the hybrid
wave-pipelining scheme is constrained by the delay differentbis condition implies that the stage with the largest delay
of a stage with the largest delay variation. This raises the negifference determines the clock-cycle time of the system. The
to examine intermediate stages in order to determine the @nuation that describes the shortest possible clock-cycle time
with the largest delay difference. The wave-pipelining scheniiethe wave-pipelining scheme is
on the other hand has the system'’s clock-cycle time determined
by considering the overall difference between the values of Tok, > (Dmax — Dmin) + Thold- (7
the maximum and minimum delays from the input latch to the
output latch. Fig. 4 shows computational cones of the hybrithe full derivation of (7) can be found in [6] and considers
wave-pipelining scheme and the equations that follow can tiee register constraints based on the overall logic depth without
derived from this time—space diagram. minimizing the intermediate nodes’ delay differences. Based on
For hybrid wave pipelining, the clock-cycle time is not conthe above analysis it is apparent that the hybrid wave pipelined
strained byl the time at which data at the output registers caapproach allows for the clock signal’'s period to be reduced,
be sampled, but by how early new data can be admitted into thence an increase in performance. A close examination of (5)
pipe as dictated by the stage with the largest delay variation. Téred (7) shows thak. , < Te,, SinceTy, is the delay differ-
output-latching time is however still of significant importancence of a single stage plus the overh€Bd,4) as opposed to the
and analysis of the hybrid wave-pipelining timing constraintsystems’ overall delay difference plus the overhead. This guar-
will start by examininglz. It must be noted, however, that theantees reduction of the time during which data is unstable, hence
equation describing the clock-cycle time can be derived withotlite sampling window. The comparison of the wave-pipelining
considering the latching time. In the hybrid wave-pipeliningnd hybrid wave-pipelining schemes is provided in Table II.
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TABLE I
CLock CYCLE TIME FOR PIPELINING SCHEMES

Wave-pipelining

Delay balancing is achieved

by buffer insertion
in the shortest path.

Hybrid wave-pipelining

Delay balancing is achieved

by the use of latches
(buffer insertion helps to
further increase performance).

The clock rate is determined
by considering the entire
system difference

(Dmaz — Dyin)-

The clock rate is determined
by considering the stage with
the largest delay variation
maz(dmin_hold)-

Data propagation between
stages relies not only on the

systemn clock but also on logic

and balancing delays.

Data propagation from one
stage to the next is a function of
the delays through the stage
and synchronization with a
wave pipelined clock.

IV. HYBRID WAVE-PIPELINED ROUTER
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buffer insertion to balance the delays, instead circuitry is de-
signed to provide very precise timing sequence. The advantage
of this approach is that it is not affected by scaling or use of a
different technology since all the modules are affected by these
changes the same. The only major limiting factor becomes the
worst-case delay of the circuit. The valid clock pulse width
(PW) can be made short, and it cannot be less than, +
(Dmax - Dmin): |e,PW Z Dmin + (Dmax - Dmin)- This
expression includes the rise and fall times of the clock and is
based on measurements taken from SPICE simulations. This
gives the minimum pulse width that will enable application of
hybrid wave pipelining to the BPAR without intermixing the
data “waves” within any given pipeline stage. This provides the
basis for the design of the clock pulses required to cause the
data to propagate through the pipeline stages. The system clock
passes data from the SAR to the bit-pattern associative unit. It

In this section we identify the signals that require synchrdas been established that the BPAR requires the following sig-
nization within each module of the hybrid wave pipelined routenals for its operation.

showing the timing requirements at each stage and providing «
the novel circuits designed to provide delay balancing. Also in-
cluded in this section are simulation results depicting the delays
involved within each stage.

A. Timing Requirements

Propagating coherent data waves from one pipeline stage to
the next without the use of a distributed system clock is achieved
by balancing the delays within each pipeline stage. Delay bal- «
ancing is necessary since the data within a circuit module takes
different paths and experiences different delays depending on
the operation, resulting in the data arriving at the input of the
next stage at different times. The data that has the shortest delay
arrives at the input to the next stage earlier than data that takess
the critical path (longest delay), hence the use of intermediate
latches between pipeline stages (modules). Burlesa. [6],
have suggestenliffer insertioras a method of delay balancing.
Buffers are inserted in the shortest signal path to force these de-
lays to be equal to the worst-case delay, which in turn permits
the signals to arrive at the input of the next stage at the same time
without the use of intermediate latches nor the system clock. A
different approach is considered in this study. It does not in- «
volve buffer insertion, but uses the delays in the design of the
appropriate signals that will enable data to propagate through
the stages coherently without the use of distributed clock nor in-
termediate latches. The method used will not be limited in use to
the BPAR circuitry and should find application in many circuits
that employ the wave pipelining technique to improve perfor-
mance. The circuits designed to enable data to propagate frome
one stage to the next operate in parallel with the stage circuitry.
Thus, no time overhead is introduced by use of the control cir-
cuitry designed to enable hybrid wave pipelining. Only one con-
trol circuit per stage is used to provide control for all the entries
of the particular stage, therefore, hardware overhead is minimal.
The area occupied by the control circuits designed to enable hy-«
brid wave pipelining is a mere 3% of the total router chip area.

The difference between the maximum (worst-case) delay and ¢
the minimum delay is of particular interest in designing the
timing scheme of a wave pipelined BPAR. There will be no

Read and write signals for the memories (DCAM and
DRAM).The write signal must be raised to a logic 1 only
during programming (storing of current address) and re-
freshing of the stored data; this is done when the row select
signal selects a specific word to write to within the BPAU
array. Reading occurs when there is a need to refresh the
contents of the words stored within the array. The read and
write signals are generated whenever the stored data has
been sensed to degrade.

Bit lines. These lines pass the input to the BPAU array
during programming as well as normal operation and they
need to be precharged before reading from the array. There
is thus a need to design dedicated circuitry to generate the
precharge signal for the bit lines.

The evaluate signal.he evaluate signal is responsible for
determining if a matching condition exists in the bit-pat-
tern associative unit. Dedicated circuitry to provide the
proper evaluate signal has to be designed baseld,Qn;)
andd min (i), Whered .« is the maximum delay path for

a signal propagating through stageandd,;, ;) the min-
imum delay in propagating a signal through stagéthe
BPAR.

The precharge signalThe match line of the BPAU is
designed to be normally on, and this is achieved by
precharging it before evaluation occurs. A precharge
signal, therefore, has to be designed and it must occur at
appropriate times. The signalg,in(1) andd.,ax(1) play

an important role in the design of the precharge signal for
the match line.

The signal that permits the data “waves” to be passed to
the selection functionThe signal that allows the match
output to be passed to the selection function is generated
by using the evaluate signal and sizing transistors with the
threshold voltage of the transistor used to latch the match
outputs.

Precharge for the selection functiofihis signal is simply

the inverse of the evaluate signal.

The priority status signalWithin the selection function
the priority status signal is of importance. If a match has
been found in any of the entries other than the last entry of
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Fig. 6. Generating the evaluate signal.
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Fig. 5. Generating the match line precharge signal. z TP
pass
the matching unit, the selection function has to detect it as E
. . L _‘I pd
a match with the highest priority and must then propagate a
priority status indicating to the entries below that a match

has been found. In this design a priority stafgs= 0 \Y
indicates that a match with the highest priority has be(%rﬂ 7. Generating the pass sional
found and hence kills all the other possible matches below” gimep gnat
the current one. The delays experienced by this signal ?sre assed to an intermediate node when the match line is at “1”;

Pf Importance since it can be used to determine when n?hls intermediate node is precharged to “1” whenever the match
input can be applied to the SAR.

) . line is at “0.” The inverse of the intermediate node is evaluate
» The signal required to pass the selected match output 10 . . :
. LA . . signal. Using the match line to pass the clock signal and set the
the port assignmeniThis signal is required to gate the

selected match output determined to have the highe\/taluate signal to “0” when evaluation is completed provides

riority by the selection function to the next stage. Tha'€ Proper duration for the evaluate signal to stay at “0” or “1.”
2 ster¥1 c)I/ock is not used in the selection functiog ihereB-aSSing the clock signal when the match line is at logic 1 ba-
Y . ' s{cally determines that the data on the bit line has had enough
fore, the signals already generated have to be used 10 . e
tbr{]e to stabilize on the bit lines.

rovi recise timin h I match . .
provide precise .t g to pass the se_ectgd atch outp Once evaluation has been completed the match line outputs
to the port assignment memory. This signal serves to

select the appropriate outout port assianment can be passed to the selection function. Thus, the pass signal
. PP ) b putp g ) _.must immediately be active following completion of the eval-
The signals described above form the basis for proper timifigi,n process. The circuit used to generate the pass signal is
of the hybrid wave pipelined BPAR. The primary objective is 1y, in Fig. 7. The pass signal is designed to mimic the path

reduce clock-cycle time by allowing the delays to propagate dgjgy; 5 yerq on the match line (nonmatching condition) takes once
from stage to stage with the use of neither intermediate latc luation completes. Passing a “0" to the selection function

npr Q|str.|butr-_zd cIocks.lAs clock r_ates continue mcreas_lng,_ c]o ovides the maximum delay that can be experienced in passing
distribution is becoming a major problem; wave pipelinin

. . oF s e matching unit’s outputs to the selection function and, there-
could alleviate this problem by S|gn|f|cantly reducing the cloch)re, constitutes the worst-case propagation delay for this oper-
load as well as the number of inter-stage latches [9].  44ion The circuits in Figs. 6 and 7 have been designed to sense

) the duration and voltage levels of these signals. All the signals
B. BPAU Wave Signals presented to this point depend on the system clock.

The requirement for precharging the match line is that this Another signal of importance is within the selection function.
occurs before evaluation takes place and after the output of @s is the signal that enables the port assignment select signals,
match line has been passed to the next stage. As a resultithg the output of the selection function; the pointer to the se-
precharge signal is designed using the signals used to evallatted word of the port assignment. It is required that if a match
and pass the match line output to the next stage. The circuitiith the highest priority has been established, the ones below
Fig. 5 is designed to generate the match line precharge sigrniis match output must be disabled. The priority status performs
This arrangement ensures that the precharge signals will opethte function along with an enable signal, which has been de-
synchronously with the wave. signed based on the fact that it takes longer to pass “0” from the

The evaluate signal must go to “1” after the data passed to thie-pattern associative unit. The required delay between sets of
DCAM for comparison has stabilized on the bit linesr(com-  four selection function cells is arrived at by inserting delay ele-
PARE andNBIT_COMPARE). There is circuitry that generates thisments within the circuit. This approach ensures the prevention
signal once all the lines have been set to their appropriate inpfifalse starts. The circuit designed to generatestiablesignal
values. This circuit is shown in Fig. 6. The inverse of the clodls shown in Fig. 8.
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Fig. 9. Plot of BPAU control signals.
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) ; and last entries of the selection function simultaneously receive
b ome oo oo oom oom ooz oom eoe  eos em iNputs indicating that matching conditions have been found in
time (o) the corresponding BPAU entries. The first entry of the selection
Fig. 10. Plots of enable signals. funct!on has to propagate a “0"to the_last entry of the selection
function to prevent generation of a pointer to the DRAM by the
] o ] last entry. Signals to lessen the possibility of false starts are gen-
C. Hybrid Wave-Pipelining Signals erated and these are labetstable They are designed to ensure

The signals generated by the above circuits appear in Figthat even if a false start occurs the pointer to the DRAM array is
along with the clock. The delays of the first two stages areot established. In Fig. 10, delays from the second stage of the
clearly marked in the figure to show a correlation with the hybriBPAR and those of the third stage are shown along with signals
wave pipelined approach. On Fig. 9 the minimum delays, used to enable the DRAM pointers for the first and last entries
and hold timesiy,q of each stage are shown. Also the duradrom a setup in which the last entry always finds a match and the
tion of the evaluate and pass signals are depicted. Usingr.5-first entry finds a match every other clock cycle. The delays in-
technology, 2.5 V is sufficient to determine a logic 1. volved are shown. The plots in Fig. 11 are those of the DRAM

Once the output of the match lines have been received by thanters to the first and last entries of the DRAM. They serve
selection function, a decision needs to be made when more tharshow that an output port assignment can be read from the
one matching condition has been received. The selection fumiRRAM array every one and a half clock cycles. Also ensuring
tion is designed to propagate a priority stafgsto the entry that the matching condition occurs every other clock cycle for
below it indicating whether it has registered a match. This ptiRe first entry of the BPAU, while the last entry always finds a
ority must be propagated very fast to prevent false starts. Somatch, makes for a good check for false starts. These tests were
of the signals of importance in this scheme are shown in Fig. Hlso verified through the testing of the fabricated chip and some
The selection function’s critical operation occurs when the firsff the test results appear in Fig. 12.
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V. BPAR CoMPUTATIONAL CONES

condition match unit to the output latch (output register) of the
port assignment unit. Data experience delays as they propagate
through the stages and these delays increase with increasing
logic depth. The hybrid wave-pipelining approach narrows
the gap betweem,,;, and D,,., resulting in a reduction of

the clock-cycle time. This study is the first of its kind; it
examines the delays within each module of the design and
minimizes them individually. In each module, data-delay paths
are tightly controlled in order to optimize the proper propagation
of signals. Delay balancing and stage-input synchronization are
achieved by using internal control signals. These signals are
generated to ensure that minimization of the delay difference
(dmin — dmax) Within each stage is achieved and passing of
data between stages occurs in a proper fashion. Circuitry that
generates these signals occupies less than 3% of the router
area. Issues pertaining to signal generation, uneven delays, and
timing are some of the important issues in wave pipelining
and they have been addressed in this study to synchronize the
pipeline. The BPAR presented in this paper has been designed,
implemented and tested using a Q& CMOS technology.
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VI. CONCLUDING REMARKS

An extremely fast router capable of accommodating a numd|
of routing algorithms and networks has been presented in t
paper. The router has three stages namely condition mat
selection function, and port assignment resulting in a log
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