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Abstract—A novel mesochronous pipelining scheme is described
in this paper. In this scheme, data and clock travel together. At any
given time a pipeline stage could be operating on more than one
data wave. The clock period in the proposed pipeline scheme is de-
termined by the pipeline stage with largest difference between its
minimum and maximum delays. This is a significant performance
gain compared to conventional pipeline scheme where clock period
is determined by the stage with the largest delay. A detailed anal-
ysis of the clock period constraints is provided to show the per-
formance gains and Speedup of mesochronous pipelining over
other pipelining schemes. Also, the number of pipeline stages and
pipeline registers is small. The clock distribution scheme is simple
in the mesochronous pipeline architecture. An 8 X 8-bit carry-save
adder multiplier has been implemented in mesochronous pipeline
architecture using modest TSMC 180-nm (drawn length 200 nm)
CMOS technology. The multiplier architecture and simulation re-
sults are described in detail in this paper. The pipelined multiplier
is able to operate on a clock period of 350 ps (2.86 GHz). This is
a Speedup of 1.7 times over conventional pipeline scheme, with
fewer pipeline stages and pipeline registers.

Index Terms—High performance, mesochronous pipeline, mul-
tiplier, pipelined system, register delays.

1. INTRODUCTION

IPELINING is a technique used to design high-perfor-

mance digital systems. Pipelining partitions a single large
logic block into small logic blocks called pipeline stages,
separated by pipeline registers (latches, flip-flops). Fig. 1 shows
a pipelined system with [NV stages. We present a brief review
of this pipeline scheme; this review serves as background to
explain the proposed scheme.

In a pipelined system, pipeline stages operate on different
data vectors/waves simultaneously and each stage on only one
data wave at any given time. Pipeline registers synchronize data
movement from one stage to next with reference clock edge
(typically the leading edge). New data is admitted into a stage
only after data in that stage has been cleared and latched by
the register following it. In a pipelined system, pipeline stage
with the longest computation time dictates clock-cycle time for
the entire system. Since all data synchronization in a pipelined
system is based on clock signal, clock uncertainties (skew, jitter)
must be controlled for proper functioning of the system. Fig. 2
shows a graphical representation of a combined temporal and
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spatial variation for a pipeline Stage . The shaded region in
Fig. 2 is called computation cone and represents when compu-
tation is being performed in this stage.

The variables used in Fig. 2 are defined as follows:

T.x clock period;

A constructive clock skew;

Aqx unconstructive clock skew or clock uncertainties;

Dpgr clock-to-output delay of the pipeline register;

ts, tn pipeline register setup and hold times;

dmin(iyminimum propagation delay through a Stage 7 of a

multi-stage system;

dmax(:;fnaximum propagation delay through a Stage 7 of a

multi-stage system.

Fig. 2 shows that delays in a pipeline are not only from
pipeline stages (dpin and dp,.x) but also from pipeline regis-
ters (Dg, ts and ty). The delay of critical path includes Dpg
(clock-to-output delay of register), dp.x (maximum stage
propagation delay) and ¢, (register setup time).

Temporal and spatial diagram of a three-stage pipelined
system is shown in Fig. 3. It is assumed that second stage in
Fig. 3 has the maximum propagation delay.

Equation (1) defines the clock period for a pipeline system,
where Dy, is the largest of maximum propagation delay
(dmax) of all stages in the pipeline, Dimax = max(dmax(s))-
For example in Fig. 3, Dimax = diax(2)- The registers are also
an overhead on the clock cycle time

Tclk_conv Z Dmax + DR + ts + Aclk~ (l)

For (1) to be valid, the following condition must be satisfied.
Here Dmin = min(dmin(i))

Dmin + DR Z th + Ac1k~ (2)

The condition in (2) ensures that new data does not appear at
input of a register before its hold time is up.

From (1) it is clear that small clock periods are possible by
decreasing delays: D ,.x, DR, ts and/or A_ji. Scaling can help
decrease these delays and achieve smaller clock periods i.e.,
higher clock frequencies. However, in a given technology, to
shrink the clock period further, the only delay which can be re-
duced is Dax. It is extremely difficult to further decrease reg-
ister delays (Dp and ¢5) and Ak in the same technology. By
partitioning each pipeline stage into more stages as shown in
Fig. 4(b), stage delays can be reduced, in turn reducing D ax
and Tk _conv- The result of such a partition is super-pipelines.
In Fig. 4(a), it is assumed that Stage B has the maximum prop-
agation delay, while in Fig. 4(b) it is Stage d.

From Fig. 4, it can be observed that the clock period can be
reduced by means of super-pipelining [1]. However, this ap-

1057-7122/$20.00 © 2006 IEEE
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Fig. 3. Temporal/spatial diagram of a three-stage pipelined system.

proach faces limitations imposed by the pipeline register delays
(namely, Dg and ) and the maximum logic propagation delay
(dmax)- By partitioning the pipeline stages, stage propagation
delay may become comparable to the register delays. As shown
in Fig. 4(b) the register delays are a significant portion of the
clock period. If this approach is used to reduce the clock pe-
riod, the following issues arise: 1) each stage needs to be made
ultrathin to reduce d,.x; 2) pipeline register becomes the dom-
inant factor in the computation at each stage; 3) the number of
pipeline registers is increased, in the example the number of
register sets goes from four to seven; 4) clock distribution net-
work becomes more complex with additional pipeline registers;
5) higher power requirements as the number of pipeline regis-
ters, clock frequency, and clock distribution network complexity
increase; 6) tighter control on the clock skew will be required.
With increase in number of pipeline stages, clock network
load increases and distributing high-speed clock signal on
longer wires with increased line parasitics (resistance, ca-
pacitance and inductance) is a complex task. This is further
aggravated with technology scaling. Also, in technology
scaling, clock uncertainties like uncontrolled transmission line
effects, clock skew and clock jitter do not scale like the device
delays. There is an additional overhead on clock period to

counter these uncertainties. With increase in size of clock net-
work its power consumption also has increased to around 50%
of the total chip power consumption [2]. In order to achieve
significant performance gains, architecture can be modified
to eliminate large pipelines and complex clock distribution
mechanism. Architectures like wave-pipelining [3], [4], mi-
cropipelines [5] and package wiring [6] have been proposed,
but the performance gains are not significant. An asynchronous
pipelining scheme like micropipelines may be appealing since
it does not require a clock signal. However, it is complex
compared to synchronous schemes and the performance im-
provement is higher in alternate synchronous schemes [6],
[7]. In order to improve the performance of pipelined systems
and greatly reduce the issues mentioned above, we propose
a novel pipeline scheme called mesochronous pipelining. In
this paper we introduce the mesochronous pipeline concept,
followed by performance gains from the proposed scheme and
finally a mesochronous pipeline design example. For clarity we
shall refer to the pipelining scheme reviewed in this section as
conventional pipelining.

The organization of this paper is as follows. In Section II we
present the mesochronous pipeline architecture. In Section III
we compare the proposed scheme with the conventional pipeline
scheme. Design of clock signal path is presented in Section I'V.
In Section V some methods to tackle delay variations are dis-
cussed. A mesochronous pipeline implementation of a multi-
plier is discussed in Section VI and its performance analysis is
presented in Section VII. Finally some concluding remarks in
Section VIII.

II. MESOCHRONOUS PIPELINE ARCHITECTURE

The proposed mesochronous pipeline scheme modifies con-
ventional pipeline scheme to achieve performance gains. The
term mesochronous has been used in the communications field;
it has been defined as: the relationship between two signals such
that their corresponding significant instances occur at the same
rate. In the proposed scheme, the system is clocked such that a
pipeline stage is operating on more that one data wave simul-
taneously. At any given time, multiple waves can be present in
a stage and the waves are separated based on physical proper-
ties of internal nodes in the logic stage. This concept has some
similarities to the wave-pipeline scheme [3], [4]. Clock signal
in this scheme is delayed so that its travels along with the data.
The schematic of this scheme is shown in Fig. 5. Clock signal
path includes delay elements (Asg;) which emulate the delay ex-
perienced by data in pipeline stages. The design of clock signal
path will be discussed in Section IV. In this pipelining scheme,
higher clock frequencies are possible, complexity of clock dis-
tribution is greatly reduced and influence of clock uncertainties
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is mitigated. This architecture can be used in design of any high
performance pipelined system.

Temporal and spatial variation of the proposed mesochronous
pipeline architecture is shown in Fig. 6 for a three-stage system.
In Fig. 6 it is assumed that Stage 2 has the maximum delay
difference. We shall refer to the difference between maximum
and minimum propagation delays (dmax(i) — min(i)) Of @ Stage
1 as the delay difference of that stage. The delay difference of
any stage, gives this amount of time the values generated at d.y;,
have to be held, till the computation is complete in that stage.
Equation (3) defines the clock period of the proposed scheme
derived using Fig. 6

Terkom 2 dimax(j) = Gmin@) T s +tn + 28k (3)

Clock out

In (3), j is the stage with the maximum delay difference (in
Fig. 6 Stage j is Stage 2). The clock period in this pipeline
scheme is determined by stage with the largest delay difference
and safe time required before a new data wave is admitted into
this stage. From (3) it is clear that a smaller delay difference
would result in a higher clock frequency. The delay difference
can be minimized by delay balancing using buffers.

In wave-pipeline architecture [3], [4] entire system is a single
logic stage, with an input register and output register for syn-
chronization. Multiple data waves are simultaneously present
in the logic stage. The schematic of this scheme along with its
temporal and spatial diagram is shown in Fig. 7.

The clock period for a wave-pipelined system has been de-
rived in [4] as

Tok_w > (Dvax — Dvin) + ts + € + 280k 4)

where Dyjax and Dyn are the maximum and minimum prop-
agation delays of the entire system. It is not difficult to show that
for any system the following expression is valid:

(Dmax + Dr) > (Dyvax — Dain + th + Acik)
> (dmax(j) - dmln(]) +tn + AClk) . (5

This implies that Tejx_m < Teik_w < Telk_conv. This in turn val-
idates our claim that mesochronous pipelining delivers an im-
proved performance compared to conventional pipeline scheme.

Equation (3) indicates that the clock period is determined by
the register setup and hold times when the input to output logic
paths are equalized i.e., when dpax(jy = dmin(j)- It should
be understood that factors like signal rise/fall time, capacitive
loading, and circuit technology also influence the clock speeds.
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The limitations resulting from physical properties of internal
nodes must also be considered to prevent any two adjacent
waves from colliding. The fundamental circuit limitations de-
termine the safe time to separate any two adjacent data waves.
Consider the example shown in Fig. 8, the clock period is
determined by the delay difference and register overhead, but
the internal node variation is large causing adjacent waves to
collide.

A more general representation of minimum clock period of
the mesochronous pipelined system is

Terk_m > max (T}nh dmax(j) - dmin(j) +is+tn + 2Aclk)
(6)
where T, is the maximum value of all the internal node con-
straints

(N

T'int = max(tint_h tint_27 tint_37 tint_47 """""" ) .

The internal node constraints can be eliminated by designing
pipeline stages such that a stage’s delay difference is greater
than the delay difference at any internal node in that stage or in
other words the delay difference should monotonically increase
from input to output of a stage [3] as shown in Fig. 9.

Assuming that stages are designed to have monotonically in-
creasing delay difference, we shall use (3) (Tcix_m > dmax( 5~
dmin(j) +ts+tn+2A) to determine the clock period for rest
of the discussion.

In mesochronous pipeline architecture, as the delay differ-
ence (dmax(j) — dmin(;j)) approaches the timing requirements
of the registers (setup time, hold time), the registers start to dic-
tate the achievable performance gains. Until this point, focus
was on the delay difference and its influence on the clock pe-
riod, but the pipeline register could well be the dictating factor.
Re-writing (3) as follows, the limit on delay difference of com-
binational logic is established

Amax(j) = Bmin() < Teeom — (ts +tn + 2A0x).  (8)

Logic Depth

ing 1

Time

—Tee—1

Fig. 9. Monotonically increasing delay difference.

Fig. 10. Computation cones of critical stage in mesochronous pipeline
scheme.

So, the combinational logic between any two adjacent regis-
ters can be varied as long as the above condition is valid. This
discussion emphasizes that it is important to design fast regis-
ters to derive improved performance.

Unlike conventional pipeline scheme where a significant por-
tion of clock period is the register delay, mesochronous pipeline
scheme is immune to this delay as computation takes place over
multiple clock cycles.

III. CONVENTIONAL PIPELINE AND MESOCHRONOUS PIPELINE
PERFORMANCE COMPARISON

To compare the performance gain from mesochronous
pipeline scheme we define a Speedup [1] metric as follows:

Dmax + DR +its+ Aclk
Ainax(j) = Gmin(j) + s +tn + 20¢n
©))
We study performance gain with the Speedup metric using
Fig. 4 and Fig. 10 as reference. In Fig. 4(a), a three-stage con-
ventional pipelined system and computation cone of the stage
with maximum propagation delay (dpax) are shown. A sim-
ilar mesochronous pipelined system is shown in Fig. 5 and the
computation cones of the stage with maximum delay difference
(dmax — dmin) are shown in Fig. 10. In Fig. 4(a) it is assumed
that Stage B has the maximum propagation delay and in Fig. 10
Stage 2 has the maximum delay difference.

T. ,
Speedup = ;k‘com =
clk_m
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Comparing Fig. 4(a) and Fig. 10, it can be observed that D,
is far greater than d,ax(j) — dmin(;) and register delays (Dg, t
and ty,), so the Speedup in this case is

Dmax + DR +its + Aclk
dmax(j) - dmin(j) +ts +tn + 240k
Dmax
- dmax(j) - dmin(j) +ts +tn + 200k .

Equation (10) shows that performance gains can be obtained
by using mesochronous pipeline and can be further improved by
reducing the delay differences (dmax 1) — @min(j))-

Using the same technology, the performance of
mesochronous pipelining can be achieved in conventional
scheme by partitioning the pipeline stages further as shown
in Fig. 4(b). In Fig. 4(b) it is assumed that stage d has the
maximum propagation delay. If D, is approximately equal to
dmax(j) — Qmin(j)» Speedup is close to 1 (without loss of gener-
ality it can be assumed that D +t5 + Ak = ts +tn, + 2A0x)

Dmax + DR +1is+ Av:lk
dmax(j) - dmin(j) +its+in+ 2Aclk

To achieve the same performance (i.e., achieve D.x =
Amax(i) = Amin(j))> @ large number of stages (in turn more reg-
isters) will be required in conventional pipeline implementation
compared to mesochronous pipeline scheme.

It should be noted that using thin pipeline stages (i.e., re-
ducing d,,.x) in conventional scheme, will make register delays
the main delay component in each stage. On the other hand, in
the mesochronous pipeline, the objective is to decrease the delay
difference.

The proposed mesochronous pipeline scheme has been shown
to be superior to conventional pipeline scheme. Mesochronous
pipeline scheme provides a far better performance that conven-
tional pipeline scheme, with a small number of pipeline regis-
ters.

Speedup =

Speedup = ~1. (11)

IV. CLOCK SIGNAL PATH

In mesochronous pipeline scheme, the clock signal travels
with data. Delays are included in the clock signal path so that
clock experiences the delay similar to data waves in pipeline
stages. In this section we present some aspects of the clock
signal path.

A. Designing the Clock Signal Path Delay Elements

Consider the example of a stage shown in Fig. 11. The clock
edge at A samples a wave from the previous stage. After trav-
eling through the register and the Stage ¢, the wave arrives at
the next register before time E. The next register must latch this
wave for the next stage (¢ + 1) at time E. The clock edge at A
must be delayed for time period AE which can be represented
as

TAE = dmax(i) + DR + s+ AClk- (12)

The delay value shown in (12) must be present in the clock
signal path to ensure that delays experienced by logic and clock
satisfy the relation: clock delay > logic delay. This value of
delay required in clock signal path is large. Instead of using such

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 53, NO. 5, MAY 2006

Fig. 11.  Clock period and delay element.

TABLE 1
COMBINATIONS OF N(;) AND 6(;)

N | 3

3 AB
2 AC
1 AD
0 AE

a delay element (Ag; in Fig. 5) we can take advantage of the
period nature of the clock signal. As shown in Fig. 11, the delay
AE can be expressed as a smaller delay (6(;)) plus an integer
multiple (N(;)) of clock period

Tap = Asi = dmax@) + Dr+ts + Acik = NejyTetcm + 033y

(13)

In this case, the number of waves present in the clock signal

path is less than the number of waves in Stage ¢, and this dif-

ference is given by IN(; for a Stage 7. From example in Fig. 11,
possible combinations of N(;y and d(;) are shown in Table L.

B. Clock Variation Tolerance

For a value of N(;) greater than one, data wave no longer
travels with its clock edge and the following inequalities must
be valid to prevent two adjacent waves from colliding

Aumin(i) + DR — th — Acik

> (Ngy = 1) Tenem + i)
Amax(i) T Dr +ts + Acik

< NeyTenem + 63y

VN(i) > 1. (14)

These conditions introduce a bound on the clock period. The
minimum value clock period can take is

max ((dmax(j) - dmin(j) +is+in+ 2Aclk) s

<dmax(i) + DR +ts + Aclk - 6(1) ))
max .
N

The maximum value clock period can take is

. dmin(i) + DR - th, - Aclk — 6(1)
min .
N(,L-) -1
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Here, j is the stage with the maximum delay difference and ¢ is
the set of all the stages.

When 5(2) = dmax(i)(N(i) = 0) or dmin(i)(N(i) = 1), the
upper bound on clock period approaches infinity and the lower
bound approaches the value given by (3). This means that when
a delay element is used to derive the entire delay on the clock
signal path, clock edge travels with data wave and the system
can run at any clock period (minimum value given by (3)).

For a value of N, (i) greater than one, as IV, 10) increases, value
of 6(;) decreases rapidly and the clock period bounds can be
written as

dmaxi +D +ts+Ac _6i
max ( @ R I ( )> S Tclk_m
N
Auin(i) + Dr — th — Acik — 03y
< mi !
< min < N(i) 1 (15)

So, the range of clock periods the system can operate de-
creases rapidly in this case. Due to these limitations, it is recom-
mended to design using small N(;) values. It should be pointed
out that if it is required to run the system at its maximum fre-
quency, the limiting factor would be the register delays as shown
in the multiplier example (Sections VI and VII). This in turn im-
poses a limitation on the number of waves that can be computed
within the stage to a few. Thus, maximum V, () tends to be small.

V. TACKLING DELAY VARIATIONS

The cases which could necessitate change in clock period
are when din(;) and/or dyay ;) of the critical Stage j change.
This would cause the failure of setup and/or hold time require-
ments and ultimately system failure. Variation in the stage de-
lays would change the bounds on clock period as given by (15).
So the clock period must be adjusted so that it falls in the range.
In this case the delay units in clock signal path must also be ad-
justed so that clock edge arrives at the register at the required
time. This must be done for every stage. These only arise if the
value of parameter N(;) is greater than one. For example con-
sider this simple system with the temporal and spatial diagram
of critical Stage j shown in Fig. 12.

In Fig. 13(a), an example of variation in dmin(]-) value is
shown, which causes the violation of hold time in Stage 7. Simi-
larly an increase in dy,.x () would violate the setup time require-
ment. In such cases the clock period must be increased as shown
in Fig. 13(b). The increase shown in this example is more than
the required amount and was chosen for clarity.

We know that the following equations must be true for any
Stage 4:

Amax(i)_original T DR + ts + Acic

= N(i)_original Tclk_m _original + 0(i)_original
Amax(i)-new + Dr +ts + Acik

= N(i)newTelk_m_new + (i)_new
Teik_m_original

> dmax(j)original — @min(j)_original T ts + tn + 2Ac1x
Telk_m_new

>d

dmin(j)_new +ts+1in+ 2Aclk- (16)

max(j)-new —
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Fig. 12.

Sample mesochronous pipelined system.

The delay element must be adjusted according to (17) for
proper functioning of the system

6(i)_new = 6(i)_0riginal + (N(i)_originachlk_m_original

dmax(i) _original) .
amn

_N(i)_nechlk_m_nOW) + (dmax(i)_new -

Digitally variable delay elements [8], [9] can be used instead
of static delay elements, in the clock signal path to tackle vari-
ations. Fig. 14 shows the schematic of a starved inverter used
as a digitally variable delay element. In Fig. 14, the inputs C1,
C2, and C3 are used to program the delay element to provide
different delay values.

VI. MESOCHRONOUS PIPELINED MULTIPLIER

In this section, we present a mesochronous pipeline design
example. We have chosen a multiplier to illustrate how the
proposed clocking technique impacts the performance of a
pipelined system. The carry-save adder (CSA) technique [10] is
a well known technique that is often used in realizing fast mul-
tipliers. Fig. 15 shows the general architecture of a multiplier
using CSA technique.

Using this technique, in an M -bit multiplier, M layers with
1-bit full adders (FAs) reduce M -partial products to two par-
tial products. Until this point the data flow is from one layer
of adders to next. In the last layer (Fig. 15) of the multiplier,
the two M -bit partial products have to be merged to form the
final product. The adder used for the final merging involves
data flow within the adder. The carry signal has to propagate
through the adder. Data flow within the last layer would make
it the bottleneck stage. Fast M -bit adder implementations like
carry-look-ahead or carry-select structure can be used to reduce
delay in the last layer; these structures increase in complexity for
large word lengths and produce diminishing returns. Instead of
this, we have chosen to add M -layers of 1-bit half adders (HAs)
to merge the final two partial products. This affects latency and
helps to improve throughput. This multiplier can be pipelined
by making each of these 2M layers into stages of a pipeline
which are separated by pipeline registers. Effectively, the multi-
plier would have 2M stage pipeline with 2M + 1 pipeline regis-
ters. For example an 8 x 8-bit pipelined multiplier would have
16 pipeline stages and 17 sets of inter-stage registers.
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Fig. 16 shows the schematic of the same 8 X 8-bit multiplier
implemented in mesochronous pipeline architecture [11]. All
the logic enveloped between any two adjacent register stages
is considered a single wave-pipelined stage. In this implemen-
tation there are only four pipeline stages and five register stages.
The placement of the registers will be discussed in Section VII.
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A fast multiplier can be implemented if its basic cells have
small propagation delays. The basic cells in the multiplier
schematic shown in Fig. 16 are FA, HA, flip-flop, two input
AND gate, two input OR gate, and buffers. The critical path in
the multiplier includes FA and HA. In this implementation FA
and HA have to generate the Sum (S) and Carry (Co) outputs
simultaneously and the transmission-gate implementation of
FA satisfies this requirement. To reduce propagation delay and
avoid glitches a differential implementation (complimentary
inputs are used and complimentary outputs are generated si-
multaneously) is used. The FA with a carry-in of logic 0 is used
to realize HA. The transistor level implementation of the FA is
shown in Fig. 17.

Since the FA and HA have been implemented in differential
version, other basic cells are also differential implementations.
The registers in the multiplier were realized using differential
positive edge-triggered D flip-flop. A flip-flop samples its input
at the clock rising edge, generates the output for the next stage.
Since the sampling is done at the rising edge and all flip-flops in
a register stage generate outputs simultaneously, the delay vari-
ations in the inputs to the register are eliminated when presented
to the next stage i.e., the data is synchronized. An improved ver-
sion of Sense Amplifier based Flip-Flop (SAFF) with comple-
mentary push-pull [12], [13] is the flip-flop implemented in the
register.

Since differential implementation has been chosen for FA, the
SAFF is a good choice for this system due to its differential im-
plementation. The SAFF accepts true and complimentary inputs
and generates true and complimentary outputs simultaneously.
It uses single-phase clock and is a small load on clock network.
The first stage of the flip-flop is essentially a sense amplifier
which assures accurate timing necessary in high-speed applica-
tions [14]. This flip-flop also has short setup and hold times.

VII. PERFORMANCE ANALYSIS OF MESOCHRONOUS
PIPELINED MULTIPLIER

Simulations have been performed on multiplier layout in
TSMC 180-nm CMOS technology, using SpectreS under
Cadence environment. The performance of the basic cells is
presented in this section.
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Fig. 16. 8 x 8-bit CSA multiplier implemented in mesochronous pipeline scheme.
T
|
o
Cin
Pl O— Sum
Cin
P
(o]
Cin
Pl 0— Cout
B
T
Fig. 17. Transistor level implementation of the FA.
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A number of simulations have been performed on the FA . '
to precisely characterize performance of this cell. An iterative 2o r ' g T
process has been used to optimize the transistor sizes to achieve o 260 g S x A
.. . .. .. A + o+ tor o o @ oo
minimum propagation delay and delay variation. Co-incident < 250 X ) x x
. . . T A o o
inputs were applied to the FA cell and propagation delay was 3 A 2te "R o TrrovEL
measured. There are a total of 56 transitions possible for the &M x i T . Rk g
. .. . . S
three inputs to an FA. Of these 56 transitions, only 32 transitions g 230 P T — ]
. .. o
trigger a transition on the Sum (S) and/or Carry (Co) output. For & 0 : it . ot
I . ¥ VF B
these 32 transitions, the propagation delay of the FA was mea- * omxooxm X Xx * x oox
. . .. 210 =
sured. Propagation delay values obtained for these 32 transitions dimin
are graphically represented in Fig. 18. The propagation delay for 200 = . " " 0 p ”

the FAs varied from 210 ps (dmin) to 280 ps (dmax ), resulting in
a maximum delay variation of 70 ps. Internal node constraints
dictate the rate at which new inputs can be applied to the FA and
from simulations it was observed that the fastest rate at which
inputs could be applied is once every 175 ps.

In the multiplier schematic shown in Fig. 16, it can be ob-
served that a layer of logic has FAs along with AND, OR gates and
buffers. These AND, OR gates and buffers are designed to give a

Sample number

Fig. 18. Propagation delay of the FA.

small propagation delay variation and since they are faster than
the FA, delay is added so that their propagation delay is close to
that of the FA. This would reduce the overall delay variation of
a layer of logic.



1086

tme (3) "

Inputs to the second stage-------- ’

r

N

280 32 Son
tima ()

Inputs to the first stage

Fig. 19. Simulation waveforms.

B. Sense Amplifier Based Flip-Flop

The transistor sizes in sense amplifier based flip-flop (SAFF)
[14] have been determined through an iterative process with
knowledge of input signal driving strength and output drive
needed. Simulations have been performed to determine the
setup time (¢5), hold time (¢;,) and the sampling time. Setup
time is defined as the time for which data input must be stable
before the arrival of active clock edge for the flip-flop to suc-
cessfully store the data. Hold time is defined as the time for
which the data must be held after the arrival of the active clock
edge for the flip-flop to store the data. The setup time, hold
time (¢;,) and clock-to-output delay (Dpg) are approximately
10, 130, and 295 ps respectively. Simulations performed on the
flip-flop revealed that the clock high time must be at least 160
ps. Assuming a 50% duty cycle, the minimum clock period
required is 320 ps.

C. Mesochronous Pipelined Multiplier

Simulations performed on the flip-flop revealed that the bot-
tleneck in the system is the register, which dictated the min-
imum clock period time. Though the FA can accept inputs every
175 ps, the flip-flop requires at least 320 ps between succes-
sive samples. So, instead of logic dictating the clock period in
the multiplier, the clock period (determined by flip-flop) deter-
mines the amount of logic that can be enclosed between any two
adjacent registers. This is given by (8) (dmax(j) — dmin(j) <
Teem — (ts + tn + 2Aqx)). Since the clock period has to
be at least 320 ps, compensating for possible clock uncertain-
ties a clock period of 350 ps (x2.86 GHz) (Teix_m) Was tar-
geted. Using the flip-flop delays obtained from simulations and

clk, (to second
pipeline register)
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Second stage

First stage

clk; (to first
pipeline register)

Qutputs of the first stage

(8) we know that the logic enclosed between any two adjacent
register stages must have a delay difference less than 190 ps
(dmax(j) = dmin(j) < 350 — (10 + 130 + 20)). The placement
of registers as shown in Fig. 16 is based on this calculated limit
on delay difference. The logic enclosed between any two adja-
cent register stages is wave pipelined and has a delay difference
less than 190 ps.

Simulations performed on the entire system revealed that the
system can successfully perform 8 x 8-bit multiplications every
clock period i.e., 350 ps. Some of the simulation waveforms are
shown in Fig. 19 to illustrate the delay variation concept. The
waveforms shown in Fig. 19 are of the first stage of multiplier.

There are four data waves simultaneously present in the first
stage. In Fig. 19 at label (a) are the input waves to the first
stage of the multiplier. Each data wave passes through the logic
blocks shown in Fig. 16, and as the wave propagates, each data
path adds different delay. As a result the delay variation of the
data waves increases. In Fig. 19, at label (b) are the data waves
with delay variations at the end of first stage (inputs to second
register stage). Since the delay variation at this point is close
to the calculated limit, a register stage is used to synchronize
the data waves. The synchronized data waves as stored by the
second register stage and presented to second stage at label (c)
in Fig. 19. All the delay variations in the data waves from first
stage are eliminated when presented to second stage. The small
variation observed in the signals at label (c) is due to vertical
clock skew and load variation of the register stage.

The mesochronous pipeline implementation of the multiplier
is able to achieve a clock period of 350 ps, with only four wave-
pipelined stages and five register stages. The load on the clock
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network is also small. The required delay in the clock signal
path has been accomplished using inverters.

Using the simulation results of the basic cells, performance of
a super-pipeline implementation of the same multiplier can be
accurately predicted. Best performance in conventional pipeline
implementation would be possible if each layer of FA/HA is a
pipeline stage. As stated previously, in such an implementation
the number of pipeline stages would be 16 and number of reg-
ister stages would be 17. The clock distribution in such an im-
plementation would be complex. According to (1), achievable
clock period is only 595 ps (Tcik_conv > Dmax + Dr + ts +
Ack = 280 + 295+10 + 10 = 595 ps).

Using this clock period for conventional scheme, from (9) we
have a Speedup of 1.7 times, from the mesochronous pipeline
scheme over conventional scheme.

In the calculated clock period value of conventional pipeline
scheme, a significant portion of clock period is lost in the reg-
ister delay. The amount of logic in a stage can be increased to
mitigate the effects of the pipeline registers in super-pipelining.
Let us consider M as the number of layers of FA considered
as a single pipeline stage, Teik_conuv(min) 1S Minimum value
of clock period achievable. As the logic depth in a stage
increases the propagation delay of the logic influences the
achievable clock period. Tcik_conv(min) €an be calculated as
Tclk_conv = (dmax _Fa + DR + ts + Aclk) + Mdmin _FA,
where dyax _Fa and dpyin _p4 are the minimum delays of FA.
Here, we linearize the delay of additional layers of FA (for
M > 1) with dy;, _pa instead of dyax _pa. This gives the
least possible delay and the smallest achievable clock period.
Having M values of 2, 3, and 4 leads to super-pipelining clock
periods pf 805, 1015, and 1225 ps respectively. These results
clearly indicate that the mesochronous scheme outperforms
conventional pipelining. In the multiplier, the mesochronous
pipeline approach used fewer stages and gave higher frequency
of operation, higher throughput and lower latency. A pipelining
scheme similar to the proposed mesochronous pipeline scheme
was used in the implementation of a network router [15].

VIII. CONCLUDING REMARKS

In this paper, novel mesochronous pipeline architecture has
been presented which achieves better performance compared to
conventional pipeline architecture. The performance gain pos-
sible and design aspects of this architecture have been discussed
in detail here. A CSA multiplier implemented in mesochronous
pipeline architecture as a design example has been described in
detail and the performance improvements have been discussed.
Following are the features of the mesochronous pipeline archi-
tecture in comparison with conventional pipeline scheme.

1) Shorter clock period (Tei_m). The clock period in
mesochronous pipeline architecture is determined by the
pipeline stage with the largest difference between its min-
imum and maximum propagation delay. In conventional
pipeline, stage with maximum propagation delay dictates
the minimum clock period achievable. Maximum delay
difference is far less than maximum propagation delay,
so smaller clock periods (i.e., higher clock frequencies)
are possible in the proposed scheme.
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2) Smaller number of pipeline registers. The performance
achieved in conventional pipeline scheme can be easily
achieved using mesochronous pipeline scheme with fewer
pipeline stages and small number of pipeline registers.

3) Simpler clock distribution. The clock signal in the pro-
posed scheme travels along with data greatly reducing the
complexity of clock distribution network.

4) Little influence of Clk — Q on Teix_m - The clock-to-output
(Clk — Q) delay of pipeline registers has little influence
on clock period in mesochronous pipeline as computation
in a stage is spread over multiple clock periods. In con-
ventional scheme, since computation in a stage is during
a clock period, significant portion of clock period is lost
in the Clk — @) delay and performance is affected. This is
further aggravated by shrinking clock periods.

5) Fast multiplier (350 ps clock period). A mesochronous
pipeline implementation of a 8§ x 8-bit CSA multiplier
using modest TSMC 180-nm technology, is able to
operate on a short clock period 350 ps (2.86 billion mul-
tiplications per second). If implemented in conventional
pipeline scheme, the best clock period achievable is 595
ps. So, the mesochronous pipeline achieves a Speedup of
1.7 times. The number of pipeline stages and the number
of pipeline registers (flip-flops) need in this implemen-
tation is significantly less compared to a conventional
pipeline approach.

Architectural improvements are required in future high-speed
designs and mesochronous pipeline offers a viable scheme to
this need.

ACKNOWLEDGMENT

The authors would like to thank the anonymous reviewers of
this paper for their constructive comments and suggestions.

REFERENCES

[1] J.L.Hennessy and D. A. Patterson, Computer Architecture, A Quantita-
tive Approach, 3rd ed. ~ San Francisco, CA: Morgan Kaufmann, 2002.

[2] D.E.Duarte, N. Vijaykrishnan, and M. J. Irwin, “A clock power models
to evaluate impact of architectural and technology optimizations,” IEEE
Trans. Very Large Scale Integr. (VLSI) Syst., vol. 10, no. 6, pp. 844-855,
Dec. 2002.

[3] C. T. Gray, W. Liu, and R. K. Cavin, “Timing constraints for wave-
pipelined systems,” IEEE Trans. Comput.-Aided Des. Integr. Circuits,
vol. 13, no. 8, pp. 987-1004, Aug. 1994.

[4] W. P. Burleson, M. Ciesielski, F. Klass, and W. Liu, “Wave-pipelining:
a tutorial and research survey,” IEEE Trans. Very Large Scale Integr.
(VLSI) Syst., vol. 6, no. 3, pp. 464-474, Sep. 1998.

[5] 1. E. Sutherland, “Micropipelines,” Commun. ACM, vol. 32, no. 6, pp.
720-738, Jun. 1998.

[6] P.J. Restle and A. Deutsch, “Designing the best clock distribution net-
work,” in Proc. Symp. VLSI Circuits, Jun. 1998, pp. 2-5.

[7]1 E.G. Friedman, “Clock distribution networks in synchronous digital in-
tegrated circuits,” Proc. IEEE, vol. 89, no. 5, pp. 665-692, May 2001.

[8] M. Maymandi-Nejad and M. Sachdev, “A digitally programmable delay
element: design and analysis,” IEEE Trans. Very Large Scale Integr.
(VLSI) Syst., vol. 11, no. 5, pp. 871-878, Oct. 2003.

[9] S.Tam, R.D. Limaye, and U. N. Desai, “Clock generation and distribu-
tion for the 130-nm Itanium 2 processor with 6-MB on-die L3 cache,”
IEEE J. Solid-State Circuits, vol. 39, no. 4, pp. 636-642, Apr. 2004.

[10] J. M. Rabaey, A. Chandrakasan, and B. Nikolic, Digital Integrated Cir-
cuits, 2nd ed. Upper Saddle River, NJ: Prentice Hall, 2002.

S. B. Tatapudi and J. G. Delgado-Frias, “Designing pipelined systems
with a clock period approaching pipeline register delay,” in Proc. 48th
IEEE Int. Midwest Symp. Circuits Syst., Aug. 2005.

[11]



1088

[12]

[13]

[14]

[15]

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 53, NO. 5, MAY 2006

V. G. Oklobdzija, V. M. Stojanovic, D. M. Markovic, and N. M. Nedovic,
Digital System Clocking. Hoboken, NJ: Wiley-Interscience, 2003.

V. Stojanovic and V. G. Oklobdzija, “Comparative analysis of master-
slave latches and flip-flops for high-performance and low-power sys-
tems,” IEEE J. Solid-State Circuits, vol. 34, no. 4, pp. 536-548, Apr.
1999.

V. Stojanovic and V. G. Oklobdzija, “FLIP-FLOP,” US Patent no.
6232810, May 15, 2001.

J. Nyathi and J. G. Delgado-Frias, “Hybrid-wave pipelined network
router,” IEEE Trans. Circuits Syst. I, Fundam. Theory Appl., vol. 49,
no. 12, pp. 1764-1772, Dec. 2003.

Suryanarayana B. Tatapudi (S’01) received the
B.E. degree from Osmania University, Hyderabad,
India, in 2001, and the M.S. degree from the Wash-
ington State University, Pullman, WA, in 2003. He
is currently working toward the Ph.D. degree in
electrical and computer engineering at the School
of Electrical Engineering and Computer Science,
Washington State University, Pullman, WA.

His research interests include VLSI design of high
performance digital systems, low-power design, em-
bedded systems.

José G. Delgado-Frias (S’81-M’86-SM’90)
received the B. S. degree from the National Au-
tonomous University of Mexico, Mexico City,
Mexico, the M.S. degree from the National Institute
for Astrophysics, Optics and Electronics, Puebla,
Mexico, and the Ph.D. degree from Texas A&M
University, College Station, TX, all in electrical

engineering.
He is a Professor at the School of Electrical En-
ﬂ gineering and Computer Science, Washington State
University, Pullman, where he holds the Boeing Cen-
tennial Chair in Computer Engineering. Prior to this appointment, he was a
Faculty Member with the Electrical and Computer Engineering Department,
University of Virginia, Charlottesville, and the Electrical and Computer Engi-
neering Department, State University of New York (SUNY), Binghamton. He
was a Post-Doctoral Research Fellow with the Engineering Science Depart-
ment, University of Oxford, England. His research interests include High-Per-
formance VLSI systems, reconfigurable architectures, network routers, and op-
timization using genetic algorithms. He has co-authored over 120 technical pa-
pers and co-edited three books. He has been granted over twenty-five patents.
Dr. Delgado-Frias received the SUNY System Chancellor’s Award for Ex-
cellence in Teaching in 1994. He is a Member of the Association for Computer
Machinery (ACM), American Society for Engineering Education (ASEE), and
Sigma Xi.



	toc
	A Mesochronous Pipelining Scheme for High-Performance Digital Sy
	Suryanarayana B. Tatapudi, Student Member, IEEE and José G. Delg
	I. I NTRODUCTION

	Fig.€1. $N$ -stage pipelined system.
	Fig.€2. Temporal/spatial diagram of pipeline stage $i$ .
	Fig.€3. Temporal/spatial diagram of a three-stage pipelined syst
	II. M ESOCHRONOUS P IPELINE A RCHITECTURE

	Fig.€4. Temporal/spatial diagram of a three-stage pipelined syst
	Fig.€5. Mesochronous pipelining scheme.
	Fig.€6. Temporal/spatial diagram of proposed mesochronous pipeli
	Fig.€7. Wave pipeline architecture.
	Fig.€8. Wave collision.
	Fig.€9. Monotonically increasing delay difference.
	Fig.€10. Computation cones of critical stage in mesochronous pip
	III. C ONVENTIONAL P IPELINE AND M ESOCHRONOUS P IPELINE P ERFOR
	IV. C LOCK S IGNAL P ATH
	A. Designing the Clock Signal Path Delay Elements


	Fig.€11. Clock period and delay element.
	TABLE I
 C OMBINATIONS OF ${N}_{({i})}$ AND $\delta_{({i})}$
	B. Clock Variation Tolerance
	V. T ACKLING D ELAY V ARIATIONS

	Fig.€12. Sample mesochronous pipelined system.
	VI. M ESOCHRONOUS P IPELINED M ULTIPLIER

	Fig. 13. Variation in $d_{\min}$ value. (a) Hold time violation.
	Fig.€14. Digitally variable delay element.
	Fig.€15. Architecture of a multiplier using CSA technique.
	VII. P ERFORMANCE A NALYSIS OF M ESOCHRONOUS P IPELINED M ULTIPL

	Fig.€16. 8 $\times$ 8-bit CSA multiplier implemented in mesochro
	Fig.€17. Transistor level implementation of the FA.
	A. Full Adder

	Fig.€18. Propagation delay of the FA.
	Fig.€19. Simulation waveforms.
	B. Sense Amplifier Based Flip-Flop 
	C. Mesochronous Pipelined Multiplier
	VIII. C ONCLUDING R EMARKS
	J. L. Hennessy and D. A. Patterson, Computer Architecture, A Qua
	D. E. Duarte, N. Vijaykrishnan, and M. J. Irwin, A clock power m
	C. T. Gray, W. Liu, and R. K. Cavin, Timing constraints for wave
	W. P. Burleson, M. Ciesielski, F. Klass, and W. Liu, Wave-pipeli
	I. E. Sutherland, Micropipelines, Commun. ACM, vol. 32, no. 6, 
	P. J. Restle and A. Deutsch, Designing the best clock distributi
	E. G. Friedman, Clock distribution networks in synchronous digit
	M. Maymandi-Nejad and M. Sachdev, A digitally programmable delay
	S. Tam, R. D. Limaye, and U. N. Desai, Clock generation and dist
	J. M. Rabaey, A. Chandrakasan, and B. Nikolic, Digital Integrate
	S. B. Tatapudi and J. G. Delgado-Frias, Designing pipelined syst
	V. G. Oklobdzija, V. M. Stojanovic, D. M. Markovic, and N. M. Ne
	V. Stojanovic and V. G. Oklobdzija, Comparative analysis of mast
	V. Stojanovic and V. G. Oklobdzija, FLIP-FLOP, US Patent no. 6 2
	J. Nyathi and J. G. Delgado-Frias, Hybrid-wave pipelined network



