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Abstract— A mesochronous pipeline architecture is described in
this paper. Significant performance gains are possible with
mesochronous pipeline over conventional pipeline architecture.
The clock period in conventional pipeline scheme is proportional
to the maximum stage delay while in mesochronous pipelining it
is proportional to the maximum delay difference, which means
higher clock speeds are possible in the proposed scheme. Also,
the clock distribution network is simple and load on it is less in
mesochronous approach resulting in significant power savings.
An 8x8-bit multiplier using carry-save adder technique has been
implemented in conventional and mesochronous pipeline
approach using TSMC 180nm (drawn length 200nm). The over
all power dissipation in mesochronous approach is less than 50%
of the power dissipation in conventional approach. In
conventional approach, the power dissipation in clock network
and pipeline registers is close to 80% of total power dissipation,
while in mesochronous approach the logic dissipates more
power.

Index  Terms—vpipelined systems, high performance,
mesochronous pipelining, multipliers, low power.
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Clocking is an essential component in digital system
design. Switching events in a pipelined system occur in well
defined order and at precise moments with reference to a
globally distributed clock signal. Today’s fast high frequency
clocks have to be generated on chip by means of Phase-Lock
Loops (PLL) using an external slow clock as reference. In any
digital system, of all data and control signals, clock signal is
the one with the largest fan-out, fastest switching rate and is
distributed throughout the chip.

Technology scaling is producing faster CMOS devices,
reducing the computation times in digital logic. To achieve
higher operational (clock) frequencies digital designers are
using ultra-thin super-pipelines, as a result of which the load
on the clock distribution is increasing and it is becoming
extremely difficult to distribute a clean giga-hertz frequency
clock signal [1], [2]. Increasing portion of clock period is also
being spent in countering clock uncertainties like uncontrolled
transmission line effects, clock skew and clock jitter. Thus the
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useful portion of clock period available for computation is
decreasing. The clock distribution network is also increasing
in size (longer wires with increased parasitic resistance,
capacitance and inductance) and load. One consequence of
this is the increase in clock network’s power consumption,
which is as high as 50% of the total chip power consumption
[3]. Also now the clock signal traverses different paths from
its source (at the output of on-chip PLL or the input pin on the
chip) to different parts of chip. Based on the path taken
(physical dimensions and parametric values), buffers in the
path, process variations and, load driven, the clock sinks will
receive clock with uncertainties. This could jeopardize the
systems performance or could result in its complete failure
[1]. Significant research is being done to counter such
uncertainties by design optimization and technology
improvements [4], [5]. However, it is increasingly becoming
difficult to study them due to parasitic (resistance, capacitance
and inductance) modeling errors. With shrinking feature sizes,
interconnects are becoming thin and long, and their resistance
is increasing. With high speed signals (with fast rise and fall
times) running on thin long wires, the inductive component of
wire parasitic is gaining significance [6].

Architecture can be modified to eliminate the complex
clock distribution to achieve significant gains in power
consumption and performance. Alternate architectures like
wave-pipelining, asynchronous pipelining and package wiring
[4] have been proposed. While asynchronous pipelining may
be appealing since it completely eliminates the need to
distribute clock, it is complex compared to synchronous
schemes and the performance improvement is higher in
alternate synchronous schemes [4], [7].

In this paper we present a Mesochronous pipelining (MPP)
[8], [9] which achieves significant performance gains and
power reduction compared to the regular pipeline schemes.
The organization of the paper is as follows. In Section II, the
MPP concept is discussed. In Section III, we discuss the
implementation of an 8-bit multiplier in conventional and
mesochronous pipeline architecture. Performance analysis of
the multiplier is presented in Section I'V. Finally in Section V,
some concluding remarks are presented.
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Fig. 1. Conventional pipelining scheme.

IL.

In a conventional pipeline (CPP) scheme, a digital system
is divided into small sub-systems called pipeline stages
separated by pipeline registers. The schematic of an N-stage
pipelined system is shown in Fig. 1. In a pipelined system,
different pipeline stages operate on different data sets
simultancously and each stage on only one data sct at any
given time. Pipeline registers synchronize data movement
from one stage to next with a reference clock signal. 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. The
intermediate registers are also an overhead on the clock cycle
time and clock power.

Equation (1) defines the clock cycle time for a conventional
pipeline scheme.

MESOCHRONOUS PIPELINE ARCHITECTURE

T,

clk _cpp

(D

2D, . +Dy+t,+A

where D, is the computation time of stage with the longest
propagation delay, Dx is the pipeline register delay, £, is the
pipeline register setup time and A, is clock uncertainty.

The proposed mesochronous pipeline scheme modifies
conventional pipeline scheme to achieve performance gains.
In the proposed scheme, the system is clocked such that a
pipeline stage is operating on more that one data set
simultancously. At any given time, multiple data sets can be
present in a stage and the data scts are separated based on
physical properties of internal nodes. This concept has some
similarities to the wave-pipeline scheme [11], [12]. Clock
signal in this scheme is delayed so that it travels along with
the data. The schematic of this scheme is shown in Fig. 2.
Clock signal path includes delay elements (As;) which emulate
the delay experienced by data in pipeline stages. In this
pipelining scheme, higher clock frequencies are possible,
complexity of clock distribution is greatly reduced, influence
of clock uncertainties is mitigated and significant reduction in
power consumption can be achieved.

We shall refer to the difference between maximum and
minimum propagation delays (dpaum — dmin) Of a stage i as
the delay difference of that stage. The delay difference of any
stage gives the amount of time the values generated at d,;,
must be held till the computation is complete in that stage.
Equation (2) defines the clock period of the proposed scheme.
A complete derivation of (2) is presented in [9], [10].

T

clk _mpp

>d ooy T+, 24, )

max(j)

In (2), j is the stage with the maximum delay difference. The
clock period in this pipeline scheme is determined by stage
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Fig. 3. Clock distribution network in CPP and MPP schemes.

with the largest delay difference and safe time required before
a new data set is admitted into this stage. From (2) it is clear
that a smaller delay difference would result in a higher clock
frequency. It is not difficult to show that for any system the

following expression is valid. p > (dm(j) . dmin(j))’ which
implies that 7 N This in turn shows that MPP

has the potential to deliver improved performance compared
to regular schemes.

The well know expression for calculating power dissipation
is given in (3) where f;, is the switching frequency, C; is the
capacitive load, Vpp is the power supply voltage, V; is the
output swing voltage.

= fswCLVDDVs (3)

Since in a typical system, most gates do not switch every
clock cycle, the switching frequency can be expressed as a
factor of the clock frequency, /i, = afax, where a is the activity
factor and f; is the clock frequency. Equation (3) can be re-
written as

P=of 4 CVipVs )

Typically most data have an activity factor of 0.5, clock
network has an activity factor of 1, and static CMOS logic
typically has an activity factor of 0.1. Clock network has the
highest activity factor, largest fan-out and capacitive load
(registers, buffers, wires) [3].

The number of registers required in MPP is significantly
less compared to CPP, reducing the load and power
dissipation of the clock network. Also, no complex clock
distribution scheme is needed as shown in Fig. 3. This scheme
also eliminates long interconnects in clock network, so the
line parasitic values are small and simpler delay models can
be used for delay estimation. Also, the clock uncertainties are
also reduced. In MPP architecture, since clock is in close
proximity to the data, it is safe to assume that the parametric
variations during manufacturing process, affect them alike.



III. 8x8-BIT MULTIPLIER

In this section we present a multiplier simulated in CPP and
MPP architectures, to illustrate how the proposed clocking
technique impacts the performance of a pipelined system.

Carry-Save Adder (CSA) technique [13] is a well known
technique that is often used in realizing fast multipliers. Using
this technique, in an A/-bit multiplier, A/ layers with 1-bit Full
Adders (FA) reduce AM-partial products to two partial
products. Until this point the data flow is from one layer of
adders to next. In the last layer of the multiplier, the two A/-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 adder implementations like carry-look-
ahead or carry-select structure can be used to reduce delay in
the last layer; however 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 (HA) 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 multiplier would have 2M
stages with 2A/-+/ pipeline registers. An 8x8-bit pipelined
multiplier implemented has 16 pipeline stages and 17 sets of
inter-stage registers. Figure 4 shows the schematic of the
same 8x8-bit multiplier implemented in mesochronous
pipeline architecture [8], [9], [10]. All the logic enveloped
between any two adjacent register stages supports multiple
data sets simultancously. In this implementation there are
only 3 pipeline stages and 4 register stages. The placement of
the registers will be discussed in Section IV.

A fast multiplier can be implemented if its basic cells have
small propagation delay. The basic cells in the multiplier
schematic shown in Fig. 4 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. A differential
transmission-gate implementation [10] has been used to
realize the FA and HA. Since the FA and HA have been
implemented in differential version, other basic cells are also
differential implementations. The registers in the multiplier
have been realized using a dynamic two-phase D flip-flop
[13].

In the CPP implementation of multiplier, a tree network has
been used to distribute the clock signal to all the register
stages of the pipeline. This is identical to the distribution
shown in Fig. 3(a). Inverters have been used in place of
buffers, and a fan-out of two has been used. The inverters in
the tree network have sizes 30, 18, 14, 8, and 2 times the
minimum sized inverter. Each register stage has another small
tree network to deliver the clock to all the flip-flops in that
stage without any vertical skew. In the MPP implementation
the path of clock network to the first register stage is identical
to that of the CPP implementation. The clock signal to other
pipeline register stages takes a different path in MPP scheme.
The clock travels close to the data path and includes delay
elements realized using simple inverters. The periodic nature
of clock signal has been used to achieve most of the required
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Fig. 4. 8x8-bit mesochronous pipelined multiplier.

delay, while small delay elements have been to align the clock
edge at the register stages [10].

IV. PERFORMANCE

Simulations have been performed on multiplier layout in
TSMC 180nm (drawn length 200nm, 1.8V supply voltage)
CMOS technology. A number of simulations have been
performed on the full adder to precisely characterize
performance of this cell. The propagation delay for the full
adder varied from 210ps (dyy,) to 280ps (dy.x), resulting in a
maximum delay variation of 70ps [8], [9]. The transistor sizes
in D flip-flop have been determined through an iterative
process with knowledge of input signal drive strength and
output drive needed. From simulations, the clock-to-output
delay of the flip-flop is approximately 130ps, set-up time of
65ps, small hold time of S5ps. From (1), the minimum
achievable clock period in conventional scheme is 475ps. A
fair compare between the two schemes in terms of current
consumption is when they are operating at the same clock
period. For this purpose a clock period of 500ps (2GHz) has
been chosen. From (2) it is clear that for a clock period of
500ps, the maximum delay variation of any stage can be
400ps. The placement of registers as shown in Fig. 4 is based
on this calculated limit on delay difference. The logic
enclosed between any two adjacent register stages supports
two or more data sets simultancously and the stage delay
difference is less than 400ps.

Simulations have been performed to calculate the average
current drawn by the clock network, registers, and logic in
both the pipeline schemes. The current consumption in the
clock network and flip-flops should be relatively constant. In
logic stages, current drawn is data dependent. The average
current drawn by the clock network, registers, and logic
stages, is shown in Table 1. The current drawn by the logic
stages has been calculated for a significant activity in these
stages.

TABLE I. CLOCK NETWORK REGISTERS, AND LOGIC CURRENT AT 2GHZ

Current (mA)
Scheme = .
Clock network Registers Logic Total
CPP 86.9 66.6 38.2 191.7
MPP 242 12.8 453 82.3
CPP/MPP 3.6 52 0.84 2.3
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A graphical comparison of the current results is shown in
Fig. 5. In CPP scheme, the amount of current drawn by the
clock network and registers is greater than in MPP
implementation. This is due to the complex clock distribution
and higher number of register stages in CPP. The overall
current drawn, in turn power consumption is significantly
higher in CPP scheme.

Figure 6 shows a bar-graph of current drawn by clock
network, registers and logic for both the schemes. On an
average, the current drawn by the logic stages in MPP scheme
is higher than CPP scheme, which represents useful current
drawn, as it is used for computation.

Table 2 shows the current drawn by the CPP
implementation operating at three times the clock period of
the MPP implementation i.e. with a clock period of 1.5ns.
From this it is clear that CPP scheme consumes less current
(power) than MPP scheme only if operated at one-third the
speed of MPP.

TABLE II. CONVENTIONAL IMPLEMENTATION (@, 1.5NS

Current (mA)
Scheme - -
Clock network Registers Logic
CPP 32.1 212 9.3
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V.

In this paper, novel mesochronous pipeline (MPP)
architecture has been presented which achieves better
performance compared to conventional pipeline (CPP)
architecture. Following are its features.

o Smaller number of pipeline registers. The performance
achieved in CPP scheme can be easily achieved using
MPP scheme with fewer pipeline stages and pipeline
registers.

Simpler clock distribution. The clock signal in the
proposed scheme travels along with data greatly reducing
the complexity of clock distribution.

Low power dissipation. A MPP implementation of an
8x8-bit carry-save adder multiplier using modest TSMC
180nm CMOS technology is dissipating less power
compared to a conventional implementation. The average
power dissipation in MPP implementation is 148.05mW,
while in CPP implementation is 345.6mW.

Shorter clock period (T). The clock period in MPP
architecture is determined by the pipeline stage with the
largest difference between its minimum and maximum
propagation delay. So, smaller clock periods are possible.

CONCLUDING REMARKS
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