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Abstract—Communication costs, which have the potential to
throttle design performance as scaling continues, are mathemati-
cally modeled and compared for various pipeline methodologies.
First-order models are created for common pipeline protocols,
including clocked flopped, clocked time-borrowing latch, asyn-
chronous two-phase, four-phase, delay-insensitive, single-track,
and source synchronous. The models are parameterized for
throughput, energy, and bandwidth. The models share common
parameters for different pipeline protocols and implementations
to enable a fair apple-to-apple comparison. The accuracy of the
models are demonstrated for complete implementations of a subset
of the protocols by applying 65-nm process simulated parameter
values against the SPICE simulation of full pipeline implemen-
tations. One can determine when asynchronous communication
is superior at the physical level to synchronous communication
in terms of energy for a given bandwidth by applying actual or
expected values of the parameters to various design targets. Com-
parisons between protocols at fixed targets also allow designers
to understand tradeoffs between implementations that have a
varying process, timing, and design requirements.

Index Terms—Asynchronous, bundled-data, bundling data con-
straint, communication bandwidth, delay-insensitive, single-track.

I. INTRODUCTION

A NUMBER of effects are impinging on the way we do
design. One fundamental change is the requirement of

adding pipeline stages in the interconnect. This increased com-
plexity is due to a number of factors including physical scaling
as well as the desire to increase performance. This communi-
cation pipelining results in some circuit and architecture ad-
vantages and overheads. Various communication methodologies
have differing local and architectural performance implications
and CAD requirements. This work models pipelines using var-
ious protocols, including clocked and asynchronous, and makes
a first-order comparison of energy and performance of these
models. These models show that some asynchronous communi-
cation methods can be comparable or superior to clocked com-
munication, even under worst case conditions.
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Global synchronous design requires the expenditure of a large
design effort to create a low skew clock. While this can re-
sult in many efficiencies, including no synchronization over-
head and uniform performance targets, there are also significant
drawbacks. A single global frequency may not be optimal for
many architectures because each module has different optimal
power/performance points. Further, a single global frequency
requires repipelining every module as frequencies change. Fur-
thermore the global clock distribution network also leads to
more overhead to account for clock skew and higher energy con-
sumption. If efficient asynchronous communication can be de-
signed, three significant benefits arise. First, each module can be
designed for its best frequency and power. Second, the ability
to interconnect components with different frequencies will be
vastly enhanced resulting in higher design reuse, faster time to
market, and easier ability to customize designs. Third, the ability
of the asynchronous designs to adapt themselves to physical
properties can lead to more robust design.

The goal of this work is to study communication methodolo-
gies to determine if and when asynchronous communication can
be competitive at the physical level with synchronous styles. A
similar study is done in [6] where bit-rate, power, area, and la-
tency are compared between register links, wave pipelined par-
allel links, and asynchronous serial links [7]. This work, instead,
focuses on asynchronous parallel links, comparing them with
synchronous methodologies.

II. HANDSHAKING AND BACKGROUND

Fig. 1 shows the basic interconnection for synchronous and
asynchronous design methodologies. In synchronous design,
data is normally transmitted every clock cycle between the
latches or flops. Data transmission in asynchronous domains
is based on handshake protocols (req and ack), allowing
transactions to be dynamic based on data validity and space
availability. Single-rail (bundled data) protocols, shown in
Fig. 1, use the same data path as clocked designs but employ
latches rather than flip-flops for storage [21]. Data can also
be transmitted using 1-of-N codes which encode data validity
within data wires but use a shared acknowledgment. When
data is not available, the communication links remain idle [3].
This is emulated in a synchronous design by applying clock
gating, which passes a data valid bit with similar functionality
to the asynchronous req signal indicating the validity of the
data, allowing one to disable or “gate” the clock to the flops.
This implicit clock gating that asynchronous design provides
improves the energy efficiency of the data communication,
especially when the sender is not ready to transfer data every
clock cycle. The backward acknowledge (ack) signal in the
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Fig. 1. Synchronous and asynchronous topologies. (a) Synchronous. (b) Asyn-
chronous.

asynchronous domain restricts the max cycle time in a design
dependent way that ensures min-delay hold-time failures can
not occur or are explicitly modeled.

Synchronous methodologies and bundled data protocols
place restrictions on how and when data can change relative to
the clock or handshake signals [16]. The data must have suffi-
cient time to become valid before the clock or request signal
enables its usage. The ack signal is used in asynchronous
protocols to indicate the data has been received, and that new
data can be transmitted. The protocols are maintained in a
synchronous system with setup and hold requirements.

Most asynchronous protocols have backwards handshakes
and return-to-zero (RZ) phases. Two-phase (or NRZ) protocols
halve the number of transitions per handshake but often require
more logic overhead and delay. Timing assumptions can be
made using pulsed and source synchronous protocols to entirely
remove the backward handshake path [19].

When controlling local data paths, the communication delays
for control signals are small and the handshaking overhead can
largely occur concurrently with the data function, hiding the
overhead. However, for communication, the req and ack con-
trol signals are exposed to the same power and delay costs as
the data because they must also propagate from sender to re-
ceiver. Thus propagation of the control lines is an expensive op-
eration for most asynchronous communication protocols in both
power and delay when compared to clock methodologies where
the distribution costs can be shared amongst many logic blocks.
This makes data communication the most inefficient application
for asynchronous protocols and creates a worst-case comparison
between synchronous and asynchronous implementations.

Wire sizing and shielding can be used to somewhat mit-
igate control wire delay overhead by trading off increased
area. Nonetheless, the handshaking significantly limits the
throughput of asynchronous. For example, when the de-
lays of the data and control wires are roughly the same, then a
four-phase protocol can at best transmit data at a rate one-fourth
the propagation time between the latches.

The remainder of this paper reports the comparison of
common protocols against each other for a configuration typ-
ical of medium to long range point-to-point microprocessor
communication link. Models are then developed that are used
to compare cycle time, latency and energy in a hierarchical
manner. These models include most first-order effects such as
clock gating, coupling, process variation, voltage variations,
data, and bus activity factors.

Fig. 2. Complete energy/bandwidth graph.

III. OVERVIEW

Eight representative protocols are modeled in this paper. This
includes two synchronous protocols, five asynchronous proto-
cols, and one source synchronous protocol. The synchronous
protocols include the flopped design (clk_flop) and latched
design with time borrowing (clk_latch). The asynchronous
protocols include dual-rail (2-rail) and one-of-four (1-of-4) DI
protocol, NRZ two-phase, and RZ four-phase bundled data
protocols, and a two phase single-track protocol. Finally, a
source synchronous protocol (src_sync) is modeled, which
sends the time reference as a pulse along with the bundled data.
The source synchronous protocol has no acknowledgment.

Other protocols with specific implementation styles such as
the PC2/2 protocol [17], the Mousetrap protocol [18] and those
using n-of-m codes [2], [15] can be similarly modeled but are
not included in the paper for clarity and generality. Most pro-
tocols not explicitly included here can be accurately modeled
with the protocols and parameters supplied in this paper. If not,
new models can be created that are very similar to, or bounded
by, the models presented in this paper in terms of throughput,
energy, and bandwidth.

Figs. 2 and 3 show the final results of the models applied to
a long 10 000 m bus with a critical repeater distance of 555

m. The distances and parameters are typical of what might
be found on a microprocessor fabricated in a 65-nm process.
A very long bus was chosen to allow a wide range of pipelining
and frequencies to be graphed. The -axis shows the average
energy per transaction, measured in relation to the energy of
driving a minimum sized inverter. The x-axis shows the effective
bandwidth in terms of the number of concurrent transactions
that can be sent down this path. The bandwidth is scaled for
area by dividing the overall throughput by the number of wires
in the control and data paths.

Each tick mark on every protocol line in the graphs indicates
a specific pipeline granularity and thus a particular frequency.
The parameter values in this paper use an optimized 10 000 m
wire with 18 repeaters. The far left point of each protocol is the
condition where all of the repeaters are inverters. Pipelining is
increased moving right along each protocol by replacing one
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Fig. 3. Efficient protocols.

inverter with flops or latches. As more of the inverters of the
communication path are replaced with pipeline latches, the fre-
quency and bandwidth increases across the -axis. The right-
most tick is where all of the inverters have been replaced with
flopped repeaters or pipeline control, achieving the maximum
bandwidth for the protocol.

Achieving a specific bandwidth target can come at different
frequencies (or pipeline granularity) based on the protocol
being used. In general, these results show that the asynchronous
protocols require higher pipelining to achieve the same band-
width as the synchronous protocols. For example, to achieve the
area scaled bandwidth of 1 with the parameters used in these
graphs, asynchronous four-phase bundled data communication
requires more pipelining than synchronous flop based commu-
nication, hence consuming nearly two times more energy. This
can be seen by determining the pipelining for every protocol
that achieves a particular bandwidth target in the graphs.

Increased bandwidth comes at the cost of increased energy
per transaction for a fixed bus width. Fine-grain pipelining,
or the right-most point on each protocol, is the most en-
ergy-hungry operational mode for any protocol. Furthermore
for synchronous and source synchronous designs there exists a
limit on the clock frequency equal to the minimum pulse width
that can be successfully propagated along a critical distance
length of a wire. For optimal power and performance, the band-
width should be matched by appropriate pipeline granularity or
frequency.

The asynchronous protocols show a significantly reduced
bandwidth range when compared with the synchronous and
source synchronous protocols. This is due to the delay over-
heads in propagating request and acknowledge signals across
long wires.

Fig. 3 zooms in on the energy efficient protocols. Syn-
chronous protocols exhibit the best energy and bandwidth
values for coarse grained pipelining having a low clock fre-
quency. The source-synchronous protocol is the best for highly
pipelined designs. The bulk of the energy for all protocols is
dominated by the wires. However, as the data is increasingly
pipelined, the average energy per transaction increases. The

slopes of the four-phase asynchronous protocols are steeper,
indicating a larger energy penalty for increased bandwidth.

The graphs show the worst case conditions. A vast majority
of the asynchronous protocols will operate at a significantly im-
proved frequency on a chip because they adapt to the current
fabrication and environment conditions. Nominal values would
reduce the slopes on the asynchronous protocols which makes
them more competitive to synchronous design.

The DI and single-track protocols exhibit significantly higher
average energy per transaction and the lowest bandwidth ranges.
The bandwidth limitations are largely due to the inefficient use
of wires. Each bit requires two wires in these protocols, ef-
fectively halving the area scaled bandwidth reported here. The
high energy consumption of these protocols can mostly be at-
tributed to the high activity factors that result from the data en-
codings. However, because these protocols are delay insensitive
the CAD requirements are greatly reduced, allowing quicker
time to market and higher robustness to operational parameters.
Hence they may still be good choices depending on the overall
design requirements.

IV. COMPARISON METHODOLOGY

The following methodology was employed to compare var-
ious modes of communication.

1) Create a set of parameterized first-order equations mod-
eling the following for each protocol:

a) delay and delay variations;
b) energy and energy variations;
c) cycle time and latch and flop overheads;
d) bandwidth and wire area.

2) Design 65-nm circuits for all protocols and simulate them
to:

a) provide accurate delay, energy, and area values for the
models;

b) compare the first-order model results against SPICE
simulations of the complete design.

A. Parameters

The timing of all fabricated circuit elements will be faster or
slower than the scalar value of an “ideal” element due to process
variations, capacitative coupling, and other effects. Variation
from ideal devices and wires are considered an overhead in this
work, whether it manifests itself as clock skew or device and
wire delay variation.

Tables I and II show the parameters and their associated
values that are used in this paper. All values come from simula-
tion of the designs in 65-nm technology using predictive spice
models [1], [5]. The parameters in the top section of Table I
model variations from ideal delays that occur on wires and
devices. First-order effects are modeled, including coupling,
process variation, voltage, and temperature variations ( , ,
and , respectively).

Values in the right column of Table I are scalar delays. These
delays are all relative to the fan-out of 4 (FO4) of a typical in-
verter, for example worst case clock skew is assigned a scalar
delay of 1 FO4. The ideal stage delay, , is varied from 27.8
FO4 to 1 FO4 to allow evaluating pipelines ranging from coarse
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TABLE I
PARAMETER VARIABLES AND DERIVATIVES

TABLE II
PARAMETER VARIABLES AND DERIVATIVES

to very fine grain. This is the amount of ideal logic delay be-
tween latches or flops in a logic based design, and it determines
the pipelining or frequency of a communication link. Latency

Fig. 4. Total communication delay in a pipeline stage delay � , versus repeated
wire segment delay � .

represents the ideal latency to transmit data across an un-
pipelined 10 000 m wire.

The target delay of any pipeline stage can be distributed as
either functional logic delays or communication delays ,
which includes both repeater and wire delay as shown in Fig. 4.
For the designs simulated in this paper . For generality
our models include function logic delays, which significantly
change the throughput results for some protocols. Variations are
applied differently to logic and communication.

More accurate first-order models are achieved by including
variation values. A single value is used here to model
crosstalk coupling variation. Delays with a maximum variant
can append a “ ” symbol, and min-delay values append a “ ”.
For example, is the max communication delay and is
the minimum clock to data output delay of a flop or latch.
and are the maximum logic delay and communication
delays for synchronous systems. Synchronous protocols take
first droop effects into account since the fixed frequency could
otherwise cause the circuits to fail under the slower operation
induced by the voltage droop. The asynchronous protocols will
instead adapt itself to the operating conditions. Communication
delay for the shielded links of the DI and single-track
protocols is smaller than for the non-shielded bundled data
paths.

Variables and in Table I represent the number of
repeaters per pipeline stage excluding the memory element
and the number of pipeline stages, respectively. The
parameter is calculated as . For all modes of commu-
nication except synchronous latch based, is calculated as

, where represents the total
number of repeaters required for a 10 000 m interconnect.
There are two latches acting as repeaters per pipeline stage for
latch based communication, hence in that case is equal to

.
The parameters in Table II include the interconnect design

information of our example process. To identify the minimum
delay we performed a 2-D sweep on the repeater size and
number of repeaters required for a 10 000 m long interconnect
[8]. The optimum design required the number of repeaters
to be 18 and the size of the repeater to be 96 a minimum
size inverter. The delay across each repeater stage is ap-
proximately 1.6 times a nominal FO4 delay with the energy
required to drive a critical repeater distance as . Here we
assume that repeaters are placed optimally at the distance of
critical length. The energy required for data transfer in various
protocols will be calculated relative to .
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Fig. 5. Clock tree to distribute clock over 10 000 �m interconnect.

TABLE III
ASYNCHRONOUS CONTROL PARAMETERS FROM 65-nm SPICE SIMULATIONS

OF THE DESIGNS

The parameter in Table II represents the energy re-
quired by the clock tree to distribute clock to a 10 000 m inter-
connect. For the sake of simplicity we model the clock distribu-
tion network as a single wire running in parallel with data having
repeaters at the critical distance as shown Fig. 5. Parameter
defines the percentage of the energy of the repeated clock wire

that is used for data communication. In particular,
models the fact that the clock may be used not only for dis-
tributing the clock to our data communication setup but also to
other logic blocks in the vicinity. With the values set in Table II,
for a 32-bit data path the clock distribution contributes 10% of
the energy to the synchronous extreme pipelined design. More
complicated models of clock trees are also possible and may be
mapped to this simple model.

The parameter in Table I is based on the worst case cycle
time of the asynchronous controller. The total cycle time is aver-
aged between the four (two) phases of the four (two) phase asyn-
chronous controller. Different protocols exhibit different cycle
time overheads. For example, two-phase NRZ protocols gener-
ally require more complicated control with larger delays com-
pared to four-phase protocols. The parameter represent the
forward propagation latency of the handshake control signals in
the asynchronous protocols. Intuitively this represents the delay
associated with propagation of the incoming request signal to
outgoing request signal. The parameter represents the av-
erage energy per phase per bit for the control logic for the asyn-
chronous protocols. Similar to control delays, different asyn-
chronous protocols exhibit different energy requirements. For
a fair comparison , , and have been characterized
through simulation for the different protocols and are listed in
Table III. The sizing and spacing of the control wires in the asyn-
chronous protocols may be optimized differently than the data
wires. The parameters allow a reduced control wire delay
for a larger area .

The parameter is the activity factor of the bus, or the per-
centage of clock cycles during which data is transmitted across
the bus. Each flop is considered to be gated during idle cycles
in the clocked protocols. is the activity factor of data on the

Fig. 6. Latch and flop transistor level design. (a) Latch. (b) Flop.

bus, or the probability that any bit will switch values for an av-
erage bus transaction.

V. MODELS

A. Synchronous Communication—Latch and Flop

Fig. 6 shows the transistor level diagram of the latch and flop
used in this work. The sizes of devices in this paper are cal-
culated using logical effort [20]. Data must pass through one
flop per clock cycle for flop based communication, while in the
case of latch-based communication data has to go through two
latches, one being driven by clock and the other one being driven
by inverted clock as shown in Fig. 7.

The minimum cycle time of a flop represented by equation
presented in Table IV will be bounded by one of two con-

ditions. First, the clock cycle cannot be shorter than twice the
width of the minimum sized pulse that can be safely en-
gineered and propagated. Otherwise, the delay through a stage
will be the sum of the maximum logic and communication delay
from the source flop to the destination flop . Syn-
chronous systems have additional overheads of setup time, clock
skew and jitter, and other CAD related inaccuracies

. Upon arrival of the clock edge, the data must also propa-
gate through the flop . Setup, skew, and flop delays create
the overhead for clocking.

Equation in Table IV is the minimum cycle time for
a synchronous latch protocol. Similar to the flop protocol the
cycle time is bounded by one of the following two conditions,
twice the width of the minimum sized pulse and the delay
through a stage which is equal to the communication delay from
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TABLE IV
CYCLE TIME EQUATIONS. CYCLE TIME MEASURED IN FO4 DELAYS

Fig. 7. Latch and flop pipeline stage configurations for distance of 4 critical
repeater distances. (a) Flop based communication. (b) Latch-based communi-
cation.

the source latch to the destination latch .
Use of latches instead of flops helps in reducing clock skew and
jitter overheads because of the time borrowing allowed between
stages. However the data must propagate through two latches

to account for the alternate phase control of the latches.
The equations that calculate the energy consumption for

latches and flops in Fig. 6 are shown in Table VI.
The energy consumed by the flop/latch to transfer data the
critical distance of a communication link is represented as the
parameter . The average energy consumed per
transition by the flop/latch due to switching of the clock is
represented as parameter . The average energy per
transaction for clock gating of a flop /latch is calculated
as a single transition on the clock driver, which is one-fourth the
clock load of the flop plus energy into the gating NAND for the
average number of idle bus cycles per transaction. The average
energy per transaction consumed by the clock distribution

Fig. 8. Simulated implementation for bundled data four-phase protocol.

network is given as , where accounts
for the amount of energy consumed by the clock distribution
network when the data bus is idle.

The energy consumed per transaction of a single flop/latch
pipeline stage can be attributed to two factors: the energy con-
sumed by the memory element (flop/latch), and energy of the
repeaters in that pipeline stage. The energy consumed by a flop
is and the energy consumed by
the repeaters to drive the data. For the case of
latch based communication the energy consumed by the latches
is due to two latches per
pipeline stage.

B. Asynchronous Communication

In this section, we present the cycle time and energy models
for some representative protocols used for asynchronous com-
munication.

1) Bundled Data Protocol: The datapath in a bundled data
asynchronous communication is similar to the datapath in syn-
chronous communication. Controllers generate the local clock
signals for the latches instead of the global clock, as shown
in Fig. 8. The bundled data protocol can be implemented in
both four-phase and two-phase handshaking protocols. The key
timing assumption (also known as bundling data constraint) in
a bundled data protocol is that the data should be valid before
there is an associated transition on the request line. To satisfy
this constraint the request signal needs to be delayed using a
delay line such that this delay is greater than the worst case delay
of the data plus the setup time of the latch.

Equation and in Table IV gives the minimum
cycle time for a two phase and four phase bundled data pro-
tocol, respectively. The same controller is used for both the
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Fig. 9. Simulated implementation for bundled data two-phase protocol. (a)
Bundled data two-phase design. (b) DETFF transistor level design.

four-phase and two-phase designs shown in Figs. 8 and 9. The
key difference in these designs is the use of double edge trig-
gered flip-flops [14] rather than simple latches for two-phase
design. Parameter represents the cycle time of the con-
troller divided by the number of phases. It is equal to 4.25FO4
for a four-phase protocol and 4.78FO4 for two-phase protocol.
The parameter in Table IV is the worst case path sepa-
ration or margin in terms of FO4 delays between the control
and data paths. is the number of gate delays that must
be added to the control path to guarantee that we satisfy the
bundling data constraint. The worst-case values must be taken
assuming that, as pipe stages are composed, it is possible to have
worst-case skew between data and control in all stages. This cre-
ates a safe margin for the control and data race at the expense
of throughput.

Equations and in Table VI calculates the energy per
pipeline stages for four-phase and two-phase bundled data pro-
tocols, respectively. The energy required by the asynchronous
controller per phase is characterized as . This parameter rep-
resents the energy consumed in transmitting the control signals
(req and ack) a critical distance along the communication link.
The parameter in Table I represent the average energy
consumed per transition by a double edge triggered flip-flop
shown in Fig. 9.

The energy consumed per transaction per pipeline stage is
the sum of the controller energy and the energy consumed for
data transfer through latches. The controller energy for the four-
phase protocol is equal to and

Fig. 10. Simulated DI 1-of-2 protocol implementation.

for the two-phase protocol. The energy consumed by
the latch in a four-phase protocol is calculated as

and for a two-phase protocol energy
is calculated as .

2) Delay Insensitive Protocol: The data path in a DI protocol
is comprised of data encoded as 1-of- rails, where wires
are used to represent bits of data and an additional wire
which acts as the acknowledgment signal. The most well known
of this class of protocols is dual rail (1-of-2) which uses two
data wires per data bit, and 1-of-4 which uses four data wires to
represent two bits of information.

Delay insensitive protocols are typically implemented using
four-phase handshake protocols. Hence there are four iterations
through the data acknowledge detection and propagation logic

. Fig. 10 shows a 1 bit WCHB [13] controller imple-
menting a 1-of-2 DI protocol handshake. The acknowledgment
wire can be made wider to reduce delay on its transitions

.
The equations that calculate the energy for communication

using DI protocols are shown in Table VI. The asynchronous
controller is comprised of domino logic which is responsible
for forward data propagation along with a completion detec-
tion logic. The completion detection logic is responsible for
generating the acknowledgment signal such that ack becomes
valid only when all the input bits have arrived. The overhead
of the generation of the completion signal becomes a limiting
factor for the cycle time of the design, particularly for wide
data buses of 32 bits and above. The average value of the
controller delay per phase for this particular example
of DI protocol is 6.65FO4. However this performance can be
improved by using 2-D [13] pipelining methodology which
motivates a tradeoff between performance and area. The main
idea behind 2-D pipelining is to reduce the cycle time overhead
by using multiple completion detection logic modules, each
module working on a subset of the data path at the cost of
more aggregate area. For the sake of simplicity in this paper we
will limit our discussion to only 1-D pipelines; however faster
values will be obtained for large buses with 2-D pipelines.

Equation and in Table IV gives the minimum
cycle time for 1-of-2 and 1-of-4 DI protocols, respectively. The
data transitions have less variation because the encoding result
in the wires being half shielded .

The energy required by the asynchronous controller per phase
is characterized as . Unlike bundled data protocols, DI pro-
tocols encode the req control signal within the data itself. The
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Fig. 11. Simulated single-track 1-of-2 protocol design.

controller of Fig. 10 transmits 1 bit of data and the ack con-
trol signal. The parameter represents the energy of the con-
troller per phase for transmitting 1 bit of data and the ack con-
trol signal. The energy consumed per transaction per pipeline
stage for a DI protocol using 1-of-2 encoding is the sum of the
controller energy and the energy of the repeaters in
that pipeline stage to drive the data and the en-
ergy required to drive the acknowledgment wire . For
1-of-4 encoding, each wire transition represents 2 bits of data,
so the energy required by the repeaters to drive the data reduces
by half to .

3) Single-Track Protocol: The single-track protocol is a two-
phase asynchronous protocol which uses 1-of- data encoding
similar to DI protocol with the key difference being that there is
no separate acknowledgment wire [9]. The sender drives one of
the wires high thereby sending the data and, after receiving
this data, the receiver sends an acknowledgment by driving the
same 1-of- wires low. After driving the wire to its desired
state, the sender and receiver(s) must tristate the wire to ensure
that they do not try to drive the wire in opposite directions at the
same time. One popular single-track asynchronous controller is
single-track full buffer (STFB) [9]. Fig. 11 shows a typical 1 bit
1-of-2 STFB buffer.

The two-phase single-track protocol reduces the overheads
of the reset handshake. This yields substantially higher per-
formance than four-phase DI protocols and fewer transitions
per bit which substantially lowers power. Compared to bun-
dled-data protocols there are no timing assumptions that re-
quire margins on the forward latency, yielding additional per-
formance improvement. However, the number of transitions per
bit is often larger, producing higher average power. One limita-
tion of STFB is that every repeater must act as a pipeline stage.
Hence STFB designs are restricted to fine-grained pipelining.
Although STFB can be used in 1-D pipelined designs similar to
the DI protocol, this paper reports simulation results that are bit
level 2-D pipelined; i.e., each completion detection logic detects
the validity of only a single bit.

Equation in Table IV gives the cycle time for 1-of-2
and 1-of-4 STFB, respectively. The average value of the con-
troller delay per phase for 1-of-2 STFB is 4.80FO4 and
5.10FO4 for 1-of-4 STFB. Equations and in Table VI
represent the energy required by an STFB controller to drive

data through a critical distance communication link. repre-
sents the energy per phase consumed by the controller. In case
of 1-of-2 STFB designs the energy per pipeline stage is equal to
the sum of controller energy and the energy of the repeaters in
that pipeline stage and in case of 1-of-4 STFB designs
this energy is equal to .

C. Source Synchronous Communication

Another mode of data communication is wavepipelining [4]
where several “waves”, i.e., data signals, can concurrently prop-
agate through a pipeline with proper timing separation between
two consecutive waves. This timing separation is created by a
“constructive clock skew” in conventional wavepipelining, by
using a separate timing reference in source synchronous proto-
cols and a “fast” signal in an asynchronous “surfing” protocols
[22], [23]. The timing reference signal is routed in parallel with
the data. A novel characteristic of asynchronous surfing is that
when logic blocks receive the fast reference pulse their compu-
tation delay drops, thus creating a surfing effect wherein events
are bound in close proximity with the pulse on fast reverence
signal.

The key to the performance of any wavepipelining method is
the time separation of waves which defines their cycle time. In
this paper, we have explicitly modeled the cycle time of source-
synchronous communication with equation in Table IV.
In particular, the cycle time is lower bounded by three terms:
the minimum pulse width that can propagate through a crit-
ical distance; the communication delay of the data through a
repeated wire; and the propagation delay of the clock signal
plus the delay through controller which generates the enable
signal for the latch. Equation in Table VI gives the en-
ergy model for source synchronous protocol. In the source syn-
chronous models used here, multiple values are not propagated
between flop stages.

VI. COMPARISONS

In this section, the various modes of communication are com-
pared in terms of maximum throughput, energy consumption
and bandwidth they can provide. These results are based on
the first-order models developed in this paper using parameter
values directly derived from SPICE simulations of the designs
in the 65-nm process.

A. Throughput

Fig. 12 shows a pipeline with an ideal logic delay of 4. Ideal
pipelines would have no variation, and the flops would have zero
latency and no overhead. This would allow a new data item to be
propagated through these pipe stages every four gate delays. We
compare the actual throughput and overheads of the protocols
as calculated by the equations in Tables IV against the ideal
pipeline delays. The equations calculate extra delays that are
added due to device variation, latch delays, etc.

The throughput models applied to our parameter values are
plotted in Figs. 13–16. The -axis plots delays based on the
pipeline granularity in terms of the number of gate delays be-
tween flops or latches. The left-most side contains pipelines with
a logic pipeline depth of 27.8 ideal gate delays per stage which
is necessary to propagate a signal down a 10 000 m wire. The
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Fig. 12. Logic pipeline with delay of 4.

Fig. 13. Worst-case protocol throughput.

Fig. 14. Throughput of efficient protocols.

right-most point contains a single ideal gate delay per stage.
The -axis plots FO4 delays or the overhead calculated by com-
paring the modeled worst-case delay to the ideal delay.

These plots allocate all of the delay to communication. As
expected, the asynchronous protocols with acknowledgment
are the least efficient for communication, with the four-phase
protocols being the worst. The most efficient protocols are
the clocked and source-synchronous protocols. The two-phase
asynchronous protocol shows significantly better performance
due to the reduction in control transitions propagated between
sender and receiver. The source synchronous protocol is the
best asynchronous protocol at low frequencies because its
request is propagated as a pulse and no acknowledgment is
explicitly included. This protocol is marginally slower com-
pared to synchronous protocols largely due to the conservative
margin in the delay elements. In a real design, one would expect

Fig. 15. Throughput overhead against ideal.

Fig. 16. Overhead of efficient protocols.

the source-synchronous circuit to outperform the synchronous
design due to its adaptive nature.

One of the limitations of single-track protocol is that every
repeater must be a single-track pipeline stage, limiting single-
track to fine-grained pipelines. This results in a single point
in the graphs. However, it is noteworthy that at high frequen-
cies two-phase single-track protocol is the most efficient asyn-
chronous protocol because this two-phase protocol avoids the
delay margin needed in bundled-data protocols.

The cost of decreasing the amount of logic in each pipe stage
to increase frequency can be inferred from these graphs. Fig. 17
shows the historical trend in logic gates per pipe stage for Intel’s
recent microprocessors. As the amount of logic per stage is re-
duced, there is a considerable increase in power and perfor-
mance sapping overhead. Figs. 15 and 16 show that shortening
the pipe depth has come at little cost in the past, but the over-
heads start to dramatically increase as pipelines reach a certain
granularity. In a synchronous latch design there is a 22% loss
in efficiency as the pipe depth is decreased from 15 to 10 ideal
gate delays. This balloons to a 50% loss if one moves from 10
to five ideal gate pipelines. Hence, future frequency increases
for synchronous designs will result in diminishing performance
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TABLE V
LATENCY PER STAGE. DELAY MEASURED IN FO4 DELAYS

Fig. 17. Gate delay scaling of products [11].

Fig. 18. Latency versus pipeline depth.

Fig. 19. Latency overhead versus pipeline depth.

gains. This also comes at an increased energy consumption cost
as is show in Section VI-B.

B. Latency

Figs. 18 and 19 compare the latency and overhead per
pipeline based on the equations given in Table V. The -axis
plots delays based on the pipeline granularity in terms of the
number of gate delays between flops or latches. The overhead
is calculated by comparing the latency of the design to the wire
latency given by parameter in Table I. These plots allocate
all of the data path delay to communication.

In case of ideal pipelines there are no overheads associated
with the memory elements, so the latency is the same as wire
delay. However in case of synchronous designs, especially
synchronous flop communication, each stage has to suffer an
overhead to account for clock to output delay, setup delay, and
clock skew margin. As the pipeline granularity is increased the
overhead increases to as much as 200% as shown in Fig. 19.
Margins for setup time and clock skew are not required for
synchronous latch communication due to time borrowing
between stages. However this protocol suffers the overhead of
two data-to-output delays through the latches.

The overhead associated with bundled data asynchronous de-
signs comes from two sources. The first source is the delay as-
sociated with the controller used to generate local clock signals.
The second is the extra delay margin inserted in the request line
as shown in Fig. 8 to satisfy bundling data constraint. The DI
protocols and single-track protocol provides the lowest latency
of all the protocols. This can be attributed to two properties of
these circuits. First, since the data coding is delay-insensitive
in nature no extra margins are required for setup to the latches.
Second, the use of fast domino logic used in the data path leads
to faster propagation of data compared to latch/flop designs.

C. Energy

Fig. 20 shows the energy dissipated to transmit data across a
10 000 m bus with varying amounts of pipelining. Each equa-
tion in Table VI calculates the energy for a single pipeline stage.
This number is multiplied by the number of pipeline stages
which scales the results for the same 10 000 m distance. The

-axis shows the number of repeaters between the flops or con-
trol elements in the pipeline, the right-most value when every
inverter is replaced with a flop.

The asynchronous DI protocol based on 1-of- codes have
a much poorer power profile due to their activity factors. The
rest of the protocols have fairly similar energy profiles. The
curves are very flat except for ultra-fine grain pipelining, where
the control overhead becomes a significant power drain on the
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TABLE VI
MODELS FOR AVERAGE ENERGY PER TRANSACTION PER PIPE STAGE

Fig. 20. Average energy per transaction.

circuits. Fig. 21 shows the most efficient protocols at high fre-
quency where bus activity factor is set at 5% and the activity
factor of the data wires is set to be 18%. This shows that at
high frequencies when some idle cycles are present the bun-
dled data asynchronous protocols have a distinct advantage over
synchronous protocols. This can be explained because of clock
switching and energy required in the gating logic even during
idle phases, while asynchronous protocols provides ideal clock
gating at no extra cost. Observe that while the plots show asyn-
chronous two-phase bundled data protocols to be more energy
efficient than four-phase bundled data protocols, this may not
always be true.

D. Bandwidth

In order to effectively scale a chip, additional metal layers
are added to support the increased bandwidth of the design.
The effective utilization of wires in a process therefore deter-
mine the cost and bandwidth of the design. This work defines
bandwidth to be proportional to the wire area. Table VII shows
how throughput is scaled based on the wire area to calculate the
bandwidth of a design. The delay insensitive and single-track
protocol modeled in this paper require two wires per data bit.
Therefore, for the same wire area the bandwidth of these asyn-

Fig. 21. Highly pipelined transfer energy.

TABLE VII
AVERAGE WIRES PER DATA BIT

chronous designs would have roughly half the bandwidth. The
penalty for control signal and valid bit overhead are also calcu-
lated for the studied designs as shown.

The final bandwidth models graphed in this paper are shown
in Table VIII. The value is the bandwidth-scaled number of data
words that can be pipelined in the 10 000 m wire. This al-
lows us to compare bandwidth and area for various levels of
pipelining across all the designs. The bandwidth values from
this table are used to calculate the -axis point for each protocol
and the energy numbers are used for the -axis values of Figs. 2,
3, and 25.

VII. ANALYTICAL MODELS VERSUS SIMULATION

The accuracy of the analytical models were evaluated by
comparing the results from the first-order models against
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TABLE VIII
BANDWIDTH EQUATIONS FOR THE EIGHT PROTOCOLS

Fig. 22. Cycle time comparison of analytical models and SPICE simulation.

Fig. 23. Latency comparison between models and SPICE simulations.

SPICE simulations of layout of the complete 65-nm designs.
Cycle time, latency, and energy required to transfer data on
a 10 000 m long interconnect by varying the pipeline gran-
ularity were compared against SPICE simulations for three
target designs. Figs. 22–24 compare the cycle time, latency, and
energy per transfer for asynchronous four-phase bundled data,
asynchronous two-phase bundled data and the synchronous
flop modes of communication. The -axis plots delay based on
the pipeline granularity in terms of the number of gate delays
in a single pipeline stage.

Fig. 22 compares the cycle time while Fig. 23 compares the
latency. The results used in the paper have accounted for worst
case process variations, such as clock skew and delay margin to
be added in case of bundled data protocols. These are not mod-
eled in the SPICE simulations, so the parameters , and

Fig. 24. Energy per transfer comparison between models and simulation.

are set to 0 for this comparison. Fig. 24 compares the en-
ergy required per transaction. No clock gating is assumed in the
spice simulations for the case of synchronous flop communica-
tion. Thus for fair comparisons the parameter in our models
is set to zero.

From the above comparisons, we can see that the proposed
models are fairly accurate. The errors in the cycle time com-
parison are less than 15%, less than 20% for latency compar-
isons, and less than 10% for energy comparisons. These errors
can largely be attributed to the models assuming a worst case
environment which is difficult to include in our spice simula-
tions. For example, even though our SPICE simulation set up
captures the loading effects of coupling capacitance, it does not
model the worst case crosstalk noise. The shapes of the curves
are similar, validating the proposed models.

VIII. OBSERVATION AND CAVEATS

Accurate apples-to-apples comparisons are always chal-
lenging. These equations can model the first-order effects
of most implementation styles. The magnitude of many of
these effects, such as first-droop, vary based on the design and
implementation styles employed. Hence, the models are highly
parameterizable to match the argued effect by applying correct
parameter values used by the equations. This also allows one
to study the results of a particular effect that is trending up or
down as processes are scaled.

Simulating all of the various architectures is outside the scope
of this work, so these models are validated by performing SPICE
simulations on a subset of the protocols. Further, there are some
effects which are difficult to simulate in a simple simulation en-
vironment such as worst case crosstalk noise, the clock tree, and
clock gating. These have not been considered during the SPICE
simulations. Therefore the accuracy bounds reported here may
not apply to all scenarios.

There are other effects that are also difficult to compare. The
specific design of the flop and latch, for instance, will have im-
pact on power and performance. This work selected a single
simple flop and latch style and applied it to all protocols. This
made the work relatively accurate between models, but the abso-
lute value will be different based on the design used. However,
the largest difference in most flop designs is the energy required
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Fig. 25. Bandwidth/energy for lower bus utilization.

in the clocking. Since this can be determined separately from
data energy and delays the variation across flop styles should be
rather simple to estimate.

This work can also be applied directly to pipeline protocols
for logic blocks, and some of the protocols include this mod-
eling. However, the logic family, design and protocol style, and
implementation aspects of the logic blocks have a much greater
variability than a repeated wire, so the accuracy of such a model
is much more difficult to compare and arguably less accurate.
Min-delay issues become very important, but they can largely
be ignored in communication since max and min signal propa-
gation delays will be similar.

Fixed bandwidth can be achieved through combinations
of throughput and parallelism. For instance, doubling the
throughput and halving the wires will achieve the same band-
width, at a smaller area. Likewise, creating double data rate
designs from the four-phase bundled data asynchronous proto-
cols is a relatively straightforward transformation that nearly
doubles the area scaled throughput of these designs. The effect
of such transformations can be observed using simple modifi-
cations to these models.

The parameter values used in this paper represent a single
design point. For example, increasing the activity factor of the
bus by a factor of 10 makes no significant change to Figs. 2 and
3. However, decreasing the activity factor by the same amount
gives a significant advantage to the asynchronous protocols as
shown in Fig. 25. Here the four-phase, two-phase, and source
synchronous protocols show significant energy advantages at
all bandwidths over synchronous designs. Thus, the parameters
need to be configured based on your target application.

Optimization based on these models has not been done. For
instance, there is a tradeoff between faster control signal prop-
agation and its deleterious effect on bandwidth.

IX. CONCLUSION

Parameterized first-order analytical models are presented for
many communication models. SPICE simulation of three of the
protocols show the analytical models to be accurate within 15%
for cycle time, 20% for latency, and 10% for energy across the
full range of pipeline depths.

The parameters can be modified to quickly compare various
communication protocols operating at different design targets,
such as low frequency and power designs to performance
constrained targets. Comparisons between various protocols
have been demonstrated based on varying the parameters of the
models.

The efficiency of asynchronous communication is very de-
pendent on the protocol. Communication is one of the worst-
case scenarios for asynchronous design due to the latency of the
handshake signals. These latencies require most asynchronous
protocols to be pipelined deeper than the clocked protocols to
achieve similar bandwidths. Yet the efficient asynchronous pro-
tocols are shown to have similar results to the synchronous pro-
tocols when measuring average transaction energy for a target
bandwidth using parameters targeted for a microprocessor bus.

Many design parameters favor either a synchronous or asyn-
chronous style. Wider buses and high bit-level activity factors
favor asynchronous communication. Higher bus utilization
factors favor synchronous designs. Changing the operating
environment reflected in these parameters can result in asyn-
chronous communication being far superior to synchronous
protocols.

The results in this paper demonstrate that energy per trans-
action as well as latency and cycle time overheads remains rel-
atively flat across most pipelined designs until pipelining be-
comes aggressive. At that point there begins to be a consider-
able penalty for increasing the pipelining. Thus there is a broad
range of pipeline frequencies that can be implemented with rel-
atively small energy and performance penalty.

Asynchronous designs can exploit this flat region of the
graphs since pipelining frequency can be dynamically chosen.
This is not the case with clocked protocols where distances
and pipelining are fixed relative to the clock frequency. This
implies that scalability and the ability to optimize for a par-
ticular power/performance point is enhanced in asynchronous
designs. Asynchronous designs also provide substantial latency
advantages over synchronous designs which are very important
in high performance network-on-chip designs [10]. Further-
more, asynchronous designs can be repeated and pipelined at
the optimal critical distance for the target topology without
requiring margin for future process scaling.

This study only compares the physical data transmission ef-
ficiencies. Communication effects on the overall processor per-
formance and power are an important extension [12]. The ben-
efits of implementing asynchronous communication in an oth-
erwise globally synchronous processor must override the cost
of synchronization with the destination frequency. Future de-
signs—such as those with multiple on-die cores or designs with
power islands—will decompose the chip into different clock do-
mains for power, thermal, and performance reasons. For such ar-
chitectures, asynchronous communication exhibits significantly
lower latency and has been shown, through this study, to have
similar or better physical transport efficiencies when compared
to synchronous methodologies.
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