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Abstract

The recent explosion in the number of handheld multime-
dia devices has created a need for energy-efficient computa-
tion due to limited battery lifetimes. We focus on multiplica-
tion, which is needed in several application domains, e.g.,
3D graphics, signal processing, and cryptography. We in-
troduce an asynchronous implementation of a plain Booth
multiplier (i.e., radix-2) which is both area- and energy-
efficient, and therefore suitable for mobile applications.

This paper makes the following contributions. First, a
novel counterflow organization is introduced, in which the
data bits flow in one direction, and the Booth commands
piggyback on the acknowledgments flowing in the oppo-
site direction. Second, the arithmetic and shifter units are
merged together to obtain significant improvement in area,
energy as well as speed. Third, our design performs over-
lapped execution of multiple iterations of the Booth algo-
rithm. Finally, the design is quite modular, which allows
scaling to arbitrary operand widths, without gate resizing
or cycle time overheads.

Spice simulations in a 0.18µm TSMC process at 1.8V, in-
dicate promising performance: the multiplier takes 1.08ns
per Booth iteration, regardless of the operand widths,
thereby demonstrating the scalability of our approach. In
addition, the multiplier is fully functional at reduced sup-
ply voltages (e.g., 1.0V), and thus capable of dynamically
trading off performance for energy efficiency.

1. Introduction

This paper introduces a multiplier design that is especially
targeted to mobile devices, with the key objectives of high
energy efficiency and small chip area. The motivation for
the new design comes from the recent explosive growth in
handheld multimedia devices, whose limited battery life-
times have created a need for energy-efficient computa-
tion. For instance, portable consumer electronic devices
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are likely to increasingly depend on the following capa-
bilities: 3D graphics computation (e.g., cell phones [7],
handheld game consoles), digital signal processing (e.g.,
portable audio players), and cryptographic processing (e.g.,
smartcards). In each of these application domains, multipli-
cation is a fundamental operation.

It is important to note the distinction between energy
efficiency and power efficiency. The former represents
the energy consumed per operation (e.g., nano-Joules/op),
whereas the latter refers to energy consumed per unit time
(e.g., milli-Watts). For applications where battery lifetimes
are critical, energy efficiency is the more relevant metric.
On the other hand, power efficiency is more relevant for
those desktop or high-performance applications where heat
dissipation or supply current are the limiting factors.

Our multiplier is of the iterative Booth (radix-2) type,
implemented using asynchronous circuits. An iterative im-
plementation was chosen, as opposed to a combinational
array type, for higher area efficiency. A Booth implemen-
tation was chosen so as to uniformly handle signed as well
as unsigned operands. However, a minor modification to
the controller can easily transform our design into a sim-
ple (i.e., non-Booth) iterative multiplier. Finally, an asyn-
chronous circuit style was chosen because of its high en-
ergy efficiency [2, 17]. In particular, asynchronous circuits
have the advantage of demand-driven switching activity, ef-
fectively providing the benefits of fine-grain clock gating
for free. In addition, the greater robustness to timing varia-
tions allows an asynchronous circuit to more easily exploit
voltage scaling as a technique to further conserve energy.

The multiplier has several interesting features:

• Counterflow Organization: A novel multiplier organi-
zation is introduced, in which the data bits flow in one
direction, and the Booth commands are piggybacked
on the acknowledgments flowing in the opposite di-
rection. This feature allows shorter critical paths, and
therefore higher operating speed.

• Merged Arithmetic/Shifter Unit: An architectural op-
timization is introduced, which merges the arithmetic



operations and the shift operation into the same func-
tion unit, thereby obtaining significant improvement in
area, energy as well as speed.

• Overlapped Execution: The entire design is pipelined
at the bit-level, which allows overlapped execution of
multiple iterations of the Booth algorithm, including
across successive multiplications.

• Modular Design: The design is quite modular, which
allows the implementation to be scaled to arbitrary
operand widths, without the need for gate resizing, and
without incurring any overhead on iteration time.

• Precision-Energy Trade-Off: Finally, the design can
be easily modified to allow dynamic specification of
operand widths, which enables a dynamic trade-off be-
tween computation precision and energy consumption.

The performance of the multiplier has been quantified
through Spice simulations in a 0.18µm TSMC process, at
1.8V nominal supply voltage. The design takes 1.08ns per
Booth iteration, regardless of the operand widths, thereby
demonstrating the scalability of our approach. The over-
all computation time varies linearly with the width of the
operand: e.g., about 8.5ns for 8-bit operands, and approx-
imately 34ns for 32-bit operands. The energy consumed
per multiplication varies as approximately square of the
operand width, as expected: 0.22nJ for 8-bit and 2.97nJ for
32-bit multiplications. Finally, simulations performed at re-
duced supply voltages of 1.5V and 1.0V demonstrated that
the multiplier operates correctly at lower voltages, and is
able to trade off some performance for even higher energy
efficiency.

The remainder of this paper is organized as follows. Sec-
tion 2 presents background on a particular asynchronous
pipelined circuit style, and introduces certain energy-
efficiency metrics. Next, related work is summarized in
Section 3. Section 4 presents in detail the design and op-
eration of the new multiplier. Section 5 presents the results
of simulations, and Section 6 provides conclusions.

2. Background

This section first reviews the high-capacity asynchronous
pipelined circuit style, which forms the basis of our mul-
tiplier implementation. Then energy-performance trade-off
and metrics are briefly discussed.

2.1. High-Capacity Asynchronous Pipelines (HC)

The implementation style used for the multiplier design
is based on the high-capacity (HC) asynchronous pipeline
style [15]. The HC style is reviewed here; Section 4.3.1
will present the enhancements to HC that were carried out
to meet the design objectives.

Motivation. The HC style was chosen because of its
area- as well as energy efficiency. In particular, the HC dat-
apath uses dynamic logic and is latchless, i.e., no explicit
storage elements are used between pipeline stages. Instead,
the dynamic function blocks themselves provide implicit
storage capability through use of staticizers and by means
of careful sequencing of control. The absence of latches
translates into significant area and energy savings. Further,
unlike some other asynchronous latchless dynamic styles
(e.g., PS0 [19]), HC does not require intervening “bubble” or
“spacer” stages between data items, thereby keeping energy
consumption and area low.

Overview. The key idea in the HC approach is one of
decoupled control: the pull-up and pull-down of the dy-
namic gates are made separately controllable, as shown in
Figure 1(b). Therefore, the precharge and evaluate controls
can both be simultaneously de-asserted, allowing the gate
to enter a special “isolate phase”—between evaluation and
precharge—in which its output is protected from further in-
put changes.

Structure. Figure 1(a) shows a block diagram of a high-
capacity pipeline. Each stage consists of three components:
function block, a completion generator and a stage con-
troller. The function block is implemented using dynamic
logic. It alternately evaluates and precharges, thereby alter-
nately producing data tokens and reset spacers for the next
stage. The completion generator indicates completion of
the stage’s evaluation or precharge. The third component,
the stage controller, generates separate pc and eval signals
which control the function block and the completion gen-
erator. Figure 1(b) shows one gate of a function block in a
pipeline stage.

The bundled data scheme [13, 3] is used to implement
the asynchronous datapath. A control signal, Req, indicates
arrival of new inputs to a stage when it is asserted; precharge
of inputs is indicated when Req is de-asserted. For correct
operation, a suitable matched delay must be inserted to en-
sure that Req arrives after the data inputs.1

The completion generator is implemented using an
asymmetric C-element, aC [5]. The aC’s output, Done, is
set when the stage has entered its evaluate phase (eval is
high), and the previous stage has supplied valid data input
(completion signal Req of previous stage is high). Done is
reset simply when the stage precharges (pc asserted low).

The stage controller produces the control signals for the
function block and the completion generator. It receives
three inputs—the request from the previous stage, the de-
layed Done of the current stage, and the acknowledge from
the next stage—and produces the two decoupled control sig-
nals, pc and eval.

1Section 4.3.1 extends high-capacity pipelines to dual-rail with com-
pletion detection, in order to make its operation more robust to process
variations.
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Figure 1. The high-capacity (HC) pipeline style

Figure 1(a) shows a complete implementation of the
stage controller. The two outputs—pc and eval—and an
internal state variable, ok2pc, are each implemented using
a single gate. The gate labeled gC is a state-holding gener-
alized C-element [5], which behaves as follows: (a) when
all three inputs are asserted high, its output is driven low;
(b) when either of Reqin or ok2pc inputs is de-asserted low,
the gC’s output is driven high; and (c) for all other input
combinations, the gC holds its output. The state variable
ok2pc is implemented using another asymmetric C-element
as follows: ok2pc is set when Reqin is asserted high and
Done is de-asserted low; ok2pc is reset when Reqin is de-
asserted low.

Operation. An HC pipeline stage simply cycles through
three phases. After it completes its evaluate phase, it en-
ters its isolate phase and subsequently its precharge phase.
As soon as precharge is complete, it re-enters the evaluate
phase again, completing the cycle.

The introduction of the isolate phase is the key to the
new protocol. Once a stage finishes evaluation, it imme-
diately isolates itself from its inputs by a self-resetting op-
eration regardless of whether this stage is allowed to enter
its precharge phase. As a result, the previous stage can not
only precharge, but even safely evaluate the next data to-
ken, since the current stage will remain isolated. There are
two benefits of this protocol: (i) higher throughput, since a
stage N can evaluate the next data item even before stage
N + 1 has begun to precharge; and (ii) higher capacity for
the same reason, since adjacent pipeline stages are now ca-
pable of simultaneously holding distinct data tokens, with-
out requiring separation by spacers.

Performance. If the evaluation and precharge times for
a stage are denoted by tEval and tPrech, and the delay
through the aC and gC elements by taC and tgC, respec-
tively, then the analytical cycle time of the pipeline is given
by:

THC = tEval + tPrech + taC + tgC + tNOR

2.2. Energy–Performance Trade-Off, and the Eτ and
Eτ2 Metrics

The freedom from stringent, hard-to-satisfy timing assump-
tions in asynchronous implementations greatly facilitates
a trade-off between performance and energy consumption,
through voltage scaling. While the system throughput drops
approximately linearly with voltage—within certain voltage
limits—the drop in power consumption and radiated noise
is more dramatic: they decrease as the square of the voltage.

Two composite energy-performance metrics have been
proposed for a fair comparison between different imple-
mentations of the same system: the energy-delay product,
Eτ , and the energy-delay2 product, Eτ 2. Here, E refers
to the energy consumed per operation, and τ is the exe-
cution time per operation (or the cycle time, which is in-
verse of the throughput). The energy-delay product, nor-
malized with respect to λ2 (λ = feature size), is fairly in-
variant across fabrication processes [6]. The second metric,
Eτ2, on the other hand, is invariant to moderate voltage
scaling [11, 12]. Thus, depending upon the particular com-
parison being made, one or the other metric can be used.

3. Related Work: Asynchronous Multipliers

Several asynchronous multipliers has been reported in liter-
ature, both array as well as iterative. It was shown in [18]



Figure 2. The counterflow Booth multiplier

that array multipliers not only have lower latencies, but may
also have better energy efficiency than iterative multipliers.
[1] presents a novel design of a bundled-data array concur-
rent multiply-accumulator unit, which reduces power con-
sumption by eliminating unnecessary evaluation of certain
partial products (i.e., those corresponding to a zero value for
the multiplier bit). By taking advantage of data-dependent
evaluation times, their design was able to improve average
throughput by 14% when compared to an equivalent syn-
chronous design.

Several iterative multipliers have been introduced re-
cently. In [9], an area-efficient low-power multiplier is de-
scribed for use in a hearing aid. [8] targets both array and
iterative multiplication, and is able to show a 20% improve-
ment for a bundled-data self-timed multiplier compared to
an equivalent synchronous one.

Several iterative implementations increase the operat-
ing speed by processing more than one multiplier bit per
iteration. For example, [10] reported a 32x32-bit itera-
tive modified-Booth multiplier, using a new 4-phase asyn-
chronous handshaking scheme. Their design uses two CSA
adders and two 2-bit Booth encoders to reduce the number
of iterations by half. A high-throughput iterative multiplier
is presented in [14], which produces the product in n/4 iter-
ations; however, it takes more than twice the area of a shift-
and-add iterative multiplier. Recently, [4] has proposed an
implementation of the original Booth algorithm, which is
able to skip over arbitrarily long runs of ones and zeros.
However, due to the added complexity, its iteration time is
actually longer, and therefore it exhibits performance ad-
vantages only for certain cases.

4. Multiplier Design

This section presents the new multiplier design. Section 4.1
presents the overall architecture, highlighting a novel coun-
terflow organization. Next, Section 4.2 discusses the opera-
tion of the multiplier, which performs overlapped execution
of multiple Booth iterations. Finally, Section 4.3 presents
some of the key details of the implementation, including a
novel asynchronous pipeline handshake style which builds
upon the HC style of Section 2.1.

4.1. Architecture

4.1.1. Overview. Figure 2 shows the overall architecture
of our Booth multiplier. The new multiplier has a novel
counterflow organization: the Booth commands (i.e., add,
subtract and shift) are bit-level pipelined, i.e., relayed from
one bit to another. In contrast, existing iterative organiza-
tions involve a broadcast of the command to all bits, which
makes those designs less scalable than ours. Another fea-
ture of our design is the folding together of the ALU and
shifter units, resulting in a simple linear pipeline with area
and energy advantages. Finally, our multiplier allows over-
lapped execution of multiple iterations of the Booth algo-
rithm, including across successive multiplications.

The design of the multiplier is now presented in detail.

4.1.2. Novel Counterflow Organization. The multiplier
has a counterflow organization: data and commands flow in
opposite directions. In particular, data bits flow from left to
right in the pipeline, whereas commands generated by the
Booth controller flow (i.e., add, subtract or shift) from right
to left. Wherever carry or borrow bits are generated, as a
result of an add or subtract command, they are embedded
in, and considered part of, the command itself and relayed
to the stage on the left.



The flow of data and commands is interlocked to achieve
correct operation. In particular, a data bit flows through a
processing stage (i.e., moves right from its input side to its
output side) only after that stage has received the associated
Booth command. Similarly, a command is relayed from a
stage to its left neighbor only after it has interacted with
valid data.

Our counterflow approach allows data and command to
transform each other when they interact. In particular, when
data is evaluated by a pipeline stage, the actual operation
performed on it depends not only on the functional imple-
mentation of the stage, but also on the command received by
the stage. Similarly, our approach permits a command to be
arbitrarily transformed by the data it interacts with, before it
is relayed to the left neighbor. In our particular implemen-
tation of the Booth multiplier, this command transformation
applies to the carry/borrow bits which are embedded within
the command: the carry/borrow bits are replaced by the new
carry/borrow bits that are generated when the Booth com-
mand interacts with the incoming data.

A key novelty of this architecture is that it performs
overlapped execution of multiple iterations of the Booth al-
gorithm. In particular, each command that is inserted by
the Booth controller into the right end of the counterflow
pipeline effectively performs one iteration of the Booth al-
gorithm. However, the bit-level pipelined architecture en-
ables multiple commands to be simultaneously “in flight,”
thereby effectively allowing multiple iterations of the al-
gorithm to be overlapped. For instance, the lower signifi-
cant bits of the accumulated result, near the right end of the
pipeline, can commence a subsequent Booth iteration by in-
teracting with a later command, while the higher significant
bits are still waiting to complete earlier commands.

It must be emphasized that our counterflow pipeline or-
ganization is quite different from another counterflow or-
ganization proposed by Sproull et al. [16]. In particular,
the architecture in [16] uses two distinct pipelines to carry
two different data streams in opposite directions, and in-
troduces interlocks to allow the two streams to interact. A
drawback of their approach is that arbiters are required be-
tween the two pipelines to ensure that corresponding data
packets in the two streams do not “skip past” each other,
leading to significant implementation complexity and also
non-determinism in the system’s operation. In contrast, our
approach simply “piggybacks” commands on top of the ac-
knowledge signals already required for asynchronous hand-
shaking, and thereby does not suffer from these drawbacks.

4.1.3. Architectural Optimization: Folding Arithmetic
Unit into Shifter. An architectural optimization was used
to obtain significant improvement in area, speed, as well as
power consumption: the arithmetic operations (i.e., add and
subtract) and the shift operation were merged into the same
function unit.

Figure 3. The merged arithmetic/shift unit

Figure 3 shows the block diagram of a folded ALU/shift
stage. Each such stage has three input sources and two out-
put destinations. The first input stream, representing the
current accumulated result at that bit position (labeled Z),
enters the block from the left. The second input is applied
to the top of the stage, and represents the corresponding
constant multiplicand bit (labeled B). The third stream rep-
resents the Booth commands, along with embedded input
carry/borrow bits (labeled C in), and is accepted from the
right. As a result of the command, the stage generates the
new accumulated bit, and communicates it to the right, ef-
fectively causing a shift operation as well. The stage also
produces a second output, which consists of the Booth com-
mand that was just executed, along with the new value of the
carry/borrow bit (labeled Cout); this second result is com-
municated to the left.

The operation of the new ALU/shift stage is quite sim-
ple. Whenever it receives a Booth command from its right
neighbor, and data from its left neighbor, it performs the
command on the data, and transfers the result to its right
neighbor. Thus, every command effectively causes a shift
operation as well. If the command processed was a shift
command, then the data is simply passed along unmodified;
otherwise, for add and subtract commands, the multipli-
cand (B) and input carry/borrow (C in) bits are combined
with the data (Z) bit to generate the results.

Our folding in of the ALU into the shifter has several
advantages: (i) lower area, because no explicit shifter unit
is required; (ii) faster operation, because the results of an
arithmetic operation are immediately available for a subse-
quent arithmetic operation (in the next stage), thereby al-
lowing shorter iteration times; and (iii) better energy effi-
ciency because overall there is less movement of data, and
hence fewer transistors are switched.

4.1.4. Command Representation. The commands that
are generated by the Booth controller are represented using
a 1-of-4 (i.e., one-hot) encoding that is delay-insensitive.
The four representable commands are initialize, add, sub-
tract and shift. Besides being delay-insensitive, the encod-
ing has three advantages: (i) no decoding circuitry required,
(ii) ease of completion detection, and (iii) good energy ef-



ficiency, because each command causes switching activity
on only one wire.

When a command reaches the left half of the multiplier
pipeline (i.e., the rightmost ALU/shift stage), the 1-of-4 en-
coding for the command is augmented by a 1-of-2 code to
allow a carry/borrow bit to be also carried within the com-
mand (see Figure 3), making each command a 6-bit value.

4.1.5. Data Representation. Each data bit is also rep-
resented using a 1-of-n encoding. In the left half of the
pipeline, a 1-of-2 (or “dual-rail”) encoding is used: one
wire represents the logic “1” value, another wire represents
the logic “0” value. In the right half of the pipeline, how-
ever, a 1-of-3 encoding is necessary because an additional
value must be represented: a sentinel value, which encodes
a terminating condition. When a stage contains the sen-
tinel, stages to the right hold the remaining bits of the mul-
tiplier. Once the sentinel reaches the controller, the con-
troller senses the terminating condition, and stops issuing
further Booth commands. Subsequently, once the results
of the multiplication have been consumed, the multiplier is
ready to process its next set of operands.

There are two significant benefits of using a sentinel-
based encoding: (i) the design of the Booth controller is
greatly simplified, i.e., no counter is required, and (ii) the
length of the multiplier can be dynamically specified by
providing the sentinel in the appropriate bit position. While
our current implementation uses a fixed position for the sen-
tinel, our design can be easily modified to provide the abil-
ity to dynamically specify the multiplier length, which in
turn can be exploited to enable a dynamic trade-off between
energy consumption and the precision of computation.

4.2. Operation

Computation proceeds in three phases: initialization, exe-
cution, and termination.

4.2.1. Initialization. The controller starts computation
by issuing the initialize command. This command effec-
tively copies the multiplier operand into the right half of
the multiplier pipeline (see Figure 2). In particular, when a
stage in the right half of the pipeline (i.e., a load/shift stage)
receives the initialize command, it loads the multiplier value
at that bit position from the A input on its top, and passes
the same command to its left neighbor.

When the initialize command reaches the sentinel stage,
it causes that stage’s output to get initialized to the sentinel
value. This value marks the position immediately to the left
of the most significant bit of the multiplier, and represents a
terminating condition that the Booth controller can sense.

Finally, as the initialize command reaches each
ALU/shift stage, it causes both the sum and the
carry/borrow output of the stage to be initialized to the logic

“0” value, effectively clearing the contents of the accumu-
lator so that computation may begin.

Actually, the initialize command serves another purpose
which was omitted from the discussion here: to indicate
completion of the previous computation. This function is
explained later in Section 4.2.4, when initialization for the
next round of computation is discussed.

4.2.2. Execution. After the initialization, the controller
generates successive Booth commands: add, subtract, or
shift. Each command corresponds to one iteration of the
Booth algorithm. Since the operations are pipelined, multi-
ple commands could be flowing through the pipeline, effec-
tively causing multiple iterations of the Booth algorithm to
be executed concurrently.

The load/shift stages in the right half of the multiplier
pipeline interpret each of these three commands as a shift
command, and cause their contents to shift one position to
the right.

When the command reaches an ALU/shift stage, that
stage performs an arithmetic operation if specified, and a
shift operation. The stage also generates a carry/borrow out
that is bundled with the Booth command and relayed to its
left neighbor.

4.2.3. Termination. When the sentinel reaches the
Booth controller, the computation terminates, and the con-
troller stops issuing further commands. The controller’s in-
ternal state and history bit are cleared, and it prepares for
the next set of operands. Strictly though, at this point, there
can be some commands that are still flowing throwing the
pipeline. The initialization phase of the next iteration is
used to handle this situation, as described below.

4.2.4. Initialization (next round of computation).
Upon termination, the Booth controller re-initializes the
multiplier by generating a new initialize command. In
addition to what was described above in Section 4.2.1, the
initialize command also serves the purpose of ensuring that
all prior Booth commands that are still flowing through the
pipeline are correctly completed before the multiplication
result is read.

In particular, when the initialize command reaches any
pipeline stage, it causes that stage to copy the output of its
left neighbor onto its P output, which represents the final
product value for that bit position in dual-rail form (see Fig-
ure 2). Taken together, P2n−1 · · ·P0 represents the result of
the multiplication. Even though the lower significant prod-
uct bits are produced earlier than the higher significant ones,
the dual-rail encoding of Pi ensures that the completion of
the computation and validity of the result are correctly and
robustly indicated.

4.2.5. Overlapped Execution of Consecutive Computa-
tions. Just as successive iterations of the same computa-
tion are executed in an overlapped fashion, our implemen-
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Figure 4. Pipeline Handshake Controller

tation allows an overlap between the last (or last few) iter-
ations of one computation, with the first (or first few) itera-
tions of the next computation. In particular, the Booth con-
troller immediately commences issuing new Booth com-
mands for the next round of computation, even though one
or more commands for the previous computation may still
be flowing leftward through the pipeline.

This ability to overlap successive computations is quite
advantageous, resulting in significantly reduced latency for
the multiplier. The results of our experiments indicate that
the benefit is around a 60% reduction in latency.

4.3. Implementation

4.3.1. Pipeline Handshake Circuits. The pipeline hand-
shake circuits used in the multiplier implementation are
based closely on the HC style of [15] (see Section 2.1), but
include a significant enhancement to enable bi-directional
communication, which in turn is critical to enabling the
counterflow organization.

Figure 5. Booth Controller

History bit
LSB 0 1

0 shift add
1 subtract shift

sentinel init init

Figure 6. Booth commands

Figure 4(a) shows the top-level view of the new pipeline
stage. Compared with Figure 1(a), the new stage has an
extra input and an extra output: it receives Commandin from
its right neighbor, along with Ackin, and similarly produces
Commandout for its left neighbor, along with Ackout.

Figure 4(b) shows the internal organization of a generic
stage of the new pipeline. There are two key differences
with respect to the HC pipeline of Section 2.1. First, com-
pletion information is no longer generated using a matched
delay. Instead, a robust delay-insensitive completion gener-
ator is used. Since the datapath is encoded using a 1-of-n
code, completion is easily detected: when all rails of a bit
a are reset, precharge is indicated; when exactly one rail
is set, completion of evaluation is indicated. The second
modification is the addition of a buffer to store the incom-
ing command, because the command arrives at the start of a
precharge phase, but it will be needed in a subsequent eval-
uation. During that evaluation, the command is combined
with the input data to not only produce output data, but also
to generate a new command for the left neighbor.

Finally, Figure 4(c) shows the actual modification made
to the HC handshake circuit. The new handshake circuit
produces two additional outputs—command precharge and
command evaluate—which serve as the control signals for
the command buffer. The figure highlights the additional
gates needed to generate the new signals. The function
block’s precharge signal triggers the evaluation of the com-
mand buffer, causing the incoming command to be stored.
The command buffer is subsequently precharged only after
the command is “consumed” by the function block upon its
next evaluation. The new inverter and NAND gate directly
implement this functionality.

4.3.2. Booth Controller. Figure 5 shows the block dia-
gram of the Booth controller. The history buffer stores a
copy of the most recently examined multiplier bit. This
history bit is communicated to the Booth encoder stage as
a command. The Booth encoder processes this history bit



along with the new least significant multiplier bit, and gen-
erates the appropriate Booth command (i.e., add, subtract or
shift), as summarized in Figure 6.

5. Experimental Results
This section presents the results of electrical simulations of
our new Booth multiplier. The multiplier was designed at
the transistor level using the Cadence tool suite, and sim-
ulated using Spectre in a 0.18µm TSMC CMOS process,
using the NCSU Cadence Design Kit. Tables 1 and 2 sum-
marize the results of our simulations.

Table 1 presents the latency and energy for several in-
stances of our multiplier with different operand widths, us-
ing a pair of random inputs. The results indicate that, as ex-
pected, the latency varies linearly with operand width, from
4.21ns for a 4x4-bit multiplier, to 34.17ns for a 32x32-bit
multiplier. However, as indicated in the rightmost column,
the iteration time remains constant across different widths,
thereby demonstrating the scalability of our approach. The
middle three columns indicate the energy consumed, as well
as the composite energy-performance metrics, Eτ and Eτ 2

(see Section 2.2).

Table 1. Spice simulation results: latency and
energy vs. operand size

Word delay, τ E Eτ Eτ 2 iter time

Size (ns) (nJ) (10−18Js) (10−24Js2) (ns)
4-bit 4.21 0.07 0.27 0.001 1.08
8-bit 8.49 0.22 1.85 0.02 1.08
16-bit 17.05 0.79 13.42 0.23 1.08
32-bit 34.17 2.97 101.52 3.47 1.08

Table 2. Effect of voltage scaling on 16-bit
multiplier

Supply delay, τ E Eτ Eτ2 iter time

Voltage (ns) (nJ) (10−18Js) (10−24Js2) (ns)
1.8V 17.05 0.79 13.42 0.23 1.08
1.5V 21.53 0.53 11.43 0.25 1.34
1.0V 48.07 0.23 10.84 0.52 2.91

Table 2 presents the results of our experiments with volt-
age scaling for the 16-bit version of our multiplier. Latency
and energy measurements were taken at three different volt-
ages: 1.8V, 1.5V and 1.0V. As expected, as the voltage was
lowered, the latency degraded, along with a reduction in
energy consumption. Interestingly, Eτ 2 is fairly invariant
from 1.8V to 1.5V, as predicted by [11, 12], but showed
variation when the voltage was further decreased to 1.0V,
which is no longer in the linear operating region.

6. Conclusion and Future Work
This paper presented a radix-2 Booth multiplier imple-
mentation using a novel asynchronous pipelining style and

a counterflow architecture. The design allows for over-
lapped execution of multiple Booth iterations through bit-
level pipelining.

In ongoing work, we are extending the design to imple-
ment the modified Booth (radix-4) approach. In addition,
we are exploring handling variable-length operands, and
also handling variable-length shifts to further optimize our
design.
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