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Abstract—Energy-efficient serial and parallel multiplier
structures are explored to see their suitability in the low and
ultra low power design regimes. 16x16-bit serial and state-of-art
parallel multipliers are compared in 45Snm CMOS. A multiplier
structure is proposed by optimizing the architecture, gate sizes
and the voltage supply. The proposed structure provides 15%
more throughput as compared to two-cycle parallel multiplier
with the same energy consumption for high speed applications.
In the low speed design region, it provides 3.7X energy reduction
compared to the serial multiplier.

1. INTRODUCTION

The most efficient multiplier structure will vary depending
on the throughput requirement of the application. The first
step of the design process is the selection of the optimum
circuit structure [8]. There are various structures to perform
the multiplication operation starting from the simple serial
multipliers [5] to the complex parallel multipliers [3, 4, 10].
Any speed improvement in the multiplier will improve the
operating frequency of the digital signal processors or can be
traded for energy by optimizing circuit sizes and the voltage
supply.

The serial multiplier implements the multiplication in n
cycles for an nxn-bit multipliers with least hardware [5]. The
nxn-bit serial multiplier requires a 2n bit adders and shift
registers to implement the multiplication. The core logic of the
serial multiplier is the adder and an extensive analysis about
binary adders is provided in [9]. An efficient adder design
provides considerable energy and delay improvement to serial
multiplier. The parallel multipliers are commonly used in high
performance digital signal processors [1-4]. They require more
hardware compared to the serial multiplier in order to provide
performance improvements. There are various ways to
implement the parallel multipliers. The simplest way of
implementing parallel multiplier is to generate all partial
products and reduce them to rows of carry and sum signals.
The final step is the addition of the generated carry and sum
signals. Booth encoding [1, 2] is widely used in parallel
multipliers to reduce the number of generated partial products.
As an example, Booth2 algorithm reduces the number of
partial products to half by scanning the triplets of the
multiplier bits [2]. This reduction is obtained at the expense of

a more complex partial product generation circuitry [10]. In
[10], the authors showed that Booth encoding provides energy
reduction at the relaxed delay targets. As the delay target is
getting stricter, Non-Booth multipliers become a more energy-
efficient structure [10, 11]. After the partial product generation
block, the partial products will be reduced to two rows, a row
of sum and a row of carry signals. This reduction is
implemented using different algorithms [3, 4, 6]. The number
of stages in Wallace tree [3] is proportional to the logarithm of
the number of partial products. In TDM (Three Dimensional
Reduction Method) [6], the reduction tree is treated as one N-
order compressor that guarantees the global optimum. In this
method, the fast input is connected to slow output and vice
versa. The addition of the generated sum and carry signals are
done in the final adder. An efficient final adder structure was
proposed in [7] to exploit the difference in the input signal
arrival times.

The serial structures are mostly preferred for the ultra low
power applications since the speed is not a primary concern.
However, the fast structures can be slowed down by
optimizing the design parameters such as the gate sizes and
the voltage supply. In this paper, we explore the widely used
serial and the parallel multiplier structures in energy versus
throughput space. In addition, the voltage supply is scaled
down to extend the possible design space for each structure.
The paper is organized as follows. In Section II, a summary of
serial and parallel multipliers are given. The proposed
structure is also given in the same section. The results are
shown in Section III and the conclusion is made in the Section
V.

II.  MULTIPLIER STRUCTURES

In this section, the state-of-art structures for serial and the
parallel multipliers are summarized. In order to have a fair
comparison, unsigned multipliers are selected which are
extensively used in floating point arithmetic units. Also, the
same analysis can be repeated for the signed arithmetic.

A.  Serial Multipliers

Serial multipliers are simply working on the principle of
shift and add algorithm [5]. An efficient implementation of the
serial multiplier is given in Fig. 1. Static 32-bit Ling adder
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Fig. 1. The block diagram of the 16x16-bit serial multiplier.
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Fig. 2. The critical path of the 16x16-bit Non-Booth parallel
multiplier.

implemented with a sparse-2 carry tree is used [9]. A 32-bit
register is used to feed the current sum to the input of the
adder circuitry over an AND operation. The RST input is
designed to reset internal residue of the circuit before the start
of a new multiplication operation. A 32-bit shift register is
used to generate the pseudo-partial products (Each time make
a left shift and feeds a ZERO for 16-bit multiplicand input).
The real partial product is generated after ANDing the pseudo-
partial products with the corresponding bit of the multiplier
input. The final output is generated in 16 clock cycles for a
16x16-bit multiplier since there are 16 partial products that
need to be summed up.

B. Single Cycle Parallel Multiplier

Serial multipliers offer the advantage of lower hardware
cost at the expense of the low throughput. For the demanded
applications the parallel multipliers are widely used to satisfy
the throughput requirement. The Non-Booth multipliers
implemented with TDM approach is selected as a
representative of the parallel multipliers. This structure
outperforms the other parallel structures in the strict delay
targets [10]. The critical path of the 16x16-bit Non-Booth
multiplier is shown in Fig. 2. The depth is 21 logic stages and
the number of logic elements is 1794 as shown in Fig. 2.

The inversion stage in the partial product generation block
is merged to the partial product reduction stage to reduce the
number of stages sitting on the critical path [10]. There are
many different implementation styles for the 3:2 compressors
that are used to reduce the generated partial products to the
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Fig. 3. Schematic of the 3:2 compressors used in the implementation
of parallel multipliers. It consists of two logic stages for both outputs.
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Fig. 4. The block diagram of the 16x16-bit two-cycle Non-Booth
parallel multiplier (conventional approach).

rows of carry and sum signals. The schematic of the used 3:2
compressor is given in Fig. 3. The slow inputs are connected
to fast outputs and the fast inputs are connected to the slow
outputs to take advantage of the delay difference between the
carry and the sum outputs.

The final adder of the single cycle multiplier is
implemented by taking advantage of the signal arrival profile
of the sum and the carry signals. The signals being in the
middle bit positions come later than the signals at end bit
positions [7]. The final adder of the single cycle multiplier is
implemented as follows; ripple carry adder for the first four
bits (<3:0>), 24-bit Ling adder implemented with a sparse-2
carry tree, conditional ripple carry adder for the last 4-bits.
(The compressor shown in Fig. 3 is used in ripple carry
adders). This partitioning provides the lowest energy at the
same performance as compared to other possible scenarios.

C. Two Cycle Parallel Multiplier (Conventional Design)

The critical path of the single cycle multiplier consists of
21 logic stages. This restricts the operating frequency of the
overall system. In order to improve the throughput of the
parallel multiplier, the multiplier circuit is divided into two
cycles. The conventional way of the pipelined multiplier
implementation is the separating the circuit at the end of the
partial product reduction stage. At the end of the partial
product reduction block, there are two 32-bit outputs namely
carry and sum signals. These signals will be fed to the final
adder to generate the final output. The block diagram of the
conventional two-cycle parallel multiplier is given in Fig. 4.
The critical paths of each stage become 13 and 7 respectively.
32-bit Ling adder with a sparse-2 carry tree is used to
implement the final addition [9].

D. Two Cycle Parallel Multiplier (Proposed Design)

The critical paths of the first and the second pipeline
stages are unbalanced in the conventional design of the
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Fig. 5. The block diagram of the 16x16-bit two-cycle Non-Booth
parallel multiplier (proposed approach).

pipelined parallel multiplier as shown in Fig. 4. One level of
the 3:2 compressors is moved from first pipeline stage to
second one to balance critical paths of pipeline stages. The
same circuit structures are used as in the conventional design.
The critical paths become 11 and 9 for the first and the second
pipeline stages respectively as shown in Fig. 5. Hence, a better
throughput is obtained from the proposed multiplier.
However, the number of registers will be higher and it will
increase the hardware cost. The gate sizes in the first pipeline
stages will be reduced since the delay target becomes more
relaxed for the first pipeline stage and this provides energy
reduction. There is a trade-off between the energy saving
obtained from the first pipeline stage and the energy cost for
the extra registers and the gate size increase in the second
pipeline stage. The best design is expected to happen when the
critical paths of the first and the second pipeline stages are
equal if there is no functional and clock storage element
limitations. However, extra registers are required when a level
of 3:2 compressors is moved from first pipeline stage to
second one. Therefore, the first pipeline stage will have more
complex critical path than the second stage when the
pipelining is implemented at the optimum place. Also, the
proposed design has less glitch since it has more hardware in
the second pipeline stage.

III. RESULTS

16x16-bit serial multiplier, single cycle Non-Booth
parallel multiplier, two-cycle Non-Booth parallel multipliers
are implemented in 45nm CMOS. Inputs have a drive strength
equivalent to 30-minimum sized inverters. Outputs are loaded
with 30-minimum sized inverters (or 180-minimum sized
inverters for heavily loaded case). The circuit sizing
optimization is an iterative process and implemented in
MATLAB. The best possible delays are obtained using
Logical Effort sizing for each design. Then, the minimum
energy solution is found by using all minimum sized gates.
The delay range for each design is determined based on the
Logical Effort delay points and the all minimum sized delay
points. Then each design is sized for the minimum energy
under the pre-determined delay targets. Then, the delay range
is extended towards larger values to explore a bigger space.
The energy and delay estimation method proposed in [8] is
used to quickly estimate the energy and delay for every sizing
solution. In order to make an accurate estimation, the
technology characterization is performed. A summary of the

TABLE L. TECHNOLOGY CHARACTERIZATION SUMMARY

Technology 45nm
Voltage Supply [V] 1.1
"W nin 100nm
Tau [pS] 4.1
FO4 [pS] 22.54
°INV Input Capacitance [fF] 0.381
Wire Capacitance [fF/um] 0.2
Bit Picth [um] 2
Temperature [°C] 25
a.  Minimum sized transistor width in 45nm CMOS
b.  Input capacitance of minimum sized inverter

TABLE IIL TIMING PARAMETERS AT REDUCED VOLTAGES
Voltage
1.1 1.0 0.9 0.8 0.7 0.6 0.5
Supply [V]
Tau [pS] 4.1 4.6 5.5 7.0 10.0 17.2 42.4
FO4 [pS] 22.54 | 2535 | 30.46 | 38.86 | 55.50 | 95.52 | 237.1

technology characterization is given in Table-I. When the
voltage supply is reduced from its nominal value of 1.1V,
some of the technology characterization parameters will also
change. A summary of the timing parameters at reduced
voltage supplies are given in Table-II.

At nominal voltage supply, all designs are optimized and
the energy versus the number of multiplications per second is
given in Fig. 6. The throughput is directly proportional to
1/Delay and the throughput will be a better metric since the
serial multiplier is not generating outputs at every clock
cycles. For the application that requires high throughput, the
proposed two cycle parallel multiplier is the best structure at
the nominal voltage supply for lightly loaded case. As the
throughput requirement is reduced, the serial multiplier starts
to become a more energy-efficient structure. Notice that every
structure reaches a minimal energy point that corresponds to
all minimum sized solution. After this point, if the operating
frequency of the multiplier is relaxed further, the energy will
start to increase because of the increase in the leakage energy.
The optimum multiplier structure is also found for the heavily
loaded designs. For this purpose, the path gain is increased to
6 by increasing load to [/80-minimum sized inverters. The
results are provided in Fig. 7. As shown from the figure, the
proposed structure is still the most energy-efficient one at high
throughput design regimes.

Voltage supply is another design parameter used to explore
the energy-delay trade-offs in digital circuits. As an example,
fast structures can be slowed down by reducing the voltage
supply. The energy and delay trade-offs coming from the
voltage scaling are explored for the selected multiplier
structures. When the voltage supply is scaled to 0.5V, the
pipelined structures start to provide more throughput with the
lowest possible energy consumption as shown in Fig. 8. The
proposed two-cycle multiplier provides 13.5 times more
throughput at the lowest possible energy of 352 as compared
to the serial multiplier.
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Fig. 7. Energy versus throughput at 1.1V voltage supply in 45nm
CMOS (output load is 180*min_sized inverter and path gain is 6).

When all gates are minimum sized, each design reaches to
a minimum in energy consumption. The delay cannot be
reduced further by optimizing gate sizes. The further delay
relaxation is obtained from the voltage scaling. For this
purpose, voltage is scaled when all minimum sized gates are
used in each design and the output is loaded with 30-minimum
sized inverters. The results are given in Fig. 9. The proposed
multiplier provides the same throughput as the serial
multiplier in the low throughput applications with
considerably lower energy consumption. As an example, the
proposed multiplier provides 1.26x10° multiplications per
second with 352fJ (3.7X energy reduction) at a voltage supply
of 0.5V. The same throughput is possible with the serial
multiplier operating at the 1.1V and consumes 1306fJ energy.

IV. CONCLUSION

The energy-throughput trade-offs coming from the circuit
sizing, voltage scaling and the structural optimizations are
explored for multiplier circuits. It is shown that the parallel
multipliers will be more energy-efficient than the serial
multiplier in low throughput design regimes by optimizing
voltage supply and the gate sizes. A two-cycle Non-Booth
parallel multiplier that is obtained by balancing the
complexities of pipeline stages is proposed. The proposed
design outperforms the parallel structures and it also provides
up to 3.7X energy reduction for ultra-low power applications
compared to low cost serial multiplier.
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Fig. 8. Energy versus throughput at 0.5V voltage supply in 45nm
CMOS (output load is 30*min_sized inverter and path gain is 1).
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