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ARTICLE INFO ABSTRACT
Keywords: Low power multiplier unit design is one of Digital Signal Processing (DSP) processors’ re-
Radix-16 booth encoder quirements to meet the growing demands. Though the higher radix Booth multiplier shows the

Signed multiplier

: - marginal decrease in the power, the generation of hard multiples in the generation unit becomes
Unsigned multiplier and energy

the bottleneck in implementing the multiplier unit. This paper proposes an energy-efficient radix-
16 Booth multiplier design for combined, signed/unsigned numbers. This paper optimizes the
partial product generation unit by (2 — 1) (where nrepresents input bit size, and rrepresents
radix). As a result, delay and energy reduce significantly. The proposed 16-bit non-pipelined
multiplier energy improved by 27.06%, 4.35%, and 27.79%, and the pipelined multiplier is
improved by 25.74%, 31.30%, and 28.42%for signed, unsigned, and combined radix-16 designs
respectively.

1. Introduction

In the modern era, with technology scaling, growing components integration and power management on the chip have become
major challenges. With the continuous advancement in microprocessor design, to achieve an improved energy utilization for high data
encryption rates and transmission. The various compact applications design constraints are satisfied to meet the low power con-
sumption. Among all the units, the multiplier unit is a significant one which decides the average performance of a modern-day pro-
cessor. Since the multiplier plays a vital role in various applications such as signal/image/video/ processing, it has become an
important functional block to be optimized to improve performance [1].

In the day-to-day scenario, a low-power consuming multiplier unit has a great demand in industrial applications. However, they
have extended latency with more area and consume considerable amounts of power. Therefore, designing a low-power multiplier unit
has become a significant challenge in Very Large Scale Integration (VLSI) system design. Since area and speed are the two other
contributing parameters to analyze the multiplier unit designs overall performance, optimizing power relative to these factors is
another challenge. These parameters are conflicting with each other when we try to optimize any one parameter. Reduction in area,
power is a tradeoff with the circuit speed [2].

The multiplication process involves three necessary steps: (1) Partial product generation, (2) Partial product reduction, and (3)
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Final addition, which yields the final product. Generally, the partial products are generated either by using AND gates or by using the
Booth algorithm. The Booth algorithm based partial products will improve the overall multiplier speed. By utilizing a Wallace tree
structure or by using the Dadda tree, these partial products are reduced into two output vectors sum and carry. High-speed Carry
Lookahead Adders (CLA) or energy-efficient Carry Save Adders (CSA) generate the final product by adding these sum and carry
vectors.

Over the past few decades, several optimizations made to reduce the generation unit’s power consumption and the adder circuit
design. Over 30% — 40%of the research is on reducing the partial products by implementing the different encoder techniques such as
Booth encoders. The remaining works have concentrated on the implementations of either low power or high-speed adders and overall
circuit-level optimizations.

Modified Booth Encoder of Booth2 or Radix-4 is observed as the most widely used approach in many applications, ensuring
improved speed at the cost of increased power dissipation. Extending for the higher radices greater than that of Booth2 further reduces
the number of partial products and leads to a marginal decrease in the overall multiplier unit’s power. For the higher radices, the area
and delay of the generation unit increase, but the number of adders in the reduction stage decreases, leading to a significant reduction
in power. Therefore, the energy-efficient design of the multiplier unit using higher radix.

This paper proposes an energy-efficient radix-16 multiplier unit, which reduces the critical path of the generation stage. The
devised multiplier can also perform both signed and unsigned operations by using the control signal. The proposed pipeline design
adds more flexibility, which increases the overall performance of the multiplier unit.

The organization of the rest of the paper as follows. Section 2 presents the existing works on Booth encoding multipliers, and
Section 3 details Booth radix based encoding techniques. Section 4 proposes the energy-efficient radix-16 Booth multiplier. Section 5
details the proposed implementations and results and followed by a conclusion in Section 6.

2. Related work

Existing works related to multipliers have mainly targeted reducing either the critical path of the generation unit or the power
consumed by the reduction unit. In [3], the authors have employed radix-4 and radix-8 encoding techniques in their design so that the
high-speed property of the former and low power property of the later has been utilized has better performance. The design is a
non-pipelined one in which the multiplication for the signed numbers alone [4]. designed a circuit which optimizes the computation of
hard multiple of 3x generated from the radix-8 encoder. The proposed design reduced the adder’s delay required to generate 3x by
20%compared with that of CLA. In [5], the authors have utilized the above proposed optimized radix-8 multiplier architecture to
implement the Floating Point Unit (FPU) generator. Though the proposed architecture is energy efficient, the irregular layout of the
CSA adder tree in the reduction unit causes power dissipation, which shows an almost 18%impact on the multiplier’s performance.

[6] proposed a multiplier unit for MAC (Multiplier Accumulator), which can perform the multiplication operation on both signed
and unsigned numbers. The implementation of Radix-4 Booth’s encoding technique using an external control signal in this design to
achieve the above functionality.

In [7], the authors devised an optimized radix-16 Booth encoding technique for unsigned multiplication to reduce the partial
product generation array height from (n+ 1/4)to n/4where nis the input size. Pipelining the design resulted in low power consumption
by the multiplier but at the cost of the increased area in the generation unit. Nannarelli [8]have inherited the above proposed radix-16
implementation to perform the floating-point multiplication operation. The design was able to achieve a significant reduction in the
energy required by the multiplier unit.

Pipelining is a practical approach to reduce the worst slack of a combinational circuit while maintaining efficient throughput. As a
result, an impact on the energy consumption of the total design unit. Although less popular than the Booth2, higher radices with
pipelining do exist in the industrial cites of the microprocessor implementations [9-15].

This paper aims to improve the energy efficiency by extending the technique implemented by authors in [3] for the radix-16 based
booth multiplier unit design, which can perform both signed and unsigned multiplication operations depending upon sign signal.

3. Background

In this section, different encoding mechanisms of the modified Booth encoding technique are as follows:
3.1. Radix-4 booth encoding algorithm

Radix-4 Modified Booth Encoding (MBE) is the most popular approach, which reduces the number of partial products. The most
important feature is that it halves the partial product array by inspecting 3 bits of n-bit input, making the multiplicand generation easy.
The technique encodes the multiplier bits so that every group of 3 bits represents a single value: 0, 1, or + 2. Therefore, the multi-
plication on these values may results in one of the following values: {all zeros, +X,4+2X}, where Xrepresents the multiplicand. All these
values generated using simple shift operations and complementary operations. Extending the algorithm for the higher radices leads to
low power dissipation.

3.2. Radix-8 booth encoding algorithm

Radix-8 MBE scans 4 bits at an instance of the multiplier input to reduce the partial product array to one-third of the n-bit binary
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word length. As explained above, all the digit sets {all zeros, +1,+2,+3,+4} can be obtained by simply shifting and complementing
except the generation of the hard multiple 3X, which is pre-computed by shifting and an adding operation, 3X = 2X + X.

3.3. Radix-16 booth encoding algorithm

Consider binary2’s complement form, n-bit width multiplicand Xand multiplier Yas inputs,

n—2

X = 7X,,,12n71 + in.Z[ (1)
i=0
n—2 )

Y=—ya27 4 w2 @

i=0

The radix-16 Booth encoder groups given input multiplier bits into a set of five-bits (1 + log>") (where r=16 for radix-16) where each
group is encoded into radix-16 binary digit set.The encoded binary digit set is {0, £1X, +2X, +3X, +4X, +5X, +6X, +7X, +8X}. This
encoding is done by considering transfer bit (t;) and the intermediate bits (m;) [16]. The encoded digit set (z;) is summation of the
previous transfer bit (t;) and the intermediate bits (m;) [7].

Zi=m+1 3

Assuming that the initial transfer digit to be 0 and is padded at LSB of multiplier input (y). Now consider five bits of the multiplier to
obtain the encoded digit. Expanding the n-bit binary multiplier input Yas:

n—2

Y= —2 ) 32 = 2 (= 8yt 4y a2 s Vus +Dus)

i=0
+2"5( = 8Yus + 46 + 297 + Vs + Yuoo)+ (C))

+2%( = 8ys +4y2 + 2y1 + Yo +y-1)

Here, y;is the ithbit of the multiplier ywhich can be encoded by the formula:

= 8Yirs + Y2 + 2V + Yi + Vi1

y_1represents the initial transfer bit and it is always set to 0 as explained above. The sample grouping of the 16-bit multiplier is
depicted below.

Y15Y14Y13Y12 yu Y10YoYs y7 Ye6YsY4 hE] Y2Y1Y00

After encoding the digit set, the encoder output is given to 8 x 1multiplexer to select the encoded digit [7]. Similarly, to handle the
unsigned multiplication using the Booth encoding algorithm (if the input bit width is in powers of 2), zeros are padded at the most
significant bit position of the multiplier. As a result, the length of the partial product increases by one row, i.e., (} + 1). For the 16-bit
input multiplier, it results in 5 partial product array, as shown below.

0000y Y14Y13Y12 yn Y10YoYs y7 YeYsYa Y3 Y2Y1Y00

Fig. 1 illustrates the complete flow of partial product generation. According to the encoding digit set, the multiplicand multiplied to
form the array of partial products, i.e., {0,£1X,+2X,+3X,+4X,+5X,+6X,+7X,+8X}. 1Xis taken from the multiplicand input, whereas

Multiplicand (x) 16 Bits

v
Y A 4

Y
3x Adder 5x Adder 7x Adder

1t v v A4
Multiplier (y) 2 ax 7 ax
Ygi1 > E
Yai > N Yy v v 2/ v v
Yo C 8 bits ) )
4i+1 » O > 8:1 Multiplexer
Yai42 » D
Yai43-> E v v 20 bit
R 20 xor gates
Sign Bit PPi 20 bit

Fig. 1. Partial product generation.
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2X,4X,and 8Xcan be implemented by left shifting the multiplicand by 1, 2, and 3-bit positions, respectively. There are some hard
multiples like 3X, 5X, 7X, using two-term energy-efficient Ripple Carry adders (RCA) [7]while encoding. 6Xcan be obtained by left
shifting the 3Xmultiple by one-bit position. Apply negate operation on the encoded values for negative versions. Generate these hard
multiples to reduce the delay, and the values are pre-computed along with booth encoding simultaneously.

The bit length of each partial product should be of the size of (n+ 4)(for 16-bit input, the partial product bit length should be of 20
bits). Out of these extra four bits, three bits are to handle the digit multiplication up to 8, whereas the remaining one bit represents the
sign bit generated from the multiplication of negative multiplier digits.

Every partial product is left-shifted by 4 bits, and an expensive sign extension would be necessary on the Most Significant Bit (MSB)
side of previously generated partial products. However, the sign extension is simplified by concatenating bits of each partial product
with the following values. The concatenation of first partial product MSB and CSSSSand 111Cto the remaining partial products where
Sis the sign bit, and Cis complementary of S [7].

3.4. Design of partial product reduction unit

In the reduction unit, the array of the partial products needs to be compressed into two output vectors. The partial products of the
same weights are added in parallel using the CSA tree, which reduces the tree size to lognstages. For instance, in 16-bit signed
multiplication, Radix-16 Booth encoder results in 4 partial products. These added partial products used either one stage of 4:2 CSA
adder tree or two stages of 3:2 CSA adder tree to produce the two sum and carry vectors as an output reduction unit. In unsigned
multiplication, the Radix-16 Booth algorithm encoder added five partial products using one 4:2 CSA and one 3:2 CSA tree or three 3:2
CSA trees [17]. Fig. 2shows the conventional partial product reduction tree structure.

After the reduction stage, a high-speed addition is performed on two output vectors in order to get the final product. Fig. 3 depicts
the conventional radix-16 Booth encoding multiplier unit.

4. Proposed radix-16 based booth multiplier

Fig. 4 explains the basic flow of the proposed multiplier implementation. As discussed earlier, the computation of hard multiple
becomes the bottleneck in the generation unit, which increases the area and delay. Though there is a significant reduction in the
number of partial products generated in the generation unit. This paper proposes an approach to decrease the generation unit’s delay,
thereby increasing the multiplier unit’s overall performance.

Use two operands with carry-propagate adders to generate the odd multiples where a significant delay in the multiplier generation
unit. To minimize the carry propagation delay in the final stage of the proposed multiplier design uses parallel prefix adders.

These parallel adders add flexibility, thereby decreasing the design’s latency. In our design, the Ladner Fischer prefix adder is used,
which results in reduced delay [18].

The proposed multiplier design uses a combination of modified booth radix-16 encoder and radix-8 encoder. This technique de-
creases the delay penalty associated with the generation of hard multiples in the radix-16 encoder. The odd multiples associated with
these encoding schemes are pre-computed by using prefix adders [18].

The generated set of the partial products by using the radix-16 encoding by considering the fragment of multiplier input bits which

are taken in the form of m = <n — %) The remaining (n — m) bits are used in the radix-8 encoder to generate the remaining partial

products. The number of partial products in the proposed 16-bit multiplier is five.

The partial products generated need to be reduced into two output vectors, sum and carry. When the partial products are in the
power of 2, to get the better standard layouts, Using a 4:2 carry-save adder tree for adding these vectors. The design makes use of one
stage of the 4:2 CSA tree for the first four partial products. The remaining partial product is suppressed in the reduction unit by looking
at the MSB bit. To avoid the extra 3:2 adder stage in the reduction unit, which shows a slight decrease in delay and power.

The signed operation may result in either 0000 or 1111, while unsigned operation may result in either 0001 or 0000. The cor-
responding four operations result in either a 1x or 0. To handle the unsigned multiplication, booth encoding results in multiplication
used to handle the unsigned multiplication, and it needs to be considered a peculiar case where the partial product gets valid. This 16-
bit multiplicand fragment affects only the MSB part of the output 32-bit vector. In the proposed multiplier design, a 32 bit CLA adder to
get the intermediate final product result at its final sum stage.

The multiplicand is added to the MSB part of the intermediate product result using the sign signal; otherwise (in case of all zeros), it
just skips and returns the intermediate value as the final product result [19]. Fig. 5 shows the modified reduction tree structure.

As discussed above, Fig. 6 shows the modified final computation stage. With these optimizations, we get an energy-efficient
multiplier design when compared to the conventional Radix-16 multiplier designs.
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Fig. 2. Partial product reduction tree.
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4.1. Pipelined structure

As shown in Fig. 4, the proposed multiplier unit is three stages pipelined to increase the throughput of the multiplier unit.
Introduced one stage of pipelined registers at the partial product generation unit and introduced another pipelined stage between the
partial product reduction stage and the final summation stage.

5. Results and discussions

The Radix-16 Booth encoding multiplier designs and the proposed multiplier design are modeled in Verilog HDL (Hardware
Description Language) and synthesized using Cadence 6.1 EDA (Electronics Design Automation) tools with a 45nm CMOS (Comple-
mentary Metal Oxide Semiconductor) technology standard library.

The generation units of the different formats, such as signed, unsigned, and combined signed/unsigned partial product array, have
been implemented by the radix-16 modified Booth encoders’ primary method. These reduced partial product arrays using a CSA tree
structure, and final addition using a CLA. The combinational circuitry has implemented results, including area, power, delay for these
conventional radix-16 multiplier design, and the proposed multiplier for n = 16bit, are listed in Table 4, and the tabulated pipelined
results in Table 5. The implemented conventional unsigned radix-16 multiplier unit from the extracted primary radix-16 method of
[71, and Fig. 3shows the basic block diagram of the signed radix-16 multiplier unit design. Conventional signed radix-16 multiplier
unit design and combined signed/unsigned radix-16 multiplier unit designs from Ercegovac and Lang [16].

As observed in the Tables 4 and 5, the different conventional formats of radix-16 multiplier design units have the increased critical
path and the increased energy consumption units due to increased computations in the partial product generation unit and increased
CSA stage in the reduction unit for the unsigned and combinational signed/unsigned radix-16 multiplication operation.

On the other hand, the two operand pre-computation of hard multiples also increases significantly for the higher radices. For
example, radix-16 accompanied three pre-computing adders that include three adders delay to partial product generation unit, which
triggers the multiplier unit’s worst slack. Table 1 lists the implemented area, power, delay performance of the different types of adders
for the 20-bit input word length. Though RCA offers low power but with the extended delay, the Kogge stone adder exhibits the shortest
critical path compared to all the other adders. In the proposed design, the goal is to implement the adder, which reduces the delay and
can be energy efficient.

Table 2 lists the implemented area, power, delay results of proposed multiplier unit design with different prefix adders, and the
proposed architecture with Ladner Fischer shows better performance while comparing with other prefix adder multiplier units.

On the contrary, this paper mainly targets to reduce the critical path of the generation unit. As discussed above, the hard multiples
of the generation unit utilize almost three adders delay to generate each partial product, as shown in Fig. 1. The proposed generation
unit aims to reduce the multiplier block generation unit’s worst slack by embedding the radix-8 encoder, which utilizes the one adder
delay to generate the partial product. From the results of Table 3, we can observe that almost 13%,13%and 18%improved latency over
the conventional radix-16 partial product generation unit of signed, unsigned, and combined signed/unsigned multiplier unit at the
cost of the increase in area and power dissipation.

For instance, the proposed design for 16 x 16multiplier unit is observed the lowest critical path and almost 27.06%, 4.35%, and
27.79%improved energy when compared over signed, unsigned, and combined signed/unsigned radix-16 multiplier units.

5.1. 3 Stage pipeline

With this pipelining, the critical path lies in the first stage of multiplier design for the proposed unit and all conventional radix-16
designs. Table 5 shows the comparison of the conventional radix-16 multiplier with the proposed multiplier design. The clock fre-
quency of these designs is 1.1 GHz, and it is observed that there is a significant power reduction due to reduced switching activities in
the second stage and improved 25.74%, 21.30%, 28.42%energy efficiency.

6. Conclusion

The main objective of this work has been to present an energy-efficient multiplier unit design, which can perform the multiplication
of both signed and unsigned binary numbers. Conventional radix-8 and radix-16 Booth’s encoders are employed as a base to work. It is
achieved by modifying the radix-16 Booth encoder partial product generation unit by embedding the radix-8 Booth encoder. Modest
improvements in power and critical path observed over the conventional combined signed/unsigned radix-16 booth’s encoder-based
multiplier. Comparison results show promising results in terms of improved energy efficiency overall conventional models.

The optimized partial product generation (PPG) unit shows the reduced critical path by dealing with the hard multiples accu-
mulation (like 3, 5, 7) with the prefix adders. Though the generator shows the reduced critical path, it offers increased area and power
over existing generation units. However, the pipelined multiplier architecture’s overall performance shows reduced area, power, and
delay. This proposed and existing designs are simulated and synthesized for a 16-bit input multiplier. These results may vary for the
different bit-lengths of the multipliers. Implementing a Booth encoder greater than radix-16 may increase the generation unit
complexity due to an increase in a more significant number of hard multiples. Though higher radix reduces the number of partial
products, which helps decrease the adder stages in the reduction stage, adding hard multiples increases linearly.
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Table 1
Comparison of existing adders.
ADDERS Area Power Delay PDP
(nm2) (W) (ns) ()
RCA 89 8.27 0.58 4.82
CLA 128 12.74 0.45 5.83
Kogge Stone [20] 219 23.99 0.20 4.91
Han-Carlson [21] 162 18.72 0.22 4.28
Hybrid Han-Carlson [22] 144 17.16 0.246 4.222
Ladner Fischer [23] 156 18.26 0.23 4.201
Table 2
Comparison of proposed multiplier design using existing prefix adders.
MULTIPLIER UNIT Area Power Delay PDP
(nm?) (W) (ns) ((B)]
Kogge Stone [20] 2383 269.54 1.24 334.23
Han-Carlson [21] 2160 248.18 1.23 307.50
Hybrid Han-Carlson [22] 2544 397.54 1.05 419.80
Ladner Fischer [23] 2118 257.4 1.09 281.6
Table 3
Comparison of existing and proposed radix-16 generation unit for 16 bit multiplier design.
GENERATION UNIT Area Power Delay PDP % of
(nm?) (W) (ns) ()] PDP
Signed Radix-16 1524 146.6 0.66 97.48 4.33
Unsigned Radix-16 1516 154.55 0.69 107.87 13.54
Combined Radix-16 1529 147.87 0.66 98.33 5.16
Proposed Design 1659 163.04 0.57 93.26 ==
Table 4
Comparison of existing and proposed multiplier designs.
Area Power Delay PDP % of
Method (nm?) uw) (ns) () PDP
Signed Radix-16 2005 230.78 1.67 386.09 27.06
Unsigned-Radix-16 2001 261.94 1.12 294.42 4.35
Combined Radix-16 2249 281.17 1.38 389.99 27.79
Proposed Design 2118 257.40 1.09 281.59 -

Table 5

Comparison of existing and proposed radix-16 multiplier design with three stage pipeline for 16 bit multiplier.

Multiplier Unit Area Power Delay PDP % of Improv.
(nm?) (uW) (ns) () PDP

Signed Radix-16 3157 1637.4 1.25 206.15 25.74

Unsigned Radix-16 3063 1687.0 1.32 222.85 31.30

Combined Radix-16 3283 1698.8 1.25 213.88 28.42

Proposed Design 3031 1445.5 1.05 153.08 -
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