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Abstract - In this paper we proposed the High Performance 128 Bits Multiplexer based Modified Booth Encoder
(MMBE) Multiplier for Signed Unsigned Number Operating at 1 GHz. This multiplier circuit consists of the design of
MMBE for Partial Product Generator (PPG) using 16 transistors in Hybrid CMOS (Complementary Metal Oxide
Semiconductor) logic. The Hybrid CMOS logic consists of CMOS and Complementary Pass Transistor Logic (CPTL).
The MMBE is designed with critical path delay of 0.023 ns/bit, area of 2.52 pm?, and power consumption of 0.48 pW. The
design of full adder for Vertical Column Adder (VCA) and SCGP (Sum Carry Generate and Propagate) circuit using 10
transistors with the delay of 0,018 ns, area of 1.57 um?, and power consumption of 0.24 UW. And the design of 8-bit Carry
Lookahead Carry Select Adder (CLCSA ) for CPA (Carry Propagate Adder) using 180 transistors with delay of 0.045 ns,
area of 28.35 um? and the power consumption of 4.37 uW. Comparison of results shows that our proposed MMBE
multiplier delay, area and power consumption has been improved by 53 %, area is reduced by 75 % and power
dissipation is saved by 62 % respectively.
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|. INTRODUCTION

Modern supercomputers and vector processors require dedicated and high performance 128 bits multipliers for integer
number multiplication of signed and unsigned operands. Since, multiplication hardware is the most time critical,
maximum area and power consuming operation, the specialized design of multipliers for least delay, minimum in area
and lowest in power consumptions are essential. All the high speed parallel multiplication operation in hardware
consists of three phases as follows.

1. Partial Product Generator (PPG).
2. Partial Product Reduction Tree (PPRT).
3. 3. Carry Propagate Adder (CPA).

Since, the performance of the multipliers can be enhanced by designing high speed PPG circuits, many recent
advanced papers [1]-[3] have published. Since, the performance of the multipliers can also be enhanced to the most
extent by designing high speed PPRT, many high performance papers [4] — [6] have published. And finally since, the
maximum speed of the multiplier depends on the performance of the Carry Propagate Adder (CPA), various high
speed CLA techniques have published in papers [7]-[10]. The complete literature review of existing PPG, PPRT and
CPA is explained in the following sections. Consider the multiplication of two n-bit integer numbers ‘a’ and ‘b’. Let
a=ay awpang----- a,a;a9 be the multiplicand and b = by by, bpg-- - - - bybiby be the multiplier. The
multiplicand a and multiplier b in twos complement form can be written as follows.

a=-a,,2" +a,,2"% ... a2t +ay-2°

b=- bn_1 '2n-l + bn_2 '2n-2 ....... b1 '21 + bo '20
Above equations can be written as follows.

k=1

a=-a. 2" +Z a 2

k=D
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b =-byy 2”‘1+Z b2k )
=D

Since, the MBE technique uses 3-bits for the encoding of the multiplier operand b, equation (1) can be written as
given in equation (2).

-t

b=p €2byqi+ by +by) 2 @)
k=D
Where b; = 0. In equation (2) the terms in the brackets indicates the encoding of three bits to obtain 0, a, 2a, - a, -
2a to generate the partial product rows as shown in table I. The final product using MBE technique is obtained using
the following expression.

-t

p=axb= Z(—Eb a1+ bac +by1) a2
k=0

With reference to equation (2) references [1] — [3] have presented the design of MBE architecture to generate a
partial products in parallel. Reference [1] presented the design of PPG as shown in Figure 1. This PPG has
implemented with 68 transistors in CMOS logic, and its delay, area and power consumption measured has 0.033
ns/hit, 7.83 pm’/bit and 1.81 uW /bit respectively. Reference [2] presented the design of PPG as shown in figure 2.
This PPG has implemented with 56 transistors in CMOS logic, and its delay, area and power consumption measured
has 0.029 ns/bit, 0.13 pm?/bit and 1.62 uWw /bit respectively. Reference [3] presented the design of PPG as shown in
figure 3.This PPG has implemented with 56 transistors in CMOS logic, and its delay, area and power consumption
measured has 0.045 ns/bit, 0.12 pm?/bit and 1.65 pW /bit respectively.
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Figure 3: PPG logic for reference [3] (a) Encoder logic (b) Selector logic.
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The second stage of the multiplier PPRT. The Function of the PPRT circuit is to reduce the n number of partial
products to two only. This section briefs about various existing PPRT. Reference [4] presented the design of a PPRT
using Three Dimensional Minimization (TDM) Method as shown in figure 4. In case of TDM all the bits of the
column and carry bits from the previous column has added to produce a sum bit and the number of carry bits. The
TDM of Figure 4 has implemented with 98 transistors in CMOS logic, and its delay, area and power consumption
measured has 0.06 ns, 30.87 um’ and 26.43 uW respectively. Reference [1] has used the concept of reference [4] as
PPRT. Reference [5] presented the design of 4:2 and 5 :2 compressors. Figure 5 shows the architecture of 4:2
compressor, this takes 5-inputs and produces 3 outputs namely two carry and a sum. The 4:2 compressor has
implemented with 60 transistors in CMOS logic, and its delay, area and power consumption measured has 0.047 ns,
18.9 um” and 20.67 uw respectively. The architecture of 5:2 compressor is as shown in Figure 6. This takes 7-
inputs and produces 4 outputs namely three carry and a sum. The 5:2 compressor has implemented with 90
transistors in CMOS logic, and its delay, area and power consumption measured has 0.06 ns, 28.35 um’ and 24.3
nW respectively. Reference [6] presented the design of Wallace tree for the addition of 7-bits of the PPRT, and the
number of transistors, delay, area and power consumption has same as the reference [6].
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Figure 5: Architecture of 4:2 compressor.

Figure 4: Vertical compresswn slice of TDM PPRT.
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Figure 6: Architecture of 5:2 compressor. Figure 7: Wallace tree addition of 7 bits.

The final stage is the CPA, the fastest of all the CPA is the CLA. Reference [1] presented the design of multiple-
level conditional-sum adder (MLCSMA) as the final stage adder for high speed operation. It uses the combined
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effect of conditional-sum adder (CSMA) and conditional-carry adder (CCA). CSMA was proposed for performance
and CCA was proposed to save area. References [2] - [3] has used the concept of references [7] - [10] presented the
design of CPA for high speed, small area, and low power consumption. Reference [7] presented the design of high
performance and low power 64 bits adder as shown in Fig. 8. Here, two pre-sums are computed by assuming carry-
in is at logic-0, and the other assuming carry-in is at logic-1. The global carry network (GCN) generates an
intermediate carry signals that select the appropriate 8-bit pre-sums, and the final carry output. This circuit requires
additional logic circuits for the implementation of GCN.
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Figure.8. Architecture of 64-bit adder based on selection of 8-bit pre-sums
Thus, we proposed 128 bits multiplier with MMBE implemented using 16 transistors by CPTL. The VCA for the
addition of 13-bits of the column is implemented in CMOS with 70 transistors. And the CLCSA for 8-bit operation
is implemented in CMOS with180 transistors.

I1. PRoPOSED DESIGN OF MULTIPLIER

We proposed a 128 bits multiplier based on Multiplexer based MBE technique, the VCA, and CLCSA for high
performance, very less area, and low power consumption. The requirement of modern supercomputer which can
compute multiplication operation on matrix data can be fulfilled by this multiplier. The design of proposed
multiplexer based MBE, the design of VCA for PPRT and the design of CLCSA for CPA is explained in the
following section.

A.  Proposed Multiplexer based MBE-

Figure 9 shows the block diagram of MMBE multiplier. Its operation is based on the concept of 4 to 1 multiplexer,
and this is called as 1-bit partial product generator. The MMBE produces all the partial products in parallel. Table |
shows the truth table of proposed MMBE scheme. From table | equations (1) — (5) are obtained.

Table I: Truth table of MMBE scheme

Dier by biy

g
T
ha
g
=2

Pij

+0
+a
+a
+2a
-2a
-a
-a
-0
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Figure 9. Block diagram of proposed multiplier.

Pij = XiSist Si+ Xi Sis1 Si + Xis1 Sie1 Si 1)
Sr = by @by @
S = bia@biy )
Xir1 = Di1 @ aiv1, X = D@ 3 4)
ni = bin (biaby) ®)

For the Equations (1) to (4) MMBE is implemented as shown in Figure 10. This is called as the 1-Bit partial product
generator (PPG). This is implemented in hybrid CMOS logic using 16 transistors as shown in Figure 11. According to
the input multiplier operand b, the MMBE logic selects 0, a, 2a, —a, —2a to generate the partial product rows in
parallel. In equation (1) when si+; = 1, s; = 1 MMBE selects —2a or +2a. And when sjx; =0,s;=1and sji;; =1,5=0
the MMBE selects — a, + a. The negate operation is achieved by one’s complimenting each bit of a and then adding n;
=1 to the least significant bit. The negate operation is implemented using equation (5) as shown in Figure 12.
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Figure 10. Logic diagram of MMBE PPG Figure 11. Circuit diagram of MMBE PPG
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Figure 12. Negate bit generator logic. Figure 13. Sign converter logic. ~ Figure.14. Logic diagram for final bit of final row of PPG.

Figure 13 shows the logic diagram of sign converter. A mode signal called signed-unsigned (s_u) is used to indicate
whether the multiplication operation is for signed or unsigned number. When s u = 0, unsigned number
multiplication operation is performed and when s_u = 1, signed number multiplication operation is performed.
When the operation is unsigned multiplication, the sign extended bit of both multiplicand and multiplier should be
extended with 0’s as given in equation (6), and when the operation is signed multiplication the sign extended bit
depends on whether the multiplicand operand is negative or the multiplier operand is negative or both the operands
are negative. For this when the multiplicand operand is negative and multiplier operand is positive the sign extended
bits should be generated as given in equation (7). And when the multiplicand operand is positive and multiplier
operand is negative the sign extended bits should be generated are as given in equation (8). Finally, since the
multiplier has to multiply both signed and unsigned number, the MSB bit of the final row should be computed as
given by the equation (9).

= a1 =by=bny =0 (6)
su=1a,3=1b,;=0, a,=an=1,and b,=by,; =0 @)
su=1a,31=0,,bp1=1, ay=an+1 =0,and b,=bp; =1 (8)
Pij = S_U an1 an2 @)

Where i =n-1,j =n-1.

B. Proposed VCA for PPRT-

Our proposed Vertical Column Adder (VCA) is based on the concept of references [4], [6] which presented the
design of a PPRT with minimum delay. In this method, each column partial product bits of that column and carry
bits generated by the previous column has been added to produce a sum bit and the number of carry bits. The carry
bits from the previous column have been fed as input to the full adder so that the delay of the VCA has been the
minimum. Reference [4] PPRT consists of full adders only, but our proposed PPRT consists of full adders and the
Sum Carry Generate and Propagate (SCGP) logic. The SCGP logic circuit produces the Sum, Carry Generate term
and Carry Propagate term, which are essential for the CLA operation. The design of high performance full adder
has been implemented using the equations (10) through (11).

Si = Xi+1 B Xir2 @ Ci (10)

Cir1 = (Xis1 @ Xir2)Ci + (Xis1 D Xis2)Xina (11)

The logic diagram of full adder is shown in Figure 15 (a) and its circuit diagram is shown in Figure 15 (b). This is
implemented in CMOS logic using only 10 transistors. The required logic for SCGP are derived from the equation
(11) are given by the equations (12) and (13). Where cp; is called carry propagate term, and cg; is called carry
generate term.

CPi = Xi+1 @ Xix2 (12)
i = (Xir1 @ Xis2) Xin1 (13)

Figure 15 (c) shows the circuit diagram of SCGP logic, this is the final cell of each VCA. This is designed to
perform operations such as sum, carry generate and carry propagate terms so as to save the extra hardware for carry
generate and carry propagate terms and is implemented in CMOS logic using only 10 transistors. The carry generate
and propagate terms are fed as input to the 8- bit CLA circuit shown in Figure 17 (a).
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Figure 15. Architecture of full adder. (a). Logic diagram.
(b) Circuit diagram. (c) Circuit diagram of SCGP.

C. Proposed CLCSA for CPA-

The final adder which combines the effect of Carry Lookahead Adder and Carry Select Adder (CLCSA) is as shown
in Fig. 16. The 8-bit CLA adder is designed and is used in cascade through carry select adder technique for high
performance. All the 8-bit CLA adders produce carry in parallel and there are two such 8-bit CLA’s in each stage
with 0 and 1 as the initial carry input. If the final carry output from the previous stage of 8 bit CLA is 1 then the
output selected by the 2:1 multiplexer is the output of the CLA adder with 1- input as the initial carry. Carry
expressions for 8-bit CLA adder’s are as follows.

C1=0o +PoCo

C2 =01+ P1Jo + P1PoCo

C3 =02 + P201+ P2P190 + P2P1Po Co

C4 =03+ P302+P3P201+ P3P2 P1 Yo + P3P2P1Po Co

Cs = 0a+ P403 + PaP3g2 + PaP3P291+ PaP3 P2P1G0 + PaP3 P2 P1Po Co

C6 = Us+Ps5Js + Ps P4 g3+ PsPaP3 T2+ PsPaP3 P2 91+ Ps Pa P3 P2 P00 + PsPa Ps P2 P1Po Co

C7=0s+ Ps 05 + P6 PsJa + Ps PsPads + P Ps P4 P32 + Pe Ps P4 P3 P201+ Ps Ps P4 P3 P2 P1 Jo+ Pe Ps P4 P3 P2 P1 Po Co

Cg = J7+P706+ P7Ps U5 + P7Pe P5 Ja + P7P6 Ps P2 93 + P7 Pe PsPaP302 + Pz Pe Ps PaP3 P2 91+ P7 Pe Ps P4 P3 P2 P100
+ P7 Ps Ps P4 P3 P2 P1Po Co

Equations ¢, through cg are implemented as shown in Figure 17 (a). Inputs g, through g has been provided from the
SCGP circuit of Fig. 15 (c). The inputs n; through ng are the outputs of NAND gates, where n, is the output of 2-
inputs NAND gate, n; is the output of three inputs NAND gate, and ns n, ns, ng, Nz, Ng are outputs of 4, 5, 6, 7, 8 and
9 inputs NAND gates respectively. The two input and three input NAND gate circuit diagram is as shown in Figure
17 (b) and Figure 17 (c) respectively. The circuit diagram of 2:1 multiplexer logic is shown in Figure 17 (d). This
has been implemented in CPTL with only 2 transistors. The delay of 2:1 multiplexer measured is 0.006 ns.

Cos5- Co47 Szs5- S247 Ca1- Cos S31- S24 C23-C1s  S23-S16 Cis-Cg  Si5-Sg C-Co S7-So
| g-pits [«— 0 | 8-its [ jits [ sbits 8-bits
n |<0 1 le— 0 1 =0 | cLA l<e Cin
8-bits  |or 8-bits |y 8-bits gy 8-bits  |er Adder
CLA | 1 CLA | 1 CLA | 1 CLA | 1
Adder ‘l’ Adder T Adder ‘l’ Adder T
l l ' Y l
2:1 2:1 2:1 2:1 2:1 2:1 C7
MUX [ - MUX <—|_M‘UX “‘ MUX ‘—1 MUX "‘ MUX [*
l L L ! .
y y / \J
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Figure 16. Architecture of CLCSA for 128-bits multiplier
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Figure 17. Circuit diagram of (a) 8-bit CLA. (b) Input at n1. (c) Input at n2. 2:1 multiplexer. (d) 2:1 Multiplexer.
I11. EXPERIMENTAL RESULTS

The 45nm Microwind tool is used to measure the critical path delay, the chip area and the power dissipated for 128
x128-Bit signed-unsigned multiplier. This multiplier is divided into MMBE (PPG), PPRT and CLCSA unit cell.
Each unit is implemented and synthesized and measured critical path delay, area, and power consumption as listed in
Table 1 and Table 2. Comparison of results shows that our proposed MMBE multiplier delay, area and power

consumption has been improved by 53 %, area is reduced by 75 % and power dissipation is saved by 62 %
respectively.

Table — 1 Comparison of PPG Table — 2 Comparison of multipliers

References Number of Delay Area Power Multiplier | References Number of [Delay |Area Power

transistors (ns) (um?) | (uw) Size transistors | (ns) (um?) (W
Reference [1] 68 0.033 7.83 1.99 Reference [1] 436280 2.15 114524 |4806.0
Reference [2] 56 0.044 7.14 1.56 Reference [2] 406176 2 .36 104648 |4206.0

128x128

Reference [3] 46 0.045 6.18 1.29 Reference [3] | 386360 |2.34 90416 [4007.7
Proposed 16 0.023 2.52 0.48 Proposed 172224 1.00 28446 819.5

IV. CONCLUSION

Our proposed MMBE implemented using 16 transistors by the hybrid CMOS logic compared to the reference paper
of 68, 56, 62, and 46 transistors respectively. This shows MMBE circuit occupies very small portion of the total area
compared to the area required by the PPRT and CLA. Comparison of results shows that for the proposed MMBE
based multiplier delay, area and power consumption has been improved by 53 %, area is reduced by 75 % and power

dissipation is saved by 62 % respectively. Since the Hybrid CMOS logic uses both the CMOS logic and CPTL, it requires buffers
and which may increase 2% of delay, area, and power consumption.
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