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Abstract: This paper briefly presents architecture of pre-encoded multipliers for Digital Signal Processing
applications based on off-line encoding of coefficients. Complex arithmetic operations are widely used in
Digital Signal Processing (DSP) applications. To this extend, the Non-Redundant radix-4 Signed-Digit
(NR4SD) encoding technique, which uses the digit values (-1;0;+1;+2) or (-2;-1; 0;+1) is proposed leading to
a multiplier design with less complex partial products implementation. To implement some proposed pre-
encoded NR4SD multipliers, including the coefficients memory to prove that they are more area and power
efficient than the conventional Modified Booth scheme. By this proposed design the performance increases
upto25% by decreasing 30%area and power consumption. By this critical path delay also decreases with
decrease in area and power consumption.

Index Terms: Multiplying circuits, Modified Booth encoding, Pre-Encoded multipliers, VLSI implementation

I.  Introduction

Many electronic circuits are extensively used in DSP applications to provide better results in
communication and multimedia etc..Most of the critical DSP applications uses large number of arithmetic &
logical operations depends on applicable area and systems. Such as Fast Fourier Transform (FFT), Discrete
Cosine Transform (DCT), Finite Impulse Response (FIR) filters and signals’ convolution. In all these
applications multiplier is basic component multiplication. Multiplication is nothing but product of two numbers.
For large number of multiplication we are designing multipliers based on modified booth algorithm to share data
we use arithmetic operations for combining of information/binary data for better improvement in performance
of communication systems. In the digital designing multiplication done by using addition of partial products.
Several architectures have been proposed to optimize the performance of the MAC operation in terms of area
occupation, critical path delay or power consumption

Targeting an optimized design of AM operators, fusion techniques are employed based on the direct
recoding of the sum of two numbers (equivalently a number in carry-save representation in its Modified Booth
(MB) form. Modified Booth (MB) encoding tackles the aforementioned limitations and reduces to half the
number of partial products resulting to reduced area, critical delay and power consumption. However, a
dedicated encoding circuit is required and the partial products generation is more complex. In audio and video
codecs, fixed coefficients stored in memory, are used as multiplication inputs...Constant coefficients are known
in advance, we encode the coefficients off-line based on the MB encoding and store the MB encoded
coefficients (i.e., 3 bits per digit) into a ROM. Using this technique the encoding circuit of the MB multiplier is
omitted. We refer to this design as pre-encoded MB multiplier. Then, we explore a Non-Redundant radix-4
Signed-Digit (NR4SD) encoding scheme extending the serial encoding techniques of multiplier.

The proposed NR4SD encoding scheme uses one of the following sets of digit values: {1; 0; +1; +2} or
f{2; 1; 0; +1}. In order to cover the dynamic range of the 2’s complement form, all digits of the proposed
representation are en-coded according to NR4SD except the most significant one that is MB encoded. Using the
proposed encoding formula, we pre-encode the standard coefficients and store them into a ROM in a condensed
form (i.e., 2 bits per digit). Compared to the pre-encoded MB multiplier in which the encoded coefficients need
3 bits per digit, the proposed NR4SD scheme reduces the memory size. Also, compared to the MB form, which
uses five digit values {2; 1; 0; +1; +2}, the proposed NR4SD encoding uses four digit values. Thus, the NR4SD-
based pre-encoded multipliers include a less complex partial products generation circuit..

I1.  Motivation And Fused Am Implementation
2.1. Motivation
In this paper we focus to reduce the partial products of modified booth(MB) from 3 bits per digit to
2bit per digits. An optimized design of the AM operator is based on the fusion of the adder and the MB
encoding unit into a single data path block (Fig. 1(b)) by direct recoding of the sum Y — A+ Bto its MB
representation. The drawback of using an adder is that it inserts a significant delay in the critical path of the AM.
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Fig. 1 AM operator based on the (a) conventional design and (b) fused design with direct recoding of the sum of
Aand pin its MB representation. The multiplier is a basic parallel multiplier based on the MB algorithm. The
terms CT, CSA Tree and CLA Adder are referred to the Correction Term, the Carry-Save Adder Tree and the
final Carry-Look-Ahead Adder of the multiplier.

2.2. Review of the Modified Booth Form

Modified Booth (MB) is a prevalent form used in multiplication. It is a redundant signed-digit radix-4
encoding technique. Its main advantage is that it reduces by half the number of partial products in multiplication
comparing to any other radix-2 representation. Let us consider the multiplication of 2°s complement numbers X
and Y with each number consisting of n—=2kbits.

Table 1: Modified Booth Encoding Table

BINARY MB ENCODING

Yaiz Yz Yaiez - sign=s, x1=0ne; x2=two,
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The multiplicand Y can be represented in MB form as

y]-mb :-2y2j+1+y2j+YZj-1 .................... (2)

Digi'[Sy]-mb €{-2,-1,0,+1,+2},0sj<k-1, correspond to three consecutive DitsS Yy.1,¥o; and Y1 with one bit
overlapped and considering that y_;=0.table 1 shows how they are formed by summarizing the MB encoding
technique each digit is represented by three bits named s,one and two. The sign bit shows if the digit is
negative(s=1) or positive(s=0). Using these three digits we calculate MB digits yjmb By following relation:

y™ =(-1)% . [onej+2.tWoj].....ooooveeeeeeen (3)

2.3. FAM Implementation

FAM design presented the multiplier is a parallel one based on the MB algorithm for the product XY. The term
X are encoded based on MB algorithm and multiplied with the other term Y with their respective digits from 0
to n-1.both the terms have n=2k bits and if signed taken in the form 2’s complement form.

PPEX.y™ =Pyn2 20 Pij2lcien (4)
The generation of the ¢-th bit i of the partial product > £ is based on the next logical expression

one = y3i-1 D ¥y y o one; & Yoj1
tWO] = (y2j+l @ 3’21) Onej MB tWOf' . Vo

.= . Encodin

S = Y2+ Signalsg CF—G(:—.V?}H

S

(a) : (b)

Fig. 2.(a) Boolean equations and (b) gate-level schematic for the implementation of the MB encoding signals.
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Fig. 3. Generation of the i-th bit ». of the partial product 72 for the conventional MB multiplier.

The least and the most significant bits of the partial product we consider «:_1=0and « =« _1 respectively. Note
that in case that n—2k+1 , the number of the resulting partial products is | n/2[+1—=%+1 and the most
significant MB digit is formed based on sign extension of the initial 2’s complement number.

pii = (e O;) Noey) V(i 1 08 Awag). ©)

Then partial products are generated and also added, properly weighted through a Wallace Carry-Save Adder
(CSA) tree along with the Correction Term (CT)

ZZX'Y:OT-I-Z.PI'_,--Zz-f .................. (6)

i=e

cT (,'Tl:.l'cw.-':] -+ (-’T[:h'i_th

k—1 k—1
s L on + 5 g2t
= § Cin,j - 2= = = (1 2 )
=

I11.  Sum To Modified Booth Recoding Technique
In S-MB recoding technigue (S-MB) sum of two consecutive bits into one MB digit y]-mb .three bits are
included in forming MB digit. The most significant of them is negatively weighted and least significant is

positive weight we need to use signed bit arithmetic or the transformation of two a for mentioned pairs of bits in
MB form.

c=p~v g
HA™

S = p D g

FA*
(a) P g
z o :{_’; 77777
| R .« | FA j—e ,
e % F a L b
HA*> i 7 i s
s c,=WUpvgrrcIvipag) c,=({pvagInc)Ivipnrg)
c=pAqg s=p D gd®c, s=pB gD c,
s=pDg (a) (b)
(b)
Fig. 4. Boolean equations and schematics Fig. 5. Boolean equations and schematics for
signed for signed (a) HA* and (b) HA**. (a) FA* and (b) FA**,
Table 2 Tables 3
Ha* Basic Operation Ha* Basic Operation
1,7,,”,; ()ilfl’lll ()1”,17”’3 Inputs Quiput Ouitpuits
p () | g ) | Vaiue' | c (=) |s ) 2o} Lg Loyl Patus | o) Lals)
0 0 0 0 0 ¢ 0 0 0 ¢
) ) ) ) 0 1 =£71 1 1
0 1 +1 I 1 1 0 -1 0 1
1 0 +1 1 1 1 1 (8] 0 0
1 1 +2 1 0

;()urputl"a/ue: 2. c—s=—p+gq
1 >
QuitputValue=2-c—s=p+gq

For this purpose, we develop a set of bit-level signed Half Adders (HA) and Full Adders (FA) considering their
inputs and outputs to be signed. We use two types of signed has which are referred as HA* and HA**. Tables2 -
4 are their truth tables and in Fig. 4we present their corresponding Boolean equations.
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Table 4 Table 5
Fa* Basic Operation Fa** Basic Operation
Inputs Quiput Quitputs Irpiits O uitiut O utpuis
p(+) | g () Value' c(+) |s (=) p () | g () | Vaiue® | c (+) | s (-
0 0 0 0 0 0 0 0 0 ()]
0 1 +1 1 1 0 1 +1 1 1
1 0 +1 1 1 1 0 -1 0 1
1 1 0 0 0
1 1 +2 1 0

1 - ;()ulpulVa/ue:Z-cfs:~p+q
OQuitputValue=2-c—s=p+gq

We also implement the operation of HA*dual operation, HA**operation, FA* operation, FA** operation shown
in tables respectively.

3.1. S-MB Recoding Scheme: The first scheme of the pro-posed recoding technique is referred as S-MB1 and is
illustrated in detail in Fig. 6 for both even (Fig. 6(a)) and odd (Fig. 6(b)) bit-width of input numbers. As can be
seen in Fig. 6, the sum of A and B is given by the next relation:

where y;m = = Ds9j41 + 895 T 03
Both bits s27+1and s2;are extracted from the recoding cell of Fig. 6. A conventional FA with inputs a2i, b2

iand b2i_1 produces the carry C2.};‘_+11:(()32.7'/\[)2]')V(ij_lf\((ijbZJ

Y=A+B=y,- 2%+ ) y'*® 2%
i—=e

J-th Recoding Cell
Ha, =z o

P et-1.0.413 ¥XUcrozorole1ie2
Signed digit MEB digit

)

Fig. 6. S-MB recoding scheme for (a) even and (b) odd number of bits

When we form the most significant digit (MSD) of the S-MB1 recoding scheme, we distinguish two cases: In
the first case, the bit-width of A and B is even, otherwise A and B comprise of odd numbers.
TS-MB:L:TFA,carry +TFA*,sum ................... (9)

IVV. Non-Redundant Radix-4 Signed-Digit Algorithm
In this section, we present the Non-Redundant radix-4 Signed-Digit (NR4SD) encoding technique. As
in MB form, the number of partial products is reduced to half. When encoding the 2’s complement number B,
digits b"™; take one of four values:{- 2; -1; 0;"#1} or b™;* belongs to { 1; 0; +1; +2} at the NR4SD" or NR4SD"
algorithm, respectively. Only four different values are used and not five as in MB. As we need to cover the

dynamic range of the 2’s complement form, the most significant digit is MB encoded (i.e., b, €{-2; 1; 0; +1;
+2}. The NR4SD"and NR4SD" encoding algorithms are illustrated in detail in fig 8&9 respectively.

2’scomplement form

2’s com ;ﬁrient form

baycs | bavz bus b bz by by be
lbm leJ { J

2's 2s 2's
HA* - . complement to [¢- — «| complementto (¢ — < complement to
I — NR4sD- form NRasD-form NR4sD-form
Cojivz Cojiv1 Tz kN y
B = 2104142} ln;H lr@H l n:’mi n3; lﬂi ln;

BT = {2,1041) BT = (21041} 9T S (271,041

— +
M2i—a 2

e
NR4SD- DIGIT /"~ < {-2,-1,0,+1} NR4SD>form
(a) (b)
Fig.7. Block Diagram of the NR4SD" Encoding Scheme at the (a) Digit and (b) Word Level.
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4.1. NR4SD" Algorithm

Step 1: Consider the initial values j = 0 and cy=0.

Step 2: Calculate the carry cy.; and the sum n*,; of a Half Adder (HA) with inputs b,; and cy; (Fig. 1a).

Cajer = bgj " Cyjy N5 = by Cyj:

Step 3: Calculate the positively signed carry c,j., (+) and the negatively signed sum ny.; (-) of a Half Adder*
(HA*) with inputs by (+) and ¢y (+) (Figla). The outputs Cy., and nyj.q Of the HA* relate to its inputs as
follows:

2Cj42 -Npjr1= Dojusr ’ Coj+1

The following Boolean equations summarize the HA* operation:

Coira= Dojer-Cojrr’ Npjrs= Doy @ Cojen

Step 4: Calculate the value of the b™; digit.

—+

ZT e, (10)

Equation (10) results from the fact that n., is negatively signed and n*,; is positively signed.

Step5:j:=j+1.

Step 6: If (j <k 1), go to Step 2. If (j = k 1), encode the most significant digit based on the MB algorithm and
considering the three consecutive bits to be by, b, and ¢y, (Fig. 1b). If (j = k), stop. Table 2 shows how the
NR4SD digits are formed. Equations (6) show how the NR4SD encoding signals one™j, one;” and two;" of Table
2 are generated.

T — —_—
bj =-21n5;4,4 +1

Table 6
Nr4sd- Encoding
2’s compliment MNR4SD form NR4SD ENCODING
B2 bz Cas Carz | Majen | Miy B ["one; | One | twoy
4] ) o0 ) 4] (4] ) 0 0 o0
0] o 1 o 0] 1 +1 1 0 0
0] 1 o] 0] 0] 1 +1 1 0 o]
4] 1 1 1 1 (4] -2 0 0 1
1 o] 0 1 1 o] -2 4] 0 1
1 0] 1 1 1 1 -1 4] 1 4]
1 1 o0 1 1 1 -1 0 1 o0
1 1 1 1 0 0 0 0 0 0
onei’ = Naj+1 ~ N2
onej = ngj+q ™~ Nz
twioj = ngjeq ™~ N
..................... (12)
The minimum and maximum limits of the dynamic range in the NR4SD form are -2"2"%.2"% .. 2< 2™

and 2™ + 2™* + 2™8 + 2 + 1 >2™'< 1. We observe that the NR4SD form has larger dynamic range than the 2’s
complement form.

4.2. NR4SD" Algorithm
Step 1: Consider the initial values j = 0 and c,=0. Step 2: Calculate the carry positively signed cy., (+) and the
negatively signed sum ny; (-) of a HA* with inputs by; (+) and ¢y (+) (Fig. 2a). The carry C,j+1 and the sum ny; of
the HA* relate to its inputs as follows:
2Co541 -Nyj = bgj + Cy:
The outputs of the HA* are analyzed at gate level in the following equations:
Cyjra = by -Cyj; Ny = by i
Step 3: Calculate th.e carry Cp2 and the sum "1 0f a HA with inputs byj.; and cyju1.
Cojs2 = bgjsa ™ Cojur’ n+2j+1: D2js1 D Cojur
Step 4: Calculate the value of the b™;" digit.

e i —— —- —
o = 4+ Zrr_ ;4 45 —TT ;

................. (13)

Equation (11) results from the fact that n*,;., is positively signed and ny; is negatively signed.

Step 5:j:=j + 1.

Step 6: If (j <k -1), go to Step 2. If (j = k-1), encode the most significant digit according to MB algorithm and
considering the three consecutive bits to be by, baxo and ¢y (Fig. 2b). If (j = k), stop. Table 3 shows how the
NR4SD" digits are formed. Following equations show how the NR4SD*encoding signals onej, one; and two’; of
Table 4 are generated.

onei” = Nz j.q ™ nzj:
onej = nz j+1 " Nzj:
twoi" = nzTjeq " noj:
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The minimum and maximum limits of the dynamic range in the NR4SD* form are -2"* -2™* -2"6--1 < . 2™
and 2"+2™34+2™5+ +2 > 2"L.1. As observed in the NR4SD encoding technique, the NR4SD* form has larger
dynamic range than the 2’s complement form. Considering the 8-bit 2’s complement number N, table exposes
the limit values -28 = -128, 2% -1 = 127, and two typical values of N, and presents the MB, NR4SD and NR4SD*
digits that result

when applying the corresponding encoding techniques to each value of N we considered

2% .nnn.||lu-|“-_-u1 form J'“r_.h'.:.l.-.m-lu'! form

Ha Ha* | 1 ka
- .,r [T 10 | CCATpkmETE 10 g kTR 1E
™ _.-:, 2 - Cas * ¥ ¥ HRASD Boien Rasn" lorm R Ao
. [, , [, ]
A FE-RTTIE WAy ¥ Ma g # Nl ¥ Ay * wng
et ng, ¥ ¥ ’
v PAB T B wm {20 e3) M oam faas1esy YT am faoened
NREASD" DHEIT h:,"'""-r [— 2,0, +2,42) .
HRASD" fgave
@ (b)

Fig. 8. Block Diagram of the NR4SD*Encoding Scheme at the (a) Digit and (b) Word Level.

Table 7
Nr4sd+ Encoding

2's compliment MNRASD™ form MNRA4SD* ENCO
b b c: c: ni TS ppry 0 - Oney
Zi+1 3] 2 Z1+2 241 2 7 nej nej
] o o ] ] ] o ] o
] o 1 ] ] 1 +1 1 o
o 1 o o] o 1 +1 1 o
o 1 1 1 1 o +2 o o
1 o o 1 1 o +2 o o
1 o 1 1 1 1 -1 o 1
1 1 o 1 1 1 -1 o 1
1 1 1 1 o o ] o ]

V. Pre-Encoded Nr4sd Multipliers Design
The system architecture for the pre-encoded NR4SD multipliers is Two bits are now stored in ROM: ny;.4, n*zj
for the NR4SD-or n*y.4, ny; for the NR4SD™ form.

Table 8
Numerical Examples of the Encoding Techniques
'z Corrple ment | 10000000 100 11090 0101 1007 | 01111119
riteger A [ i o 56 *=127
hdadified Booth poo Z00
HRAS D OO0 | 1212 | 2221 | zo0
WA S0 : DDO| ; V22| V121 | 200 9

Thus, the amount of stored bits is equal to that of the conventional MB design, except for the most significant
digit that needs an extra bit as it is MB encoded.

3 i g [ —
BAEE =X B = N
PO == ,
_ : o D £ 1
CIO10_1ann)a= N = its I B o= :
[ ikttt o |PP': Cﬂaﬁm’}- - i S = i
F-hit e ! Encoding = 2 = !
X - - - - H ~ = |+—CEn !
= 1
i = |e—adar

! =

1 =

i T e IS I B, Bona “ Ad
PR, 5 S l—iClock 1
\ - L k-8 5

- i
'|l Fast CLA Adder / -

*‘ P=4d-
Fig. 9. System Architecture of the Conventional MB multiplier

Compared to the pre-encoded MB the pre-encoded NR4SD multipliers need extra hardware to generate the
signals for the NR4SD+ and NR4SD™ form, respectively.
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1. Simulation Results For NR4SD™ Encoding
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Fig.10.System Architecture of the NR4SD Multipliers

VI. Implementation Results
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From the above simulation result of proposed nr4sd multiplier we verified nr4sd- block by giving inputs x=-3
and y=2 and we got the output of -6.in this we are using partial products -2,-1,0,1 internally

2. Simulation Results For NR4SD™ Encoding

AAAAAAAAAAAAAAL]

From the above simulation result of proposed nr4sd multiplier we verified nr4sd+ block by giving inputs x=-5
and y=-3 and we got the output of -15.In this we are using partial products -1,0,1,+2 internally.

tool in HDL code.

Vi

Performance Comparison
The above architecture has been simulated and synthesized on FPGA XCV3S400K using XILINX ISE- 12.4

Device Utilization Summary (estimated values)

S.NO Logic Utilization Auvailable MB NR4SD- NR4SD+
Used Used Used

1 Number of slices 3584 102 84 84

2 Number of LUTS 7168 180 151 151

3 No. Of IOB’S 97 33 33 33

4 Maximum delay(ns) 30.108 29.790 29.674
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VIII.  Comparision between Modified Booth And Nr4sd Algorithm

1. Performance

PERFORMANCE COMPARISION

160 -_pAB
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: -
a

Mumber of slices MNumber of LUTS MNo. of 1I0B'S

2. Delay
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29 _=
297
29 S
29 5

29
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IX. Conclusion
In this paper, new designs of pre-encoded multipliers are explored by off-line encoding the standard

coefficients and storing them in system memory. We propose encoding these coefficients in the Non-Redundant
radix-4 Signed-Digit (NR4SD) form in encoding. we reduce the partial products of MB algorithm with our
proposed design. By this proposed design the performance increases upto25% by decreasing 30%area and
power consumption. The proposed NR4SD multiplier design is simulated and verified in vhdl code so this
design gives more performance than the modified booth scheme in digital signal processing circuits.
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