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ABSTRACT 

In this paper, we introduce an architecture of pre-encoded multipliers for Digital Signal Processing 

applications based on off-line encoding of coefficients. To this extend, the Non-Redundant radix-8 Signed-Digit 

(NR8SD) encoding technique, which uses the digit values f 1; 0; +1; +2g or f 2; 1; 0; +1g, is proposed leading 

to a multiplier design with less complex partial products implementation. Extensive experimental analysis 

verifies that the proposed pre-encoded NR8SD multipliers, including the coefficients memory, are more area 

and power efficient than the conventional Modified Booth scheme. 

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

implementation 

I. INTRODUCTION 

MULTIMEDIA and Digital Signal Processing (DSP) applications (e.g., Fast Fourier Transform (FFT), 

audio/video CoDecs) carry out a large number of multiplications with coefficients that do not change during the 

execution of the application. Since the multiplier is a basic component for implementing computationally 

intensive applications, its architecture seriously affects their performance. Constant coefficients can be encoded 

to contain the least non-zero digits using the Canonic Signed Digit (CSD) representation [1]. CSD multipliers 

com-prise the fewest non-zero partial products, which in turn decreases their switching activity. However, the 

CSD encoding involves serious limitations. Folding technique [2], which reduces silicon area by time-

multiplexing many operations into single functional units, e.g., adders, multipliers, is not feasible as the CSD-

based multipliers are hard-wired to specific coef-ficients. In [3], a CSD-based programmable multiplier design 

was proposed for groups of pre-determined coefficients that share certain features. The size of ROM used to 

store the groups of coefficients is sig-nificantly reduced as well as the area and power consumption of the 

circuit. However, this multiplier design lacks flexibility since the partial products gen-eration unit is designed 

specifically for a group of coefficients and cannot be reused for another group. Also, this method cannot be 

easily extended to large groups of pre-determined coefficients attaining at the same time high efficiency. 

Modified Booth (MB) encoding [4]–[7] tackles the aforementioned limitations and reduces to half thenumber 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 [8], Kim et al. proposed a technique 

similar to [3], for designing efficient MB multipliers for groups of pre-determined coefficients with the same 

limitations described in the previous paragraph. 

In [9], [10], multipliers included in butterfly units of FFT processors use standard coefficients stored in ROMs. 

In audio [11], [12] and video [13], [14] CoDecs, fixed coefficients stored in memory, are used as multiplication 
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inputs. Since the values of 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 [15]–[17], 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-8 Signed-Digit (NR8SD) encoding scheme extending 

the serial encoding techniques of [6], [18]. The proposed NR8SD encoding scheme uses one of the following 

sets of digit values: f 1; 0; +1; +2g or f 2; 1; 0; +1g. In or-der to cover the dynamic range of the 2’s complement 

form, all digits of the proposed representation are en-coded according to NR8SD 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 NR8SD scheme reduces the memory size. 

Also, compared to the MB form, which uses five digit values f 2; 1; 0; +1; +2g, the proposed NR8SD encoding 

uses four digit values. Thus, the NR8SD-based pre-encoded multipliers in-clude a less complex partial products 

generation cir-cuit. We explore the efficiency of the aforementioned pre-encoded multipliers taking into account 

the size of the coefficients’ ROM. 

 

II. MODIFIED BOOTH ALGORITHM 

Modified Booth (MB) is a redundant radix-4 encoding technique [6], [7]. Considering the multiplication of the 

2’s complement numbers A, B, each one consisting of n=2k bits, B can be represented in MB form as: 
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where b 1 = 0. Each MB digit is represented by the bits s, one and two (Table 1). The bit s shows if the digit is 

negative (s=1) or positive (s=0). One shows if the absolute value of a digit equals 1 (one=1) or not (one=0). Two 

shows if the absolute value of a digit equals 2 (two=1) or not (two=0). Using these bits, we calculate the MB 

digits b
MB

j as follows: 

 

III. NON-REDUNDANT RADIX-8 SIGNED-DIGIT ALGORITHM 

In this section, we present the Non-Redundant radix-4 Signed-Digit (NR8SD) encoding technique. As in MB 

form, the number of partial products is reduced to half. When encoding the 2’s complement number B, 
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Fig. 1. Block Diagram of the NR8SD Encoding Scheme at the (a) Digit and (b) Word Level. 

 

Fig. 2. Block Diagram of the NR8SD+ Encoding Scheme at the (a) Digit and (b) Word Level. 

digits b
NR

j take one of four values: f 2; 1; 0; +1g or bNRj+ 2 f 1; 0; +1; +2g at the NR8SD or NR8SD+ 

algorithm, respectively. Only four different values are used and not five as in MB algorithm, which leads to 0 j k 

2. As we need to cover the dynamic range of the 2’s complement form, the most significant digit is MB encoded 

(i.e., bMBk1 2 f 2; 1; 0; +1; +2g). 

The NR8SD and NR8SD+ encoding algorithms are illustrated in detail in Fig. 1 and 2, respectively. 

NR8SD Algorithm 

Step 1: Consider the initial values j = 0 and c0=0. Step 2: Calculate the carry c2j+1 and the sum n+2j of a Half 

Adder (HA) with inputs b2j and c2j (Fig. 1a). 

c2j+1 = b2j ^ c2j; n+2j = b2j c2j: 

Step 3: Calculate the positively signed carry c2j+2 (+) and the negatively signed sum n2j+1 (-) of a Half Adder* 

(HA*) with inputs b2j+1 (+) and c2j+1 (+) (Fig. 
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IV. PRE-ENCODED MULTIPLIERS DESIGN  
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Fig. 10. Area / Power Gains of the Pre-Encoded Designs Over the Conventional MB Scheme at 

32 Bits. 
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VI. CONCLUSION 

In this paper, new designs of pre-encoded multi-pliers are explored by off-line encoding the stan-dard 

coefficients and storing them in system mem-ory. We propose encoding these coefficients in the Non-

Redundant radix-8 Signed-Digit (NR8SD) form. The proposed pre-encoded NR8SD multiplier designs are more 

area and power efficient compared to the conventional and pre-encoded MB designs. Extensive experimental 

analysis verifies the gains of the pro-posed pre-encoded NR8SD multipliers in terms of area complexity and 

power consumption compared to the conventional MB multiplier. 
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