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ABSTRACT: Hardware implementation of decimal multiplication is considered as one of the most complicated dyadic 

operations, which requires high-cost hardware implementation. Therefore, the processor industry has opted to use the 

sequential decimal multipliers to reduce the high cost of parallel architectures.  An improved high-frequency sequential 

decimal multipliers using hybrid BCD codes is proposed in this paper for the parallel architectures to improve 

performance by mainly exploiting the properties of three different binary coded decimal (BCD) codes, namely the 

redundant BCD excess-3 code (XS-3), the overloaded decimal digit set (ODDS) code and BCD-4221/5211 code; hence 

this design is referred to as hybrid. In this paper, a new decimal partial product reduction (PPR) tree is proposed; it 

consists of a binary PPR tree block, a nonfixed size BCD-4221 counter correction block and a BCD-4221/5211 decimal 

PPR tree block. A high-frequency sequential decimal multiplier is proposed whose cycle time is reduced to the latency 

of a binary half-adder plus that of a decimal multiply-by-two operation, which overall is less than that of a decimal 

carry-save adder. 

 

KEYWORDS: Sequential Decimal Multiplication, Parallel architectures, BCD codes, partial product reduction (PPR) 

tree. 

 

I. INTRODUCTION 

 

 Hardware implementation of decimal floating-point arithmetic has been gaining revived popularity during the last 

decade. However, the complexity of the decimal number system brings about more challenges to be dealt with during 

the hardware implementation, compared with the binary counterparts. With the intention to reduce the high cost of 

these decimal operations the processor industry has opted for sequential realization [1]. However, sequential hardware 

realization is at a disadvantage because of its high latency. 

 

This paper focuses on the hardware realization of the decimal multiplication and a novel architecture is proposed to 

ameliorate the problem of slow sequential decimal multipliers via increasing the clock frequency. In this design, the 

cycle time is reduced to the latency of a binary half-adder (HA) plus that of a decimal multiply-by-two operation, 

which verall is less than that of a decimal carry-save adder (CSA). The claimed improvement is supported by 

synthesizing and comparing the proposed design to those of the best previous pertinent works.  

A novel selection block can be designed to select appropriate easy multiples of the multiplicand as a partial product. A 

novel approach is proposed for the partial product accumulation (PPA) with the intention of increasing the speed of this 

crucial step. The critical path delay of a conventional PPA consists of two decimal CSAs, whereas the latency of the 

proposed PPA is reduced to less than that of a mere decimal CSA by retiming the constituent parts of a decimal CSA. 

In this paper, a decimal multiplier based on hybrid BCD codes is proposed; it uses the same coding method as used in 

[3] for PPG. However, the PP reduction tree is different; the proposed PPR tree consists of a binary PPR tree block, a 

nonfixed size BCD-4221 counter correction block and a BCD- 4221/5211 decimal PPR tree block. During the PPR 

stage, ODDS PPs are compressed to two PP rows by a binary CSA tree. The two ODDS PP rows can be converted 

directly to BCD-4221 (including both 4_BCD-4221 and BCD-4221); the BCD-4221 sum correction block is used to 

count the carries generated between two decimal digit columns. All BCD-4221 PP rows are then compressed to two 
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BCD-4221 PP rows by a decimal PPR tree. Finally, two BCD-4221 PP rows are converted into BCD-8421 PP rows and 

accumulated by a final decimal carry propagate addition. This design is referred to as hybrid, because as outlined 

above, it utilizes multiple BCD codes. 

 

II. LITERATURE SURVEY 

 

Decimal arithmetic is in demand for many commercial applications; for example in financial computation, binary 

arithmetic can introduce conversion and rounding errors. Furthermore, the decimal specification has been added to the 

revised IEEE 754-2008 standard, thus attracting a significant research interest in decimal arithmetic architectures and 

implementations. Decimal adders and multipliers are one of the most important primitives for decimal arithmetic and 

recently they have been studied quite extensively. The first parallel decimal multiplier is proposed in [6]. The most 

representative high-performance BCD multipliers are presented in [6-10]. Non-redundant and redundant decimal 

formats are used in a decimal multiplier design; two different sign-digit (SD) encodings (radix-5 and radix-10) are 

proposed for fast partial product (PP) generation. The SD radix-10 recoding is used to recode the signed digits in the 

digit set __5, 5_. (d+1) PP rows are generated in the radix-10 recoding and 2d PP rows are generated in the radix-5 

recoding. Double- BCD unsigned partial products are proposed in [7-10]. The number of PPs is equivalent to the SD 

radix-5 scheme; furthermore, this scheme has the disadvantage of a large area overhead compared with the radix-10 

recoding. The new generation of high-performance DFUs is demanding more efficient implementations of decimal 

multiplication. Although this is an important and frequent operation, current hardware implementations suffer from 

lack of performance. Parallel binary multipliers are used extensively in most of the binary floating-point units for high 

performance. However, decimal multiplication is more difficult to implement due to the complexity in the generation of 

multiplicand multiples and the inefficiency of representing decimal values in systems based on binary signals. These 

issues complicate the generation and reduction of partial products. Thus, while decimal adders are implemented in a 

parallel fashion and are almost as efficient as binary ones, commercial implementations of decimal multipliers are 

sequential. These implementations are based on iterative algorithms for decimal integer multiplication and therefore, 

present low performance. Recently, several techniques related to the generation of partial products or providing 

improvements of sequential decimal multipliers have been proposed. Other recent works have proposed new techniques 

to speed up multi-operand BCD addition using tree-like (parallel) structures. 

 

The first implementation of a parallel decimal multiplier is described in [7]. Several different parallel decimal 

multiplier architectures are proposed in [6], which use new techniques for partial product generation and reduction. 

Furthermore, some of these architectures were extended to support binary multiplication. Some concepts of [6] were 

applied in [5] to design decimal 4:2 compressor trees. All of the previous designs are combinational fixed-point 

architectures.  

 

III. PROPOSED METHOD 

  

Digital multiplication mainly consists of three stages: the generation of partial products, the fast reduction (addition) of 

partial products and the final carry propagate addition. Both non-redundant and redundant BCD digits are usually used 

in high-performance decimal multipliers. 
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Fig. 1: Proposed Sequential Decimal Multiplier Using Hybrid BCD Codes 

 

A. Sequential Decimal Multiplier 

 The details of the proposed sequential decimal multiplier are presented in this Section; the first part is devoted to 

elaborate on the architecture of the partial product generation (PPG) step and then the proposed PPA architecture are 

described. The representations of the multiplicand X, multiplier Y and the final product P are assumed to be standard 

BCD.  

 

B. Product Generation and Reduction 

The partial products, in the proposed design, are generated with easy multiples of X, 2X, 4X, 5X. It should be noted 

that although there are other sets of easy multiples (e.g. −X, −2X and 10X), we use the mentioned easy multiples to 

avoid dealing with negative numbers in the PPA. With the intention of lowering the area cost, we opt for decimal 4-2-

2-1 encoding as the representation of the multiples X, 2X, 4X, 5X in which the PPG mostly consists of wired shifts and 

various re-coders. However, we decided on generating the 4X directly from X, not by cascading two 2X blocks, so as 

to manage to perform PPG in one cycle. Consequently, the area of the proposed PPG is slightly higher than the 

previous counterpart  

 

C. Partial Product Reduction (PPR) Tree  

The proposed BCD multiplier uses a PPG circuit (based on both the ODDS and the XS-3 representations). The PPG 

circuit uses the SD radix-10 recoding to reduce the number of multiples with {0X, 1X, 2X, 3X, 4X, 5X}. The PPR tree is 

however different. (d-1) carries (for the maximum digit column height) are generated by a binary CSA tree; a binary 

BCD-8421 counter is used in the (counter) correction block and the ODDS partial products are then accumulated. The 

proposed PPR tree consists of a binary PPR tree block (generating d-2 carries in the maximum digit column height), a 

non-fixed size BCD-4221 counter correction block and a BCD-4221 decimal PPR tree block. The functions of the three 

blocks are as follows:  

(1) A regular (d+1):2 binary CSA tree is used to compress the d+1 ODDS PP rows to two PP rows (i.e., sum and carry). 

The carry and sum signals can be directly represented in BCD-4221 recoding (both 4 BCD-4221 and BCD-4221);  
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(2) A BCD-4221 sum correction block counts the carries generated between the digit columns in the binary CSA tree 

and a multiplication by six ( 6) is then performed. (3) The BCD-4221 partial products in steps (1) and (2) are added by 

a decimal digit 3:2 compressor tree to obtain the final 2d-digit PPs (i.e., H and S). Every decimal bit:  is required to 

be multiplied by 2 before adding H and S. 

 

D. Decimal Multiplier based on BCD-4221/5221 

A d-digit decimal integer operand can be expressed as follows: 

 ------ (1) 

 ------- (2) 

Where  is the i
th

 decimal digit, is the j
th

 bit of the i
th

 digit, and  is the weight of the i
th

 bit. The 

most common used 4-bit decimal weighted codes include BCD-8421, BCD-4221, and BCD-5211. 

The multiplicand  and multiplier are assumed to be unsigned 

BCD decimal integer of d digits each. The product  is in a non redundant BCD format with 2d digits. The 

decimal radix-10 recoding is used for a high performance parallel decimal multiplier; it leads to a simple generation of 

the partial products. The decimal carry-save algorithm based on BCD-4221/5211 is used for partial product reduction. 

The SD radix-10 recoding transforms a BCD digit  into an SD radix-10 digit 

 The value of the recoded digit  depends on the decimal value of  and the sign 

signal . Each digit  is represented by five multiple select 

signals  and a sign bit . Multiple select signals are used as a selection control signals for the 

5:1 MUXs to select the positive multiplicand multiples 

. Due to the redundancy of the BCD-4221 decimal codes, when , a negative 

multiplicand multiple  is selected by bit inversion of the positive BCD-4221 

coded multiple. The bit inversion operand is accomplished by using the XOR gates controlled by .. Therefore, 

 rows are generated in the SD radix-10 decimal multiplier; each partial product PP[i] is at most 

(d+3)-digits in length. 

 

Each column of & PP rows is compressed to two digits by a decimal digit p:2 CSA tree; decimal carries are passed 

between adjacent digit columns. The decimal CSA uses a conventional 4-bit binary 3:2 CSA; this can be expressed as: 

 
  ----- (3) 

Where, the weight of  is 4221 or 5211, and are the sum and carry bits of a full adder (also defined as a 

3:2 CSA or a 3:2 compressor).  and  in Eq. (3) are the decimal sum and carry digits at position i. Fig. 

1 shows an example of a decimal 3:2 CSA for operands coded in BCD- 4221. Every decimal digit  

 is required for multiplication by 2 (i.e., 2). The double of H ( ) can be performed by 

converting the BCD-4221 to BCD-5211s (expressed by  ) and left shifting  by 1-bit. The resultant digit is coded 

as BCD-4221s.  

 

IV. RESULTS 

 

The evaluation results of the proposed multiplier, in terms of latency and area, are presented in this Section where 

previous works are also examined and compared. The architectures are compared based on the required number of 

cycles for a single multiplication, the cycle time and the area. Moreover, the simulation results of the proposed 
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multiplier based on delay, latency and area constraints are depicted compared to proposed design with others in Table 

(2). 

Model Area 

 

Ratio Delay 

nsec 

No. of 

cycles 

Proposed 

Sequential 

Decimal 

MUL 

 

22500 

 

1 

 

2.3 

 

21 

High-

frequency 

Decimal 

MUL 

 

32430 

 

1.32 

 

3.2 

 

25 

Decimal 

MUL with 

efficient 

PPG 

 

 

20638 

 

 

1.35 

 

 

2.8 

 

 

19 

 

As Figure (2) show, dynamic power is the main source of power consumption in parallel decimal multipliers and the 

PPR is a complex part which has the most hardware complexity, delay and it is the dominant part of the power 

consumption in a parallel decimal multiplier. 

 

 
 

Fig. 2: Performance Analysis of Proposed Sequential Decimal Multiplier 

 

V. CONCLUSION 

 

A sequential decimal multiplier based on a new PPR tree using the hybrid BCD codes for the parallel structures has 

been proposed in this paper for improved performance. A high-frequency sequential decimal multiplier is proposed 

where the easy multiples (i.e. X, 2X, 4X, 5X) are used to generate the partial products represented in 4-2-2-1 encoding. 

The PPA unit is divided into two paths operating in parallel for a high-frequency design.  In the proposed PPR tree, a 

BCD-4221 sum correction block is used to count the carries generated between the digit columns in a binary CSA tree; 

a decimal PPR tree based on BCD-4221 decimal digit 3:2 compressors is used to add the result of the carries count and 

the result of the binary CSA PPR tree to obtain the final two PP rows. Analysis and comparison show that the proposed 

decimal multiplier is faster than previous state-of-the-art designs. The proposed high-speed decimal multiplier can be 

used for both high performance fixed-point and floating-point decimal multiplications. 
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