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Figure 1. General Structure of the n-bit sequential multiplier 
 

In this paper, we are particularly interested to examine 
and explore a design space on radix-16 multiplication, where 
the possible design options are to use different carry-save 
adders (i.e., binary, radix-4, and radix-16) for PPR, 
alternative carry-propagate adders (e.g., variety of parallel 
prefix architectures) for the final product computation and 
the operand widths (i.e., the actual value of n). We also aim 
to examine the impact of different influential design choices 
on speed, power, energy, and energy-delay product (EDP) 
measures of the multiplier. The outcome of such endeavor is 
meant to help the design engineers to locate the best 
sequential multiplier design that suits the goals of their 
application. It should be emphasized that in radix-16 
sequential multiplication, delay of the main iterative body 
and the final adder could be almost balanced; hence the 
choice of radix-16 multiplication for this study. 
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Figure 2. Typical radix-16 multiplication architecture  [3] 
 

Among the previously published sequential multiplier 
designs, there are few works that regard special cases. For 
example, that of [6] provides only the most significant half of 
the product. In the works of [7] [8] [9], number of cycles 
depend on the number of 1s in the multiplier. A radix-2 
sequential multiplier has been proposed in [1] where the 
sparse-2 Ling adder is employed for the PPR. The CPP 
manipulation of radix-4 multiplier of [2] uses carry save (CS) 

adders. Such adders are also used in the radix-16 design of 
[3] (see figure 2). Furthermore, an interesting study by [1] 
shows that among the four designed multipliers, therein, the 
sequential one dissipates the lowest power. 

A noteworthy characteristic of the aforementioned design 
choices is the utilization of higher radix CSAs in the PPR, 
which as far as the knowledge of the authors goes, has no 
precedence in the relevant literature. As will be shown in 
Section 3, this design option results in lowering the power 
and energy figures. 

The rest of this paper is organized as follows. In Section 
2, details of the design space is discussed. Results of the 
proposed exploration is provided in Section 3. Finally, the 
paper is concluded in Section 4. 
 

2. The Design Space 
 
Partial product reduction is recognized as the bulk of 
multiplication process. Therefore, it is influential on the 
design choices. For example, the CPP is often kept in a 
redundant format such as binary carry-save [2] [3], where the 
PPR block is actually a CSA, with sum (S) and carry (C) 
output, as in figure 2 The final redundant CPP is to be 
converted to its binary equivalent to yield the final product. 
This is normally done via a carry propagate adder, the delay 
of which is often more than that of one PPR operation. Since 
the processor’s cycle time is usually equal to that of its 
addition latency, the common choice for cycle time of the 
sequential multiplier is the same. Therefore, there is enough 
room to prolong the PPR in favor of reducing its power and 
area consumption and also number of cycles. 

That is probably why, contrary to typical parallel 
multiplier designs, no cycle is dedicated to the partial product 
generation (PPG), which is distributed within PPR cycles. On 
the other hand, a common approach to reduce the number of 
cycles and also lengthen the PPR is to use higher radix-2୦ 
(e.g., h ൌ 4) PPG. However, another possibility in order to 
speed up the PPR (for instance in case of h ൌ 4), is to keep 
the CPP in radix-4 CSA or binary CSA; thus widening the 
design space. Note that the higher the radix of the CPP, the 
lower is the size of C register; hence lower silicon area is 
consumed and lower power dissipation is expected. Another 
possibility for expansion of the design space is to use various 
adder architectures (e.g., variety of parallel prefix adders, 
carry-skip or carry-select adders) for the final n-bit adder. 
This can also have considerable impact on the cycle time and 
power dissipation of the corresponding multiplier. 
 

 
 

Figure 3. The considered 3-dimentional design space 
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The aforementioned design space, for radix-16 
multipliers, is 3-dimentional (see figure 3), where the nubs 
are: 

 The operand size (i.e., n א ሼ32, 64, 128ሽ ): These are 
chosen from the popular data path widths. 
 Radix of the PPR CSA (i.e., 2, 4, or 16): Figures 2, 4, 
and 5, represent the required architectures, where the 
PPG is exactly the same, and thus its details are not 
repeated in figures 4 and 5 function of the required CSAs 
are illustrated (in the span of 10 bits, for brevity) in dot 
notation representation as in figures 6-a (used in all the 
three architectures), -b, and –c (triple use in figures 4 and 
5, respectively). Regarding the impact of the CSA radix 
on the final adder, note that the higher the radix the more 
sparse is the second operand of the final adder (i.e., n/2 
and n/4 bits).Accordingly, the early output 4-bit adder of 
figure 2 is reduced to a 2-bit adder in figure 4, and 
vanishes in figure 5. 
 Alternative choices for the final adder architecture; 
namely, Kogge-Stone (KS), Sklansky (SK) and Brent-
Kung (BK) parallel prefix structures, carry look-ahead 
(CLA) with the blocking factor of 4, and carry select 
(CSL) adders [10]. 
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Figure 4. Radix-16 multiplier with radix-4 CSAs 
 

3. Results and Discussion 
 
The proposed design space exploration (see figure 3) led to 
45 different designs forradix-16 sequential multiplier. All the 
corresponding circuitrieshave been coded in verilog 
hardware description language and synthesized via Synopsys 
Design compiler under minimum delay constraint in 45nm 
Nan Gate technology [11]. 

Before providing an overall evaluation picture of the 
explored design space, we compare the figures of merit of 
the final adder architectures and the impact of the different 
three CSA types on those adders.  

 
A)  Power and Delay Characteristics of the 
Final Adders 
 
Impact of the different architectures regarding the final adder 
on the delay and dissipated power is illustrated in figure 7, 
for word length n ൌ 128 corresponding to the required adder 
for figure 6-a, in 45nm Nan Gate technology [11]. The KS 
adder is the fastest at the cost of highest power dissipation, 
while CLA shows the longest delay at the advantage of 
lowest dissipating power. 
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Figure 5. Radix-16 multiplier with radix-16 CSAs 
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Figure 6. The dot notations of radix-2 (a), -4 (b), and -16 (c) 
CSAs 
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