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I - Introduction

Multipliers are among the most frequently used devices in digital applications
particularly in the digital signal processing. The delays associated with high-density
multipliers are relatively large and they are the main cause of slow processes in the data
flow [1 — 5]. Our objective here is to design high-density multipliers that have high-speed
throughput, and have delays not linear but logarithmically proportional to the data size. It
is shown that, through a three stage pipelining a balanced delay between stages is better
achieved. For instance, for a 32-bit multiplier that uses Wallace adders [3, 4], followed by
a carry select two-operand adder [6] the total delay in each stage, and hence that of the
multiplier’s throughput, is reduced to equivalent to ten (two-input NAND) gate-delays.

IT — Design Development

Given two 32-bit operands A = as; as ... a; ag, and B = b3} bsg ... by by the multiplication
C = A*B, presented here, is performed by going through three stages, namely, AND-
array generation, Wallace adders reducing the operands into two, and finally, a high
speed two-operand adder generating the final product C [2]. An AND-array, consist of a
two dimensional 32 by 32 array that is simply formed by using AND gates to generate
aibj data entries, where i and j are integers 0, 1, ... and 31. The entire AND-array uses
1024 AND gates, and it takes one unit gate-delay to produce a;b; entries. The next stage
in the operation is the Wallace adders.

Wallace Adders

Wallace adders [3] take column-by-column entries from the AND-array and reduce each
column ultimately to a one or two entry column, ready for two-operand addition. Figure
1(a), symbolically, shows the use of Wallace adders in a 4 by 4 multiplier. As illustrated,
there are two levels of adders used in this configuration and with three adders in each
level we basically need six full adders to construct this Wallace adders structure. Now, if
we consider the delay associated to a full adder being almost equivalent to two gate-
delays, then for a two level Wallace structure the total delay amounts to four gate-delays.
Figure 1(b), shows the numerical listing entries in this 4 by 4 Wallace adders structure. In
addition, the number of full adders used in each level is also indicated. Figure 2, similar
to Fig. 1(b), shows the numerical listing for a 16 by 16 Wallace adders structure. As
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shown, there are 6 levels of full adders used in this structure and the total delay amounts
to 12 gate-delays. It is inherent that the number of entries from one level in the Wallace
adders structure to the next is reduced by a factor of 3/2. As a result, the number of
operands (terms in each column) is logarithmically reduced as we move from one level to
the next. Hence, the time delay associated with a Wallace adders structure also takes a
logarithmic form in relation to the word size. Table 1 shows the proportionality between
the data size and the number of levels (delay) in the Wallace adders, which is very much
in accordance to the logarithmic ratios.

Table 1
Data Size | Log(n/2)/ Log(3/2) | # Levels in the Wallace
adders
4 1.71 2
8 3.42 4
16 5.13 6
32 6.84 8
64 8.55 10

As indicated, for our particular design of a 32-bit multiplier, Table 1 shows 8§ levels for
the Wallace structure.

Two operands adder

The final stage in the proposed multiplier is a 64-bit carry select adder developed in [6].
As reported, due to the exponential nature of the carry propagation in this technique the
time required for complete generation of carries here is also logarithmically proportional
to the size of the operands. This delay for a 64-bit adder amounts to six (2-to-1 MUX)
gate-delays, and with adding two more gate-delays for remainder processes, the overall
time delay for a 64-bit adder amounts to eight gate-delays.

Pipelining

As indicated earlier, our objective here is to design a 32-bit multiplier using Wallace
adders with pipelining. To do an effective pipelining we first need to know the overall
time delay for a multiplier of this size, and then break the operation into sections for
pipelining. From our previous discussion, we can calculate the entire time delay by
adding up the delays corresponding to the stages in the multiplier. A simple calculation
reveals that total of 25 gate-delays are needed to complete a multiplication of 32 — bit in
size. Now, if we split the entire process into three sections and assign nine gate-delays for
each section plus one gate-delay for the associated registers in the pipeline, then we need
ten gate-delays to sequentially produce multiplication results through the pipeline. This is
almost in the range of a high-speed adder of this size.

Figure 3 shows the numerical listing of the column entries in each level of a 32 by 32
Wallace adders plus the number of full adders used in each level of the structure. Notice



that the entire structure is split into two 4-level sections, separated by a register array, to
do the pipelining. In Fig. 4 a more detailed data-structure in each level in the Wallace
adders is shown. Again, the structure is partitioned into two 4-level stages for pipelining
and a final two operands adder generates the product C. As illustrated, the data is first
generated in the AND-array, and the resulted 32 operands flow into the first four levels of
full adders. At the end of the forth level, the data is reduced to a maximum of seven
operands, and is stored in the register R1. The second section of the pipeline also consists
of four levels of Wallace adders. The data processed in this section of the pipeline is
stored in the register R2, which consists of two operands. In the final stage of the pipeline
the data from R2 is shifted into a 64-bit carry-select adder and the multiplication product
C is finally produces.

Table 2 shows the number of gates and delays associated with a 32-bit multiplier. Note
that with three sections pipelining (Fig. 4) we get a balance of 8-gate delays between the
sections, and an overall 10 gate delays for the product throughput.

Table 2
Disc. Pipeline sections # Gates # Gate-delays
AND-Array 1 1024 AND 1
Wallace — 1 1 4638 8
Register (R1) - 252 FF 1
Wallace — 2 2 942 8
Register (R2) - 117 FF 1
2-Operand Adder 3 642 8
Register (R3) - 64 FF 1
32-bit Multiplier - 7679 10
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Fig. 1 — A 4 by 4 Wallace structure, (a) The symbolic representation,
(b) The numerical listing of entries and full adders being used.

1 2 3 4 5 6 7 8 910811 12 13 14 15 16 15 1413 121118 9 8 7 6 5 4 3 2 1 Full Adders Used
1 3 2 3 5 %5 ¢ 6 7 9 8 2111811 918 2 7 8 7 5 6 5 3 4 3 1 2 1 75
2 1 3 2 4 3 55 4% 6 65 7 6 8 7 8 6 7 5 5 6 4 5 3 4 2 3 1 1 2 1 58
2 2 1 3 3 2 4 4 4 3 5 5 4 6 5 6 4 4 4 5 3 3 4 2 2 3 11 1 2 1 32
2 2 2 21 3 3 3 3 2 4 4 4 4 4 3 3 3 3 4 2 2 2 2 3 11 1 1 2 1 23
2 2 2 2 2 2 2 21 3 3 3 3 3 3 2 2 2 2 2 2 2 2 31111 1 2 1 15
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 22111111 2 1 15

Fig. 2 — The numerical listing of a 16 by 16 Wallace adders structure with number of full
adders being used.

12 3 45 6 7 8 910111213 1415 16 17 18 19 20 21 22 23 24 25 26 27 28 29 303132 313029 28 27 26 25 24 23 2221 2019 18 17 16 15 1413121118 9 8 7 6 5 4 3 2 1  Full Adders Used
13235 457 67 98 9101113121315 1415171617 19181921 2021 222119201917 181715161513 1413111211 918 ¢ 7 8 7 5 6 5 3 4 3 1 2 1 320
213 2 43554657 68790 8140 0118121113312 1414315141513 13141213 11121811 9 o418 &8 9 7 8 6 7 5 5 6 4 5 3 4 2 3 1 1 2 1 214
22133 2444355466657 7 6887 999 810181618 9 9 910 8 8 9 7 7 8 6 6 6 7 5 5 6 4 4 4 5 3 3 4 2 2 3 1 1 1 2 1 143

222213333244 44 435505 4606666577777 66666 7505056 448 4 4 453333482 2223111121 96

Fig. 3 - The numerical listing of a 32 by 32 Wallace adders structure with two sections
pipelining.
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