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Abstract   This paper presents an extra regular, Two recently proposed designs, as the typical
complexity-reduced, high-performance pipelined examples of the improved conventional architectures,
multiplier architecture, using newly proposed multiplier are rectangular-styled wallace tree multiplier (RSWM
triple-expansion schemes. It is based on a parallel for short)) [2] and limited switch dynamic logic
counter circuitry, called borrow parallel counter, which multiplier (LSDL) [1]. 
utilizes 4-b 1-hot encoded signals and borrow bits, i.e. The RSWM design proposes a rectangular
bits weighted 2, as building blocks for a compact, low- Wallace-tree construction method. In this method, the
power, large parallel multiplier implementation. partial products are divided into two groups and added
Exampled by a 54 x 54-b (bit) multiplier, the scheme in the opposite direction. The partial products in the
allows large multipliers to be generated from smaller first group are added downward, and the partial
multipliers, tripling the size in each expansion (6 x 6-b products in the second group are added upward. This
to18 x 18-b to 54 x 54-b). This significantly reduces the method eliminates the dead area that occurs in a general
complexity of state of the art designs and achieves full- Wallace tree design. It also optimized the carry
self-testability without sacrificing high-performance. propagation between the two groups to realize high
The preliminary circuit layouts and simulations have speed and a simple layout. Applying the method to a 54
demonstrated and confirmed the potential of the new x 54-bit multiplier, a 980 µm x 1000 µm (0.98 mm2)
architecture. area size and a 600-MHz clock speed have been

achieved using 0.18  µm CMOS technology.
1. Introduction The LSDL design proposes a method merging

precharged dynamic logic into the input of every latch,
The high-speed large, say n x n-b (bit) for n>32, which differs circuits merging logic and latches
pipelined high-performance multiplier designs, often described in [3]. In [3], clocks are used to tri-state the
have the following major disadvantage: they are (Booth output of a static logic gate, while in LSDL clocks are
[11] and non-Booth) constructed based on the schemes used to control precharge and evaluation phases of
of generation and reduction of a single large partial dynamic logic and latch the outputs. It allows most of
product bit matrix, usually with Wallace tree structure speed advantages of dynamic logic to be preserved
[10] processing in parallel. The schemes are while eliminating most of the traditional dynamic logic
intrinsically irregular and not exhaustively self-testable power penalty. The LSDL design achieves a 2.2 GHz
(requiring built-in test circuits). This is due to that the 53 x 54 pipelined multiplier, fabricated in 0.13 µm
initial partial product bit matrix has a triangle (or CMOS technology with an area of 315  µm x 495 µm
trapezoid) shape, and the multiplier circuits have low (0.155 mm2) which reduces the area required by
controllability and observability for test, particularly for RSWM design by 50% (scaled for technology) also
the most commonly used Booth multipliers. The area creases the operation frequency.
cost, power cost, layout cost and the test cost in dealing Both RSWM and LSDL are Booth encoded
with the irregularity are significant. Wallace tree design  and have yielded multipliers with

The functions of conventional  multipliers are great performance and cost reduction in terms of area
divided into three stages. The first stage is the or area-power. However, the design complexity in both
generation stage of the partial products, followed by the cases are increased accordingly.
adding stage of the partial products. The last stage is RSWM design uses high-speed redundant binary
the final addition. Since the last stage usually employs a (RB) architecture [3], and complex  optimization
standard fast adder, it is often excluded in process as well as extra area for carry-signal
the discussion. propagation to add upward partial products in the

lower-bit group. While LSDL design requires well
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and short enough to prevent significant leakage on the adders. The weight range of each bit group received by
dynamic node. Furthermore, the design  requires relative the adders are indicated by a number, 1 to 5, at the top of
expensive custom process in laying out of the most of its each adder (or receiver) block (see Figure 1). Adder-3a
circuits. Finally, a building test circuitry is required for adds three 6-bit numbers to result in the final sum’s bits
both design. 6 to 11 (and carries to adder-5a). Adder-5a then adds

The new multiplier triple-expansion scheme [5] five 6-bit numbers (and the carry-ins) to result in the
adopted in this design is developed based on the final sum’s bits 12 to 17 (and carries to adder-5b).
previous work [4, 6], with  improved performance Similarly, adder-5b (adding 5 6-b numbers) and adder-
through using a novel partial product bit matrix 3b (adding 3 6-b numbers) result in final sum’s bits 18
decomposition method and extra compact, low-power to 23 and bits 24 to 29 respectively. The carry-out bits
large parallel counter circuits. Comparing with from adder-5b will be added by the last adder, adder-c,
conventional large Booth multipliers, it is highly regular, to result in the 6 MSBs. Usually no addition is needed
compact in layout, exhaustively testable without an extra for the output bits 0 to 5. All 36 bits of the product have
built-in test circuit. been correctly produced.

The decomposition and re-arrangement of the bit  Since small multipliers are independent of receiving
matrices provided by this new scheme significantly inputs (trisected segments of the input numbers) and
reduces the number of recursive levels required for the doing multiplications, they can be re-arranged to
construction of large multipliers. Actually no more than minimize the interconnection between the small
two levels of recursive circuits are needed for efficient multipliers and the CSAs (with 2 levels of 3:2 and 4:2
construction of a multiplier including, 36x36-b, 54x54- counters plus a latch for each output bit). The block re-
b, 64x64-b and 72x72-b. The building block of the positioned such a triple-expanded 18 x 18 multiplier
proposed multiplier is a novel CMOS parallel counter schematic, along with its inputs distribution, is
circuitry, utilizing 4-b 1-hot encoded signals, and borrow illustrated in Figure 2. The inputs, two 18-b numbers J
bits, i.e. bits weighted 2. The borrow parallel counter and K, are trisected into segments: a, b, c and x, y, z,
circuits greatly simplify the structures of small each of 6 bits. They are distributed to the 18 blocks. The
multipliers (as a single array of almost identical final addition is not needed when it serves as a virtual
counters), improve the compactness and effective circuit multiplier for constructing a 54 x 54 larger multiplier. 
layout. The circuits style contributes significantly to the
efficient implementation of the triple expanded 3. The 54 x 54 multiplier
multipliers.

 Based on the preliminary layouts and simulations, When the circuit scheme is applied recursively for one
the proposed 54x54-b pipelined multiplier could be more level, it results in the 54 x 54-b multiplier (see
implemented in  an area of 434.8 x 769.5 = 334578.6 Figure 3). It  comprises nine 18 x 18-b triple-expanded
µm2 with a 0.18 nm technology, achieving a 1GHz at virtual multipliers and a level of CSAs adders (called
1.8V supply and a good low-power performance. The level-2 CSAs), which is a row of 2 levels of binary (4, 2)
area is 37.9% of the area of RSWM design, or 75.8% of and (6, 2) counters plus latches, residing at the bottom of
the LSDL area (scaled for technology). the 54 x 54-b multipliers. The outputs (two-number

Our experimental work (with Cadence Analog pairs) of the CSA adders are sent to the fast final adder
Affirma tools) has preliminarily demonstrated all the which is not included. It requires three stages of
unique features of the design. The triple-expansion pipelined operations: (1) base (i.e. 6x6-b) virtual
schemes and the new counter circuits based pipelined multiplication, (2) level-1 (i.e.18x18-b) bit reduction,
multiplier architecture have shown the potential and and (3) level-2 bit reduction. Since all these three
interest to the new generation of complexity-effective operations require comparable delays, the scheme fits
microprocessor designs. well for a 3-stage (or 3.5-stage) pipelining and multiply-

accumulate implementations. Two output numbers of

2. The 18 x 18 multiplier each 18x18 multiplier are routed to the CSAs in parallel,
passing through zero or three or six rows of 6x6
multipliers. Since the height of each 6x6 is made as shortFigures 1 and 2 illustrate how an 18 x 18-b virtual
as possible (see Figure 10), the interconnection distancemultiplier, meaning two instead of one output numbers
is minimized (Figures 2 3).being produced, is constructed by nine 6 x 6-b small

Any efficient small multipliers may be considered asmultipliers and five adders, using a trisect
bases for the triple expansion to yield large multipliers.decomposition approach. Two 18-b input numbers are
We have adopted two types of 6x6 multipliers as shownfirst trisected, partitioned, and distributed to nine 6 x 6-b
in Figures 10 and 11 respectively in the preliminarymultipliers, where the 6 x 6 partial product matrices are
simulation study. The first is tiny (3,2)-(4,2) countergenerated and the nine 12-b products are produced. The

weighted bits of the nine products are then added by the (ref. to [6]) based Wallace-tree style multiplier. The



second is a borrow parallel small multiplier which is which reduces switching activity of the circuit. Also at
basically a single array of borrow parallel counters, The any logic stage there is only one hot bit on four signal
counter circuits will be described in detail in the next lines, which reduces static leakage power. Figure 5
section. Both multipliers receive two 6-bit input shows a full adder circuit which adds three bits s0, s1
numbers, J and K, and  generate a small partial product and q, represented by two 4-b 1-hot signals and a binary
bit matrix and then reduce it into two numbers P (p10- signal without type conversion. The components and the
p0) and Q (q10-q5), so that J*K=P+ Q*25. The (4,2)- typical application of the 5_1 counters are shown in

Figures 7 to 9. (3,2) based 6x6 multiplier uses slightly fewer transistors,
The 5_1 parallel counter comprises sevenwhile the borrow parallel 6x6 multiplier has a more

components (refer to Figures 4, 6 and 7): (1) The  4-b 1-compact layout and mainly performs logic with 4b-1-hot
hot signal encoder which encodes (A1+A2+A3+A4)signals that feature lower switching activity and use
mod 4 into R=s0'+2s1' (intermediate results s0' and s1'fewer hot lines.
not shown); (2) Adding-A5 that adds Xi, s1' and A5.
Note that s0 +A5 mod 2=s0; no change for s0 is one of4. The 4-b 1-hot borrow parallel counters
advantages of using borrow bits; (3) Q-generator that
generates q= (A1+A2+A3+A4+ 2A5)/4; (4) R-The parallel counter circuits  utilizing 4-b (bit) 1-hot, or
restoration (or R res) that restores non-full swing 4-b 1-non-binary encoded signals, i.e. three 0 bits plus one 1
hot signal R into a full swing one; (5), (6), and (7) Threebit representation of integers ranging from 0 to 3 (ref. to
stages (components) of the embedded full adder circuitTable 1), are interesting and superior in several aspects
as detailed in Figures 5 and 7 to 9. Each 5_1 counter co-(including speed and power), compared with traditional
works with its upper and lower neighbor 5_1 counters,binary counters for multiplier designs [4-6]. However, in
as shown in Figure 8, to produce two output bits S andorder to reduce 7 bits into 3 or 2 bits, the previously
C. Because s0, s1, and q within each counter areproposed circuits require 8 to 10 additional transistors
weighted 1, 2, and 4 respectively. the actual s0, s1, and qfor signal type conversion, from non-binary to binary.
being added by the full adder are from three adjacentThe new family of circuits, called borrow parallel
columns with s0 in the highest column, thus they havecounters including  5_1 , 5_1_1, 6_1, 6_0, does not need
the same weight. There is no explicit data  typetype conversion, and requires a minimum number of
conversion and the output is in binary form.transistors with a large ratio of nMOS/pMOS , and yet

The circuit simulations have shown the superiority ofshows superior layout and performance. As shown in
the new counters, comparing with the conventional onesFigures 4 and 5, the counter not only utilizes both 4-b 1-
in all aspects including delay, area, and powerhot signal encoding and borrow bits, i.e. input bits
dissipation. This will be clearer when the circuits areweighted 2 instead of 1, but also provides an embedded
applied in small multiplier designs.  The 5_1 counterfull adder adding non-binary (4-b, 1-hot) and binary
uses 78 transistors, about two third are nMOS cells, andsignals without type conversion, This leads to a
56 out of 78 (73%) transistors are either gated by, orsignificant reduction in circuit complexity. The circuit
used to pass, 4-b 1-hot signals, leading to a significanthas a potential to become a new type of building block,
reduction in power-consuming activities. The counterreplacing traditional (2, 2), (3, 2), i.e. half-adder, full-
implements arithmetic equation E1 and five logicadder, and (4, 2) parallel counters for some arithmetic
equations below:  processor designs.
        The parallel counter shown in Figure 4 is designated
A1 +A2 + A3 + A4 + 2A5 = s0 + 2s1 + 4Q               (E1)5_1 borrow parallel counter, with 5 input bits A1-A5,

and bit A5 weighted 2 (note that its input arrow in the
Xo=s0;    Yo=Xi xor s1;   Zo=Xi;     S =Yi xor Q; symbol is offset). The new circuit and its variants

possess the following three features: (1) Each counter
reduces 5 or 6 input bits (one or two of them are C= Zi and Yi  or Q and Yi. 
borrowed bits) into 2 output bits (with a few in-stage
carry in and out bits) in high speed. (2) The majority of Here s0, s1, Q are temporary parameters, and Xo, Yo,
the transistors are gated by, or used to pass, 4-b 1-hot Zo and Xi, Yi, Zi are in-stage carry (out/in) bits. The
signals (ref. to Figure 6), which leads to the reduction of close variants of the 5_1 counter are denoted by 5_1_1,
both switching activities and the flow of hot signals by 6_1 and 6_0,  which are similar to 5_1, except the
about a half of the normal [4-6]. (3) The ratio of

number of borrow bits and the component for encodingnMOS/pMOS is 2.4 (instead of 1 for traditional CMOS)
those bits are slightly different. There is little change inand a compact layout can be achieved easily. 
complexity between 5_1 and 5_1_1 as well as betweenTable 1 shows the 4-b 1-hot encoding scheme. The
6_1 and 6_0. The main application of the proposedunique bit positions determine the values of a 4-b 1-hot
borrow counters is, in a unique way, to reduce in parallelsignal. The change of  R value from one to another

causes the change of bit-values in no more than 2 lines, the height of a weighted bit  matrix,  with  significant



new features which is interesting to efficient VLSI about 48.7 x 85.5 x 9 µm2. The overall  pipelined 54 x
implementations of arithmetic circuit designs. 54 multiplier can be layout (4-metal-layer) in a

Borrow parallel counts may be used for efficient rectangular area with a height of  ((26.5 + 5) x 3+ 34.2)
partial product bit reduction for large (say 32b or larger) x 3 + 48.7 =434.8µm, and a width of 85.5x 9 =
multiplier designs. For example, a 96 transistor 6-1 769.5µm, or area of 434.8 x 769.5 = 334578.6  µm2.
borrow parallel counter (two output buffers may not The area is about 37.9% of the area 882000 µm2 of
needed) can replace 4 full adders or two (4, 2) counters, RSWM multiplier  [2] (excluding the final adder about
possessing all advantages as described above without an

10% of the total area of 980000 µm2), or 75.8% of theincrease in circuit transistor count. The simulation
area of LSDL multiplier [1] (scaled for technology).results for 5-1 and 5-1-1 borrow parallel counters are

The complexity reduction of the design can be seengiven in Table 2.
from the high regularity of the multiplier logic scheme.
Eighty one identical 6 x 6 small multipliers, serving as

5. The base 6 x 6 borrow parallel multipliers building blocks, are simply organized in a 9 x 9 matrix
form. The nine identical level-1 CSA adder blocks plus a

As a building block, the 6x6-b borrow parallel (virtual) single level-2 CSA block require minimal custom design
multiplier shown in Figure 11 produces 17 output bits, work load for optimal layouts. It is quite easy to
or two numbers instead of one. Such an output form has organize the inputs routine network and three levels
two advantages: First, it is fast. When the 7 LSBs pipeline interconnection nets in Manhattan cells
outputs are produced (through a ripple carry style structure. 
process) the second 10 MSBs outputs are about ready The advantages of the design in terms of complexity-
(through carry save process). Second, it is  good for effectiveness, compared with the designs of RSWM [2]
regular inter-connection and CSA bit reduction; refer to and LSDL [1] may include (1) simpler CMOS
Figures 2 and 3, the two output groups of each base 6x6 technology and layout; (2) significantly less amount of
block are accurately separated with lower weighted custom design work load; (3) significant area reduction
group as a  6-b number, while the higher weighted group without sacrificing high-performance: an expected
as two 5-b numbers. pipeline frequency of 1GHz can be achieved; (4) low-

The multiplier is an array with five borrow parallel power achieved through using the compact 4-b 1-hot
counters. The small borrow parallel multiplier possesses counter circuitry; (5) modular and repeated components;
the following new features compared with conventional (6) self-testable:  It is directly provided by the triple
binary full-adder based counterparts: (1) It is basically a expansion logic scheme. The regular decomposition of
single array of identical counters with a simple layout, partial product bit matrix enables the circuit possessing
since the “borrow-effect” naturally re-arranges the bits high controllability and observability for test, without
being processed so that the actual bits to each column using a built-in circuit. Exhaustive test can be done by
are balanced. (2) It requires minimal line connections, testing 81 6 x 6 small multipliers separately, along with
since basically only a single counter is used in each 9 level-1 CSA adder blocks and the level-2 adder block.
column. (3) It gives the nearly same delay for almost all The test vector length is practically feasible (refer to
output bits, except a few faster outputs at two ends, algorithm of [7]). 
therefore little cost is needed in transistor sizing and
delay equalization. The delay of the circuit of Figure 11
is about 0.7ns or 2 times a (4, 2) delay. Table 2 shows
the summary and comparisons of the small multiplier
circuits . 
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      Figure 2. The triple-expanded 18x18-b multiplier

       Figure 1. The trisect-decomposing  an 18x18       (the implementation of Figure 1 with CSA outputs).
       product partial  matrix. 



   Figure 3. The triple-expanded  54x54 multiplier block diagram.

             
Figure 4. The 5_1 borrow parallel counter. R=(r0 r1 r2 r3) is a 4-b 1-hot encoded signal. 
A5 is a borrow bit, Xi/Xo, Yi/Yo, Zi/Zo are in-stage in/out bits.

 



             Table 1. The 4-b 1-hot signal encoding 

      

   

       Figure 5. The full adder adding three bits, one binary and two 4-b 1-hot encoded bits, without a type  conversion.

  
     

  Figure 6. The low-power features of the 5-1 borrow parallel counter. The bold lines show the 4-b 1-hot signal. 
       The double bold line is for the 1-hot bit. The transistors in right (left) dotted box  are gated by, (used to pass)
       the 4-b 1-hot signal, which reduces switching activities and leakage.



 

           
 Figure 7. The functional structure of the 5_1  parallel counter.

       

          
    Figure 8. A typical application of 5_1 counter array.  

                 Figure 9.  A full-adder embedded in three contiguous borrow parallel counters.



     
 Figure 10.  The 6 x 6-b (4,2)-(3,2) based virtual  multiplier (with a rectangular shape).

      
   Figure 11. The 6 x 6-b borrow parallel virtual multiplier.

 Table 2.  Summary of the parallel counters and small multipliers

            



                          
                Figure 12. The layout of the 5-1 borrow parallel counter (refer to Figure 4, with two output buffers added).

     
           Figure 13. The layout of the 6 x 6 multiplier (refer to Figure 11).




