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Abstract—In the context of reconfigurable processors, there is 

a need for generic multiplier that can compute operands of 

different bit-lengths and have a latency that can be adjusted to the 

environment. We propose in this paper an architecture of MAC 

(multiple accumulator) with algorithm that can synthesize signed, 

pipelined and parallel multipliers optimized for any length greater 

than eight bits. The Baugh-Wooley algorithm and modified booth-

Wallace tree is used to process the sign. The designed is pipelined 

by conventional method and wave pipelining by assuming 

standard library with all information of delay and frequency are 

also fully parameterizable. The algorithm has been successfully 

implemented in VHDL, tested, placed and routed for a state-of-

the-art FPGA. Speed and complexity comparisons with fixed 

multipliers from Xilinx's library are made and demonstrate an 

increase in speed at the expense of a larger area. 

Keywords— Baugh-Wooley, Booth-Wallace, FPGA, MAC, Wave 

Pipelining. 

I.  INTRODUCTION 

Nowadays, trine-to-market is a very significant factor in the 
commercial success of a new product. A new device, even if it 
is greatly improved compared to existing products, could be a 
commercial failure if it does not reach the market on time. This 
principle is particularly relevant to electronic systems, where 
evolution is lightning fast. For this reason, hardware designers 
must complete their circuits quickly, without wasting precious 
time in ail design and test phases. To minimize the development 
the, designers have used different design methodologies and 
tools. One of such strategies is to have a generic architectural 
model that the designers can adapt and modify to suit their 
needs [1]. By using a customisable processor, developers are 
freed from the tasks of defining, implementing and validating a 
suitable architecture. This idea is growing in popularity in 
industry and some companies even restrict their activity to this 
field and provide hardware cores which can be adapted on 
demand. 

Recent availability of high-performance field 
programmable gate arrays (FPGA)[2], with densities in excess 
of one million system gates, providing dedicated data paths for 
high-speed arithmetic[3] and integrated high-bandwidth RAM 
(Virtex product specifications. Xilinx, Inc.), is a very 
interesting medium to implement embedded processors with 
flexible architectures. FPGAs have at least two major 

advantages over their application specific integrated circuits 
(ASIC) counterparts. Firstly, they are programmable in a 
fraction of a second, which contributes to reduce turnaround 
compared to ASIC devices [4]. Secondly, SRAM FPGAs are 
reprogrammable, and some systems even allow a dynamic 
reprograming, that let some parts of the device be reconfigured 
while others are running. This flexibility allows a high level of 
optimisation never reached before, by having a chip whose 
architecture can be modified to best fit the requirements of a 
specific application.  

At the current level of complexity, hardware description 
languages (HDL) are indispensable to design configurable 
processor cores. Not only do they significantly decrease the 
development time of new devices over a schematic design 
methodology, but they also make them easily configurable. It is 
even possible to modify an existing design to adapt it for 
another use. For example, a core is easily customizable for its 
data length, memories sizes, instructions set, pipeline depth, 
number of processing elements and for inclusion of custom 
modules. Languages like VHDL even allow a designer to use 
generic parameters, wherever needed in the code, to 
subsequently change the structure of the resulting circuit, just 
by changing their values and re-synthesising the code. Designs 
that have a regular architecture are easily made generic, while 
more complex design, with irregular structures, cannot be 
adapted without a thorough rearrangement of their architecture. 

Multipliers are common components found in almost every 
processor dedicated to execute mathematical functions or to 
perform signal processing. The architecture of these multipliers 
depends on their use, but also on the design goals. In fact, 
multipliers can be signed or unsigned and they can work with 
fixed-point or floating-point numbers [5]. Furthermore, many 
hardware algorithms have been developed, each one offering a 
different compromise between speed and complexity. 
However, multiplier architectures are generally dependent on 
word length, especially with signed numbers. For that reason, 
generic variable length multipliers with a reasonable level of 
optimisation can be difficult to realise. 

The algorithm proposed in this paper generates circuits to 
multiply two signed integers having the same number of bits 
represented in two's complement format. It can support any 
multiplicand and multiplier lengths greater than or equal to 8 
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bits. Also, the algorithm has the capability to insert registers at 
different places selected by the designer. As a result, the 
multiplier has a parameterizable latency. Al1 these properties 
are very useful to designers, since they permit the use of this 
multiplier in different processor architectures, each one 
generally supporting a unique fixed latency and data width in 
their modules. Therefore, no deep modification in the rest of the 
architecture is required, which is then compatible with our main 
goal of providing a designer with a fast development the 
without extensive revalidation, the algorithm was implemented 
in VHDL 93, targeting the Virtex series of FPGAs from Xilinx 
(Virtex product specifications. Xilinx, Inc.).  

The multiplier-accumulator is an important element of an 
architectural implantation where one of its main functions is 
digital signal processing (DSP) [6]. For example, the use of 
digital filters generally requires multiplication between the 
weights of the filter and the signal to be processed, and then 
accumulating them between them. So a recursive structure 
including a multiplier and an adder would allow to increase the 
rate of treatment provided that it is both included in the same 
structure. 

 

Figure 1: General architecture of MAC 

Since the result of the previous multiplication must occur after 
the result is stable during the present multiplication, it is 
necessary to synchronize with a clock which will be governed 
(or limited) by the propagation time of the multiplier and the 
accumulator. This clock will control the buffer register to keep 
the given sufficiently long before being accumulated with the 
present data. Thus one respects the set-up tune (time necessary 
for the stabilization of the datum) and the hold time (before a 
new data is used). 

II. ANALYTICAL MODEL OF MULTIPLIER ARCHITECTURE 

The architecture of the proposed multiplier is based on the 
Baugh-Wooley algorithm [7]. The main advantage of using this 
algorithm is to generate only positive partial products, allowing 
to calculate the product by simply adding all the partial 
products. Also, it processes the signs simultaneously with the 
multiplication, without additional delay. As explained in the 
following, the multiplier structure is composed of a first stage 

of parallel two-bit multipliers, followed by a binary tree of 
adders to quickly execute as many additions as possible in 
parallel. In addition to the first multiplication stage and the 
following tree of adders, the Baugh-Wooley algorithm requires 
an additional structure to calculate the sign of the result by 
producing a unique partial product, which is then added to the 
other partial products. This architecture is relatively fast, while 
maintaining a good regularity suitable for FPGAs and 
compatible with our objective of producing a generic length 
multiplier. Interesting work has been done on recursive 
generation of multipliers in VHDL) and, while signed 
multipliers are not as regular and cannot exploit easily their 
method, unsigned multiplier may be implemented that way to 
reduce the algorithm complexity. 

For a signed multiplication, let 𝐴 = (𝑎𝑛−1, , . . . , 𝑎𝑜) be the 
multiplicand, 𝐵 = (𝑏𝑛−1, , . . . , 𝑏𝑜) the multiplier and P=
(𝑝2𝑛−1, , . . . , 𝑝𝑜) the product, AH these vectors are expressed 
using No's complement representation, When the multiplicand 
and the multiplier have the same length n, the Baugh-Wooley 
algorithm can be slightly simplified to generate one less partial 
product than the original algorithm. Figure 2 shows the 
multiplication procedure with all the partial products generated 
according to this reduced Baugh-Wooley algorithm. It should 
be noted that the first 𝑛 − 1 partial products correspond to the 
ones that would have been generated by the unsigned 
multiplication of 𝐴 and 𝐵, without their most significant 
bits(𝑎𝑛−2, , . . . , 𝑎𝑜) × (𝑏𝑛−2, , . . . , 𝑎𝑜). The following three 
partial products are generated by the most significant bits 𝑎𝑛−1 
and 𝑏𝑛−1 to take care of the sign in the two's complement 
representation. The first of these three partial products, 𝑆1, is 
formed by producing the bit-wise inverse of (𝑏𝑛−2, , . . . , 𝑎𝑜) and 
then multiplying the resulting vector by 𝑎𝑛−1: 

𝑆1 = (𝑎𝑛−1𝑏𝑛−2
∗ , 𝑎𝑛−1𝑏𝑛−3

∗ , … 𝑎𝑛−1𝑏𝑜
∗)           (1) 

The second partial product used for the sign, 𝑆2, is 
calculated by inverting (𝑎𝑛−2, , … , 𝑎𝑜)  and multiplying it by 
𝑏𝑛−1: 

𝑆2 = (𝑏𝑛−1𝑎𝑛−2
∗ , 𝑏𝑛−1𝑎𝑛−3

∗ , … 𝑏𝑛−1𝑎𝑜
∗ )          (2) 

The third partial product, 𝑆3, is a little more complex to 
generate and it is composed as follows: 

𝑆30
= 𝑎𝑛−1𝑋𝑂𝑅 𝑏𝑛−1    (3) 

𝑆31
= 𝑎𝑛−1𝐴𝑁𝐷 𝑏𝑛−1    (4) 

𝑆3𝑛−2
, … , 𝑆32

= 0   (5) 

𝑆3𝑛
− 𝑆3𝑛−1

= 𝑎𝑛−1𝑂𝑅𝑏𝑛−1                       (6) 

Once the three partial products described above are 
computed, they must be added, and the resulting sum of 𝑆1, 𝑆2 
and 𝑆3 is fually added to all the other partial products. 

Processing independently the most significant bits of the 
multiplicand and the multiplier, and the reduced unsigned 
multiplication of the other 𝑛 − 1 bits, by independently 
generating the partial products before adding them, is a standard 
way to complete a multiplication. In the rest of this paper, all 
the real numbers are floored(⌊𝑥⌋). This means that all the 
fractional values are ignored, as in VHDL where each number 

Register 

Multiplier 

Adder 

Register  

Register  
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𝑥 is automatically truncated to the nearest integer smaller or 
equal to 𝑥. 

The first step, shown in Figure 2, is realised using several 
two-bit multiplication modules having the same 
multiplicand(𝑎𝑛−2, 𝑎𝑛−3, … , 𝑎0). 

Number of modules in first stage= ⌊𝑛/2⌋    (7) 

Each module is a partial multiplier corresponding to 
𝑏2(𝑖−1)+1, 𝑏2(𝑖−1), 𝑖 being the rank of the module, where 𝑖 = 𝑙 
corresponds to the multiplication module of the two least 
significant bits of 𝐵. The last module 𝑖 = ⌊𝑛/2⌋ must have a 
different behaviour if 𝑛 is even. In that case, the last reduced 
multiplication processes an odd number of bits, and the last 
multiplication module has a multiplier equal to 𝑏2(𝑖−1), with the 

most significant bit filled with zero. Note that all these modules 
cm compute their results in parallel. The choice of using two-
bit multiplications is dictated by a compromise between the 
complexity of computing the partial products and the tree of 
adders that follows. High speed multipliers are often pipelined, 
in which case the designer must distribute as equally as possible 
the total delay on all of the pipeline stages to obtain a balanced 
critical path. In our case, multiplication using two bit partial 
products was found to offer sufficient flexibility for inserting 
pipelining registers, while keeping a simple architecture. 

 

Figure 2: Schematic representation of a 10×10 multiplier, with 𝑠ℎ𝑙 𝑥 being a 

left-shift by 𝑥 bits, and partial products𝑆1, 𝑆2 and 𝑆3 being defined in equation 
(1) to equation (6) 

The second step, after the generation of the partial products, 
is to add them in the most parallel way to form the product 𝑃, 
as illustrated in Figure 2. The required tree of adders is 
composed of ⌊log2(𝑛 − 2)⌋ binary addition stages. Each 

addition stage is composed of ⌊(𝑛 + 2𝑗+1 − 2)/2𝑗+1⌋ adders 

processing data in parallel, where j is the stage position number 
and 𝑗 = 𝑙 is the first addition stage next to the multipliers. 
Hence, all adders use data coming from two arithmetic modules 
of the preceding stage. However, the last adder of a stage cm 

occasionally have only one input when the number of arithmetic 
modules of the preceding stage is odd (bottom of Figure 2). In 
that special case, the second term of the adder does not exist in 
the VHDL description and there is no addition to perform. The 
input data is only propagated to the next stage. 

The partial products in the addition tree must be shifted to 
the left by a suitable number of bits, as shown in Figure 2. To 
realize this operation in a fast and efficient way, each addition 

stage must shift its second term 2𝑗 bits to the left before 
summing it with the first one, where 𝑗 is the stage position 
number. This shifting process is illustrated in Figure 2. Due to 
shifting, the bit-width of input and output signals vary 
according to the position. Hence, each adder stage receives 
input terms having a specific number of bits and produces 
output sums having a different number of bits. Both values are 
expressed in equations (8) and (9). 

Bit length of stage 𝑗 inputs= 𝑛 + 2𝑗 − 1              (8) 

Bit length of stage j outputs= 𝑛 + 2𝑗+1 − 1  (9) 

The bottom branch in the tree of adders of Figure 2 includes 
a three-input adder which is used to inject the result of the 
partial sum 𝑆1 + 𝑆2 + 𝑆3. In fact, this adder can also have two 
inputs instead of three when the number of modules in the 
preceding stage is odd- In this case, there is only one term to 
add to the sign term. The place selected to inject this partial sum 
allows to take advantage of the shifting done automatically by 
the last adder. Therefore, the remaining shift to do with the sign 

term is decreased to 𝑛 − 2𝑗+1 − 1 positions to the left. 

However, computing the sign term in the tree of adders 
brings an additional challenge. In fact, it has been observed that 
for certain multiplier lengths n, adding the sign term increases 
the bit length of the sum. This occurs when each of the adders 
constituting the tree gets two input terms, producing a complete 
binary tree. To address this complication, we should consider 
that the result of the stage right before the last one can have two 
different lengths depending on the multiplier length 𝑛. Its 
output bit length is usually given by equation (9), as stated 
previously. However, for those special cases when the sign term 
affects the result length, the bit length of its output is given 
instead by equation (10). 

Bit length of the output= 2𝑛 − 2𝑗+1         (10) 

By always using the largest value among equations (9) and 
(10), the problem is solved for every possible values of 𝑛. 

III. ALGORITHM OF MULTIPLIER 

All the previously described characteristics have been 
integrated in an algorithm to synthesize generic multipliers. 
Executing it for a given length n allows to create a multiplier 
for n-bit signed integers, once generated, a multiplier cm only 
work with inputs having the specified length. To change the 
length or the pipelining, the proposed algorithm must be 
executed again with the new word length and pipeline 
parameters in order to generate a new circuit. Since the detailed 
design is completed by a fast synthesis tool, multipliers built by 
this algorithm can be generated on-demand to provide a 
reconfigurable core. The algorithm that produces a family of 

Mult. 
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Add. 

Stage 2 
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P 

𝑎𝑔, … 𝑎0 
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generic multipliers is described in the following pseudo-code 
implementation. 

Generation of the first stage which is composed of parallel 

multipliers 

for all multipliers of the multiplication stage 

      if not last multiplier of the stage OR n is odd 

          generate a multiplier 

      if last multiplier of the stage AND n is even 

          generate a multiplier with nul1 second term's MSB 

Generation of the subsequent stages which are composed of 

parallel adders 

for all subsequent addition stages 

       generation of the first addition stage 

       if first addition stage 

            for all adders in the stage 

   if not last adder of the stage 

         generate an adder 

   if last adder of the stage AND not stage right before 

the last one AND number of multipliers in first 

   stage is even 

          generate an adder 

   if last adder of the stage AND not stage right before 

the last one AND number of multipliers in first 

   stage is odd 

           propagate the term to the next stage 

                 if last adder of the stage AND stage right before the 

last one AND number of multipliers in first stage is even 

           generate an adder with sign input 

   if last adder of the stage AND stage right before the 

last one AND number of multipliers in first stage  is odd 

            generate an adder with one term and sign input 

Generation of all the addition stages following the first addition 

stage 

if stage follows the first addition stage AND precedes the last 

one 

       for all adders in the stage 

if not last adder of the stage 

       generate an adder 

if last adder of the stage AND not stage right before 

the last one AND number of adders in preceding stage 

is even 

       generate an adder 

if last adder of the stage AND not stage right before 

the last one AND number of adders in preceding stage 

is odd 

        propagate the term to the next stage 

if last adder of the stage AND stage right before the 

last one AND number of adders in preceding stage is 

even 

        generate an adder with sign input 

if last adder of the stage AND stage right before the 

last one AND number of adders in preceding stage is 

odd 

        generate an adder with one term and sign input 

Generation of the last addition stage of the adder tree 

if last addition stage 

generate an adder 

IV. DIGITAL IMPLEMENTATION OF MULTIPLIER AND RECURSIVE 

MULTIPLIER USING MODIFIED BOOTH 

The most important block of the multiplier is the partial 
addition tree, shown above. This binary tree may have a CSA 
[8] type structure (a), a type structure RCA (b), or a mixed type 
structure, i.e. a CSA and RCA mixture in the Same tree (c). In 
[9], it is explain how the use of a structure consisting of carry-
forward adders (RCA) would slow down the flow of the block 
combinatory. Since the restraint must be propagated through its 
level (stage), the data must constantly wait for the output 
restraint to move to a second level. While, for the storage 
retention adder (CSA), a greater parallelism can be the previous 
bit is propagated to the next logic level, which however, 
increases the number of levels (stages) and, of course, the 
integration surface. That said, the binary tree presented in c) 
uses both types of structures, where a compromise is reached 
between the flow rate and the necessary integration surface. 

When the partial summations are finished, we will end with 
the block of summation. The latter can be chosen according to 
its time diagram, which is to say depending on the type of 
binary arrival. 

We will more particularly select a carry propagation adder 
(RCA), thus benefiting from a somewhat lame structure, but 
simple and requiring little surface of integration. The second 
case (they all arrive at the same time), using a Adder (CLA), in 
this case the addition will be faster opposite the use of the CSA 
and RCA adders[10]. Figure 3 shows an example of a Parallel 
multiplier using a CSA type binary tree, and an RCA adder, 
summing the partial additions. This example is an ideal 
example of a multiplier Parallel very fast. However, as 
mentioned at the beginning of this section, the multiplier of this 
type of structure multiplies only binary numbers of sign-module 
format. The Booth algorithm seen previously in sequential 
addition can be associated with the Wallace tree thus allowing 
to replace the sign-module format of the adder parallel, by the 
format complement to two. Where the wallace tree is simply a 
summation of partial results. Consisting of several conservation 
blocks(CSA), the Wallace tree adds the partial results using a 
sort of multiplex age by summing n numbers of bits to n / 2 and 
n / 2 to n / 4 and so on until the achievement of a result. A 
negative point is taken from this type of structure, the use of 
block does not allow the addition of two numbers (2 entries) to 
one number (1 output), then the use of an adder of type two 
inputs to an output will be used, such as an RCA or CLA. 

Table 1: Modified Booth algorithm 

Xj+1 Xi Xj-1 Multiplicand 

00 0 0 0 

0 0 1 +x 

0 1 0 +x 

0 1 1 +2x 

1 0 0 -2x 

1 0 1 -x 

1 1 0 -x 

1 1 1 0 
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A. Operation of Modified Booth 

The modified Booth and Booth algorithm [12] (using a 
larger bit group as control for the multiplicand) make it possible 
to design an arithmetic architecture fast and using the 
complement format to two. Thus, Figure 3 could use the Booth 

algorithm by modifying the cellular structure passing from 
entries of type xjY to of the inputs XjXi-J Y, and at the same 
time avoiding the calculation of 3x, which reduces the depth of 
the cellular tree. Indeed, by reducing the number of partial 
products, we reduce the total latency of a multiplication [11]. 

 

Figure 3: 32 bit Wallace tree architecture for multiplier 
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Figure 4: Booth Modified Multiplier Using a Recursive Wallace Tree 

Using the modified Booth algorithm can further reduce the 
depth of the Wallace tree or cellular by performing partial 
additions on a number of bits. The Table on the previous page 
indicates the operation to be performed when a type of binary 
format between Xi and [Xi + h Xi-1] are compared. The most 
high is the double addition of the multiplicand. An example of 
the Booth algorithm is shown in Figure 4, where we use the 
Wallace tree as a summing up. 

M1=Multiplicand     y with X1 X0 0 ,X9 X8 X7; 

M2=Multiplicand     y with X3 X2 X1 ,X11 X10 X9; 

M3=Multiplicand     y with X5 X4 X3 ,X13 X12 X11; 

M4=Multiplicand     y with X7 X6 X5 ,X15 X14 X13; 

M5=Multiplicand     y with X9 X8 X7 ,X17 X16 X15; 

M6=Multiplicand     y with X11 X10 X9 ,X19 X18 X17; 

M7=Multiplicand     y with X13 X12 11 ,X21 X20 X19; 

M8=Multiplicand     y with X15 X14 X13 ,X23 X22 X21; 

M9=Multiplicand     y with X17 X16 X15 ,X25 X24 X23; 

M10=Multiplicand     y with X19 X18 X17 ,X27 X26 X25; 

M11=Multiplicand     y with X21 X20 X19 ,X29 X28 X27; 

M12=Multiplicand     y with X23 X22 21 ,X31 X30 X29; 

We can take advantage of the Booth algorithm by 
structuring multiplication using the Booth algorithm twice in 
one operation. Using several times the Wallace tree to execute 
the summation. Very effective when surface integration 
becomes an important element. However, architectural control 
recursions within a combinatorial set can limit the throughput. 
Because it is likely that the feedback loop will have to be 
controlled by the clock, thus limiting propagation delays at the 
clock frequency. The feedback loop may also need to register 
in very rare occasions. This condition will only be reached 
when the paths within a combinatorial logic have the same time 
spread. We will see the ideal conditions to which a 
combinatorial structure could be recursive. Another multiplier 
using the complement to two is proposed, using this one the 
Baugh and Wooley algorithm. This type of multiplier is, in my 
opinion, the most effective. In more than having a regular 
architecture using only integer adders, it allows, among other 
things, to use throughout the architecture of additions only 
positive. Compared to other multipliers using the 
complementary binary format to two, which use negative and 
positive partial sums to effect the product. 

Thus, we have a structure in which the path delays are of the 
deterministic type, i.e., its propagation time is known from the 
structure it uses (FA), and all delays added by external effects 
will be attributable to all floors. This greater flexibility in the 
optimization of the flow rate, for example the use of pipeline 
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floors. A general representation of a 4 × 4 multiplication (Figure 
3) of the algorithm is presented by [13]. It thus makes it possible 
to observe that structure is of the same type of the partial 
addition structure CSA. However, more necessary to complete 
the multiplication by a summation stage of the additions. 

V. DIGITAL IMPLEMENTATION OF PIPELINED MULTIPLIER 

A. Baugh-Wooley pipeline Multiplier 

Pipeline construction is realized outside the algorithm. It is 
obtained by placing registers between consecutive stages 
chosen by the designer. In addition, registers can also be present 
at the main output of the multiplier to produce a valid result at 
the rising edge of the clock. Therefore, positions of all registers 
are controlled by generic parameters that offer the flexibility to 
choose the pipeline configuration which is best suited for all 
different multiplier lengths 𝑛. Figure 5 illustrates all possible 
useful locations where pipeline registers can be placed for a 
17×17 multiplier. By using these parameters, registers can be 
inserted or not between every stage to provide possible latencies 
from none, when no register is used, to ⌊log2(𝑛 − 2)⌋ + 1, 
when registers are placed between each stages and at the main 
output. To remain synchronized, the Baugh-Wooley section 
automatically adjusts its latency to the rest of the circuit. Again, 
registers should be located in a way to equalize delays between 
pipeline stages and the optimal solution is application 
dependent. 

 

Figure 5: Schematic representation of generalized pipelined multiplier. Dotted 
vertical lines indicate all the useful positions where pipeline registers can be 

inserted  

Another possibility is to insert registers inside adders instead of 

between them. The advantage of using this method is to break 

carry chains inside adders of a stage to reduce the carry 

propagation delay. This delay is the intrinsic critical path of 

each conventional adder such as the ones used in this design. 

However, the target FPGA technology possesses built-in fast 

carry chains dedicated to arithmetic that limit the carry 

propagation delay of each adder. The need to insert pipeline 

registers inside adders is then reduced and we chose not to 

implement them since it would substantially complicate the 

algorithm and the VHDL code. To confirm the validity of this 

choice, experiments were made for simple adders of different 

lengths. It consists of measuring the highest frequency 

attainable by two adders of the same length; one completely 

combinational and the other having a pipeline register in the 

middle of its carry chain. 

 
Figure 6: Modified Booth multiplier with 3-stage pipelines 

B. Wave Pipelining 

Conventional pipeline would be a simple alternative, but it 
innovation since it has long been tamed by several researchers. 
In addition, the pipeline uses an enormous amount of surface 
and will require the in timer tree for the master clock. The 
asynchronous pipeline is an excellent alternative, but requires a 
complex architecture that is purely analogous and specific. In 
addition, the micro-pipeline does not allow to reach very high 
speeds but rather brings a robustness to the design. The wave 
pipeline is the technique the most challenging. It offers great 
possibilities since it can be alone or with the other two methods, 
as proposed by O. Hauck [14]. Finally, the maximum flow 
pipeline (Wave pipeline) offers a substantial surface area saving 
since we use very few registers. 
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The wave pipeline is one of the methods used to maximize 
the flow of a VLSI architecture (Very Large Scale Integration). 
The peculiarity of this method is what the analysis and the 
design on several levels (process, drawing of mask, circuit, 
logic (temporal and architectural).The main idea behind the 
wave pipeline method was introduced by Cotton in the 1980s. 
He called it maximum rate pipelining. Cotton observed that the 
level Logical flow that can be propagated through a circuit does 
not depend on the time the longest route, but on the difference 
between the longest and shortest.  The wave pipeline may even 
be considered as a virtual pipeline where each logic gate 
represents a virtual register the purpose of this chapter is to 
introduce the various pipeline types known to date and to 
deepen on the chosen one. We will first discuss the 
conventional synchronous type where we will see its 
advantages and disadvantages. Then on a little used technique 
called micro-pipeline or asynchronous pipeline. 

Then, we will link the pipeline in waves. Finally, we will 
explore the steps involved in the design of arithmetic units 
using mainly transmission half-doors. 

C. Conventional Pipeline 

The synchronous pipeline is a technique that has been used 
for a long time and has already evidence in the industry. 
Pipeline technique is a method of flow optimization. This flow 
may initially be of the programming type, refer to the pipeline 
as high-level instruction coding. For us, the pipeline technique 
is used to flow optimization at the VLSI level. It is therefore 
used to optimize our reducing the depth of the combinational 
circuit by dividing the longest delays in several stages pipelines. 
Direct relationship between the order of the pipeline and the use 
of clock network, causing an increase in power and harmful 
jitters. Direct relationship between the order of the pipeline and 
the area used. Negative relationship between the reduction of 
the critical period and the increase of the time caused by the 
increasing increase in registry [15]. 

 

Figure 7: Wave Pipelining 

Wave Pipeline is a technique for optimizing the flow within 
synchronous architectures. This technique has the characteristic 
data in a combinatorial block faster than the takes a value to 
cross the structure (latency) and be stored by the exit. Thus, 
each transistor serves as a virtual memory element of the same 
type as when an architecture uses the conventional pipeline. 
The registers are used to divide the logic into smaller part. 
According to [17], we can achieve speeds of 2 to 7 times higher 

using the theoretical wave pipeline compared to the 
conventional pipeline. 

However, each data item is transmitted in a combinatorial 
logic circuit (CLB) to the moment when we can guarantee that 
it will not overlap the transmitted data previously. This is where 
the temple "vague" comes from, that is, each data transmitted 
would be a kind of wave that is governed not by the longest path 
like the pipeline conventional, but an optimization between the 
shortest delay Dmin and the longest Dmax. Grosso Modo, if we 
do not take into account the other characteristics less important 
to increase the wave number within a CLB, we thereby 
increasing the throughput of our architecture. We can then take 
in consideration that it is necessary to achieve a quasis-zero 
difference between the delay Dmax and Dmin to obtain an ideal 
architecture for pipeline implementation by wave. 

Proposed VLSI structure for wave pipeline: our analysis of 
a wavelength pipeline implementation is generally focused on 
a circuit of the mono-harmonic type. This, in turn, greatly 
facilitates the calculations presented. However, since we have 
to implement two types of architectures, one will be of the 
simple mono-harmonic type where we implement an RCA 
adder and a multiplier using the CSA tree. In itself, its greatest 
complexity is the data by inserting a triangular delay. The 
second type is a mono-harmonic architecture with loop, where 
we implement a multiplier-accumulator (MAC) dedicated to a 
systolic architecture for signal processing. After a complete 
search, no article mentions an architecture of this type. 
However, used for the design of an adaptive digital filter of type 
LMS, the type of MAC used has no feedback loop since they 
multiply its signal input with a weight and then added to an 
external signal. That said, this type of architecture would be of 
the Poly-Harmonic type instead of the Mono-harmonic with 
(With register). Contrary to this architecture, the MAC wants to 
be implanted requires a retransmission of the accumulated 
values with the past result. This feedback loop therefore 
requires an excellent synchronization between the present 
future additions. That said, to complicate the task the whole will 
be out of phase. Fortunately, our MAC requires no order of 
accumulation between the transmitted data, which will allow us 
to add a certain number of desired time delays to the clock 
which synchronizes the feedback loop of the MAC. This return 
will then be memorized through a triangular register. This is 
why it is important to delay our clock especially in architecture 
using a feedback loop. A return loop architecture is a complex 
architecture to implement. It can operate only over a restricted 
range of frequencies to which it has been originally intended to 
function. Thus, we will have to impose a minimum frequency 
and maximum for normal operation. This is very delicate, since 
several effects can unbalance our synchronization inside the 
feedback loop. 

The only method to increase the flow rate is by increasing k 
(the latency of the clock) in the feedback loop, proposed by [17, 
[18]. This can operating frequencies to a value lower than 
𝑇𝑚𝑎𝑥  – 𝑇𝑚𝑖𝑛 . The following equation shows the minimum 
period that can be architecture includes a feedback loop. 

𝑇𝑐𝑙𝑘 ≥ (𝑘 + 1) × (𝑝𝑚𝑎𝑥 − 𝑃𝑚𝑖𝑛) + 𝑘 × (𝑝𝑚𝑎𝑥
𝑏 − 𝑃𝑚𝑖𝑛

𝑏 )   (11) 

An architecture using a feedback loop without an 
intermediate register in general cannot operate during a wave 
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pipeline implementation. For minimal period of the clock 
within an architecture with feedback loop using no register can 
be predetermined. Two cases can architecture works without 
registry back. In the first case, no change in delay between 
signals through the loop must exist. Second, when the latency k 
through the loop should be similar for any information that is 

part of the loop. We will be much more likely to achieve a 
higher saving the power consumption used. The whole must 
also be innovative, and thereby to meet challenges. Finally, the 
maximum flow pipeline (Wave pipeline) offers a substantial 
surface area saving since we use very few registers. 

VI. MAC ARCHITECTURE 

 

Figure 8: Top architecture of 32 bit MAC 

 

Edge-triggered-Reset Registers: In this design, at few places, 

registers have been used which can be cleared at the positive 

transition of the Reset input. A standard library component for 

this purpose is not available. Hence it was realized in the 

following way, using D flip-flops, which are very standard 

library components. The same block has been used wherever 

we needed edge-triggered-reset flip-flops/registers. Following 

are the benefits of such scheme: 

 Better timing control: This removes the necessity of 

generating a reset pulse of accurate widths, which can 

be very demanding. 

Registers: These are 32 bit register. All register are Edge-

triggered-Reset Registers there is a feedback register which 

sample the added output to adder as input after a clock latency. 

The output register is controlled by FSM and according to 

enable pin it gives output to peripherals  

Controller: It is implemented with finite state machine ,which 

generate control signal “ enable “ according to “valid “ given 

by adder. 

VII. RESULTS & DISCUSSION 

The two major parameters analyzed to evaluate and 
compare different multiplier designs are the speed and the area 
complexity. More specifically, the speed is the maximum 
operational frequency allowed by the design for the specified 
FPGA device. A speed grade -10 XC4VFX12 Virtex 4 FPGA 

was assumed- The complexity is estimated by the number of 
slices used to implement the design, Each FPGA is composed 
of an array of configurable logic blocks (CLBs) where each 
block is constituted by two slices. Another meaningful measure 
of the complexity is the fraction of the device used to implement 
the multiplier. It allows to estimate how many multipliers of 
that size could be used in the selected FPGA. In order to select 
an adequate placement of the pipeline registers, we first studied 
its influence on performance versus multiplier size. The 
convention used to represent different pipeline configurations 
is a binary number, where each digit corresponds to a register 
position, with 1 indicating the presence of registers and O its 
absence. The most significant bit represents the registers 
position between the multipliers stage and the adders stage. Al1 
the other digits follow intermediate adder’s stages in the same 
way, to finally have the least significant bit corresponding to 
the position between the stage right before the last one and the 
last stage. These results demonstrate that for multipliers having 
the same length and the same latency, the performance may 
vary substantially depending on the pipeline configuration 
adopted. A feasible approach is to synthesize al1 solutions for 
a desired multiplier latency and select the one producing the 
best results. 
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Figure 9: Frequency response against no. of bits 

The Figure 9, shows the behaviour of the maximum 
reachable frequency for different lengths. Figure 2.4 clearly 
illustrates that the maximum frequency attainable for a 
pipelined multiplier is always higher than the one for a 
combinational multiplier of the same length. 

 

Figure 10: Frequency vs. pipelining 

The second graph in Figure 10 illustrates the variation of the 
operating frequency depending on the length of the type of 
multipliers. Wave pipelining outperforms then normal 
pipelining .Combinational multipliers are lower in sped 
compare to pipeline architecture. 

 

Figure 11: Complexity vs. Size 

The Figure 11 illustrates the variation of the complexity, 
expressed in number of slices, depending on the length of the 
multipliers. Also, in Figure 12, the number of slices needed by 

a pipelined multiplier is always higher to the number of slices 
required by a combinational multiplier of the same length. As 
expected, pipelined multipliers are faster than combinational 
ones, but are also more complex. 

 

Figure 12: Area against size 

The above figure show that wave pipelining requires lesser 
area then conventional pipelining, because convention 
pipelining needs higher registers and the other hand wave 
pipelining requires very less registers. 

VIII. CONCLUSION  

Several techniques exist to perform high-speed 
multiplication, like Booth algorithm, array multiplication, table 
lookup multiplication and Wallace bees. Each one has 
advantages and drawbacks. However, without being the most 
optimised or the most compact available, the algorithm 
explained in this paper is very flexible. Also, it offers a good 
compromise between speed and area that may be useful with 
many applications. The proposed multiplier generator 
algorithm can be implemented in VHDL or in any other 
hardware description language that integrates automated 
module generation controlled by conditional and loop 
statements. 

 An equally interesting characteristic of this multiplier is the 
possibility to adjust its latency to insert it in any architecture 
that has a fixed pipeline depth. Furthermore, a designer also has 
the flexibility to configure the way pipelining is realized inside 
the multiplier to more closely match the delays of the other 
modules surrounding it.  

The wave pipeline is one of the methods used to maximize 
the flow of a VLSI architecture (Very Large Scale Integration). 
The peculiarity of this method is that it affects analysis and 
design on several levels (process, design of mask, circuit, logic 
(temporal and architectural). Thus, we have seen why we let us 
choose this method for our design of high-speed multipliers 
units implanted more particularly within architectures 
performing the MAC operations. Since the accumulated data 
uses the feedback loop, they lead to a complexity in the 
adjustment of data or waves. The simulations were therefore 
carried out first at a simple schematic level (No interference and 
interconnection delay), which reduces the simulation time. The 
simulated and synthesized results, claims that speed of pipeline 
architecture is better than combinational MAC at the cost of 
area overhead. 
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