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Abstract: This MAC unit can operate with integers or floating point, and is the one that interest for the operation of the 

convolution proposed in this thesis. When repeated accumulation operations of the products can occur the overflow, 

obtaining erroneous results. To avoid this situation, the number is oversized. Of the ALU, adding a number of extra bits, 
called saves, to make the sum of the product terms. This paper presents the BOOTH based multiplier, LUT based multiplier 

and Accumulator based multiplier. Where scaling Accumulator system outperform then LUT and BOOTH based 

multiplier.The design is implemented using VHDL and synthesized in Xilinx. 
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I. INTRODUCTION 

Multiplier-Accumulator 

Multiplication is an essential operation in almost all applications with DSP and is the multiplier who is 

responsible for making the product of two numbers in a single cycle machine. While the multiplier produces a 

new result per instruction cycle, the internal pipelining of the multiplier may have a delay of more than one 

cycle, this delay is called latency. In some cases the multiplier is integrated with an adder, forming a unit 

Multiplier-accumulator or MAC. Both elements operate in parallel to perform the MAC operation, following a 

segmented process in which, while the multiplier performs the product of two operands the ALU accumulates 

the result of the previous product. 

For example, in a DSP that operates with 24-bit data the two-number product provides a 48-bit result that is 

accumulate with the previous products. To avoid overflow, the ALU by adding 8 guard bits, so its final size will 

be 56 bits. East overlapping of the ALU also applies to the register or registers where the stores the value of the 

accumulator. 

 

MAC with booth Algorithm: 

Multiplication by encoding Booth's Algorithm: In this section we will describe the Booth algorithm [1, 2, 3, 4], 

which is an algorithm direct and powerful for sign number multiplications. Generates a 2nbits product and 

evenly combine both positive and negative numbers.In the standard sum and offset method, each multiplier bit 

generates a multiple of the multiplying to be added to the partial product. When the multiplier becomes very 

long. This means that a large number of multiplicands have to be summed up. The execution time of a 

multiplication instruction is determined mainly due to the number of sums to be developed. In addition, this is 

desirable for reduce the number of sums. A bit scanning method is now presented and will reduce the number of 

multiplicand multiples. This is based on the fact that the execution can be reduced, from shifting registers to a 

recoded version of themultiplier. 

Booth's algorithm has two particular purposes. The first, transform multipliers of uniformly positive and 

negative n-bits in a form that select appropriate versions of n-bits multiplicands, which are added to the 

displaced partial products to produce partial 2n-bits products in representation of complement numbers to two. 

Second, it increases the speed of multiplication operation when the multiplier has blocks of ones. This is 

particularly true when the multiplier has long strings of ones or zeros in the most significant, indicating a small 

number of absolute value. The speed of the multiplication operation depends on the bit configuration of the 

multiplier, the efficiency of the booth algorithm is obviously dependent on the data. 

 

Booth Recoding and Similar Methods 

The Booth algorithm is based on the recoding of the multiplier and, to obtain the value recoded from the value, 

z, leaving the multiplying x, unchanged. In recoding both [5, 6, 7], each digit of the multiplier can acquire 

values negative values as well as positive values and zero values. There is a special notation, called encoding 

"signed digit" (SD) to express signed digits. In SD coding +1 and 0 are expressed as 1 and 0, but -1 is expressed 

as 1-. Equation (1) says that to obtain the value of a number signed in complement to two, the multiplication of 

the digit m-1simo by , and multiply each digit  by . For example, -5, which is1011 in complement 

notation to two, would be, in SD notation, 1-011 = -8 + 0 + 2 + 1 = -5. 

                                (1) 

 



VVoolluummee--99  ••  NNuummbbeerr--22                    JJuunnee  22001177--DDeecc  22001177                  pppp..  9911--9999        aavvaaiillaabbllee  oonnlliinnee  aatt          wwwwww..ccssjjoouurrnnaallss..ccoomm    

 

AA  UUGGCC  RReeccoommmmeennddeedd  JJoouurrnnaall                        Page | 92 
 

The Booth algorithm is sometimes called "skipping over 1s", where the some are replaced by zeros, asexplained 

below: 

Booth recoding procedure: 

1. We work from the least significant bit to the most significant bit, to replace each digit zero of the 

original number with a zero in the recoded number until a one it is found. 

2. When a one is found, a 1- is inserted into the position in the recoded number, and jump over all 

successions of ones until a zero is found. 

3. Replace this zero with a one and continue. 

 

Example: Recoding the integer 985. 

0 0 1 1 1 1 0 1 1 0 0 1 = 512+256+128+64+16+ 8+1 = 985 

↓ 

0 1 0 0 0 1-1 0 1-0 1 1-= +1024-64+32-8+2-1= 985 

This algorithm is expressed in table 1, considering pairs of numbers,  and and digit recorded  as 

shown: 

Table 1: Booth Recoding 

   value Situation 

0 0 0 0 Zero strings 

0 1 1 +1 End of chain 

1 0 1 -1 Start of string of 

1s 

1 1 0 0 Chain of 1s 

 

It is assumed that a zero is placed to the right of the least significant bit. Note that the coding can proceed in 

parallel. The most significant bit is considered as the sign of the number. If the sign bit is zero, then the recoding 

method remains unchanged, because the number is positive. If the sign bit is one, then should consider two 

cases, these being the last two of Table 1, in the first of the two cases where the most significant bits are 10, 

recoding is cleanly valid, because the recoded value of the most significant bit,  , is -1, as in equation 1. 

In the second case, a two-string has been found. More or less prior to one most significant where we must have 

found a zero, we get a right of the least significant. When this less significant one was found in the chain of 

ones, was replaced by 1-, and then no other sums are developed. This preserves the negative value of the 

numbers. So Table 1 is valid for ranges integers of numbers in complement to two. 

 

II. MULTIPLICATION PER LOOKUP TABLE 

Multiplication LUT (Look Up Table) 

The multiplication method in this section uses a random access memory) for local storage containing different 

versions of the multiplying. The operation of the multiplier is even faster than the standard technique but it is 

not as fast as the summing technique[8]. 

a) Three bit shift: The description of this approach is shown in Figure 2. 

It is assumed that there are two n-bit operands, multiplying A and multiplier B, where: 

            (2) 

            (3) 

The micro code loads the multiplier from the data bus into the n-bit register B which is also a displacement 

register with the ability to move three bit positions to the right in a single operation. The RAM contains eight 

words from n + 3 bits and is loaded either from the data bus or from the displacement. It requires a word length 

of n + 3 bits, because the input more high in RAM is multiplying by 7 or, in other words, multiplying × 111 (or 

a Product of n + 3 bits). 

The accumulator must be of sufficient length to accommodate the inputs of the RAM (n + 3 bits), the multiplier 

(n bits) must be of a word length in such a way that it is divisible by three since only eight words were stored in 

memory. For a multiplier of eight bits, the accumulator must be of a bit width of [(8 + 3) + (8) +1]. The adder 

must be of the same width as the accumulator and can be any implementation in parallel. The shift register is 

simply a string of multiplexers able to shift the outputs of the sum three bit positions to the right. 

            (4) 

The operation of the multiplication unit is controlled by a micro program and now described by 2 eight-bit 

operands. RAM location 0 is loaded all with zeros. The multiplying is charged into the accumulator (ACC) 

Figure 2 at positions 16- 19, with positions 19-17 and 8-0 containing zeros. 
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Figure 1: Block diagram of a multiplication using RAM 

 

 
Figure 2: Distribution of Accumulator (ACC) 

 

The positions 19-0 of the accumulator are connected to inputs B of positions 19-0 of the adder, the outputs 10-0 

of the RAM are connected to the positions 19-9 of the inputs A of the adder, with inputs 8-0 of A connected to 

logic zero. The zero bit of the outputs the RAM is the lowest order bit. The connections are shown in the Figure 

3. 

 

 
Figure 3: Interconnections between RAM, accumulator and adder 

 

The RAM localization0is added to the contents of ACC19-9 and stored in the Location1 of the RAM. The 

contents of location1 now contain the multiplying. The location1 of the RAM is added to the content of the 

ACC19-9 and stored in the Location2 of RAM, the content of this will now contain multiplying by two, This 

procedure continues according to the operation of equation (5). 

     (5) 

Until the locations of RAM 0-7 have been loaded with multiplying by zero to the multiplying by seven, 

respectively. The accumulator is reset to zero and the multiplier is loaded into register B. With the cycles now 

completed the calculation of multiplication can begin. 
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The three lowest order bits of the multiplier, b2b1b0, are applied to the lines of address, the three bits are chosen 

to address the RAM, because it requires that only eight addresses of RAM are used, so we need eight clock 

cycles to load the RAM. If the four low order bits of the multiplier were used to address 16 memory locations, 

we would require 16 clock cyclesto store the data in memory and this would increase the operating time of 

multiplication. Two bits of the multiplier address four have no appreciable advantage over other displacement 

and sum especially for small operands. The content of the RAM locations addressed by the three low-order bits 

of the multiplier is added to the contents of the accumulator (initially in zeros). Adder develops the following 

sum eq. (6) with a carry-in of zero during each cycle: 

    (6) 

Where the center point represents the concatenation, the next operation takes place immediately after the sum S 

which is formed at the output of the adder. 

                (7) 

The sum is shifted three bit positions to the right with the sign extended such that: 

         (8) 

And the displaced sum is stored inside the accumulator, according to the following operation eq. (9). 

     (9) 

The bits of the adder  are discarded during scrolling. The multiplier in register B is shifted three bit 

positions to the right and the above procedure is repeated until all three parts of the multiplier have been 

consumed. In the case of the 8-bit operands, register B requires an additional bit for the extension sign. This 

allows the number of bits of the multiplier to be divisible by three. 

 

III. MULTIPLICATION BY SCALABLE ACCUMULATOR 

The scalable accumulator multiplication [9] executes a multiplication operation using an iterative displacement 

and sum routine. One of the entries is presented by parallel while another is a serial bit input. Each bit in the 

serial input multiplies the input in parallel either by zero or by one. Parallel entry is it holds steadily as each bit 

of serial input is presented. 

Note that multiplication by one bit passes the parallel input unchanged or replaces all the input value by a vector 

of zeros. The result of each bit is added to a value accumulated value, where the accumulated value is shifted 

one bit to the left to again re-join with a new input value. 

The circuit is formed by an adder, a register that stores the final result and a N-1 bit shift register, together with 

an array of "AND" gates that control the data entry of multiplying, the multiplier being serial number is initially 

stored in a shift register at left as the first bits that multiply are the most significant for be able to perform a 

multiplication as shown in Figure 5. 

 
Figure 4: Scaling accumulator circuit                  Figure 5: Multiplication operation 89 by 13 

 

 

Unlike the shift and summation algorithm, this algorithm begins to perform the operation with the last partial 

product since this will be the first in going to the left and joining with a new product, while in serial input there 

is a one the multiplicand will appear and it will be added with the accumulated value and route, and if the input 

value is zero then the accumulated value will shift to the left to be added only with zeros, in this way partial 

products are generated until the final result that will be the product of our operation. 

 

IV. DISTRIBUTED ARITHMETIC 

Distributed arithmetic is a new bit-level array of a multiplication accumulated to decrease partial multipliers [10, 

11, 12, 13, 14]. This is one powerful technique to reduce the size of an accumulated hardware multiplication in 

which are used in FPGA designs. In most applications of accumulated multiplication in signal processing, one 

of the multiplicands per each product is constant. Usually each multiplication uses a different constant. Using 
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one of the most compact multipliers (scaling accumulator), we can build a parallel cumulative multiplication 

function with product terms in a relatively small space provided that one of theserial. In this case you can feed 

the multipliers with a single serialized data. Each multiple of that data by a single possible constant, and the 

result of the products is summed in an adder tree as shown in Figure 6. 

 

 
 

Figure 6: Parallel cumulative multiplication function 

 

If we consider that the scaling accumulator multiplier is really only a sum of vectors, then we can fix the circuit. 

Here the adder tree combines the partial products of a bit before they are accumulated by the scaling 

accumulator. A regrouping is done so as to add the partial products . Now Instead of individually 

accumulating each partial product and then adding up the results. 

 

V. SCALING ACCUMULATOR 

Unlike the "shift and sum" algorithm, only one of the operands stored in a shift register to the left since the other 

data is supplied continuously through an array of AND gates since depending on which data leaves the 

displacement register will be multiplying a bit by a constant operand. 

The shift register in which the data is stored, which is the multiplier, is consisting of an input where a binary 

word of 8 bits in length is loaded, counts with an output of a bit that multiplies to the constant data, in addition 

to three control bits, where LB allows to load (1 logical) the data in the register or to move it (logical 0) to get 

one bit at the output one enable bit (EB) and one sync bit (clk). 

The arrangement of gates allows a multiplication of a constant data to be performed and a serial bit string, at the 

output of the gate the output data is concatenated with a vector of zeros of an 8-bit length to form a new 16-bit 

vector where the most significant byte is the vector of zeros, and the least significant byte is the constant, this 

new data is introduced to a combinational 16-bit adder for to be added to a data from a 16-bit left-shift register 

of a similar operation to the first record since it also has three bits of control, the latter is connected to the output 

of the adder in a feedback this record will delay the data one clock cycle or shift the previous data to the left 

depending on the value at the output of the first shift register a the left, in this way the partial products will be 

added with a new data The output of the adder is also connected to a register called P which is where it will be 

the final result of the operation in a constant way, which has an input bus 16 bits controlled by a reset bit, an 

enable bit that will white content and a last sync bit clk. 

 

 

VI. SIMULATION RESULTS 

Within the fastest algorithms or those working at a high frequency scaling Acumulator, which uses the same 

methodology synchronous algorithms since it counts on a clock (clk), a signal of general habilitation "Reset" 

and a start signal from the "s" state machine, while "s" is zero the data of the multiplier is loaded in the shift 

register B by the enable the signal LB, when S = 1 the state machine switches to S2 where performs the 

operation in 8 clock cycles, the cycles necessary to evaluate the contents of the register B, if B = 0 then the state 

machine will switch to state S3 where the result of the operation is obtained at the "exit" of the register that 

stores the total of the multiplication, in addition to enabling the indicator (end of operation) with the signal 

"Done." 

In this last algorithm the operation process will always last 8 clock cycles, that this time depends on the word 

length of the data B and in this case a word of a length of 8 bits that will be moved one by one until the data B 

has remained at zero. 

Thanks to the simulations of the algorithms you can know which method is the most efficient and what are the 

conditions for certain methods to suppress more space or time of answer, the following analysis can now be 

made. 
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Figure 7: Pin diagram for booth multiplier 

 

 
Figure 8: RTL schematic of booth multiplier 
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Figure 9: Pin diagram for scaling accumulator 

 

 

 

 

 

 

 
Figure 10: RTL schematic of scaling accumulator 
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Figure 11: Pin diagram for LUT 

 

 
Figure 12: RTL schematic of LUT 
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Device utilization summary(Booth Algorithm) 

--------------------------- 

Selected Device : 3s1000fg320-5  

 Number of Slices:                        7  out of   7680     0%   

 Number of Slice Flip Flops:              2  out of  15360     0%   

 Number of 4 input LUTs:                 14  out of  15360     0%   

 Number of IOs:                          72 

 Number of bonded IOBs:                  72  out of    221    32%   

 Number of GCLKs:                         1  out of      8    12%   

 

Device utilization summary: (Accumulator multiplier) 

--------------------------- 

Selected Device : 3s1000fg320-5  

 Number of Slices:                        8  out of   7680     0%   

 Number of Slice Flip Flops:              2  out of  15360     0%   

 Number of 4 input LUTs:                 16  out of  15360     0%   

 Number of IOs:                          38 

 Number of bonded IOBs:                  38  out of    221    17%   

 Number of GCLKs:                         1  out of      8    12%   

 

 

VII. CONCLUSION 

 

If resource-intensive multipliers are required, can use algorithms like "Booth", "of displacement and sum", 

"LUT" and "Scaling Accumulator "and depending on the case can cover needs such as multipliers with positive 

and negative numbers, where leaders are the algorithms "LUT" and "Booth", although if the characteristics in 

response time of the memory, the "LUT" algorithm would provide a safe and constant performance, not so 

variable as the Booth. If only positive multiplications are performed and if it requires a multiplier, it is advisable 

to use the "Scaling Accumulator" algorithm since unlike the other sequential algorithms, it has a very short 

response time, 

it consumes few resources and its calculation time is constant. For techniques where the main objective is to 

reduce costs by consumption of resources is priority to eliminate consumption items and this is where indirect 

methods enter as "Distributed Arithmetic" ,whose main function is to suppress multipliers to free space. This 

way you can suppress spaces, reduce consumption of resources, meeting needs for speed and accuracy. 
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