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1 Introduction

In this Lab session, we focus on familiarizing the FPGA design �ow through implementing
the digital hardware circuit corresponding to the well known Booth's multiplication algo-
rithm on a Xilinx FPGA. The Booth's multiplication algorithm is commonly used in both
hardware and software for multiplying two binary numbers. One of the major advantages
of Booth's multiplication algorithm is the fact that it can equally operate on both positive
and negative numbers represented in 2's complement system, while most of the other
multiplication algorithms demand additional steps in handling negative numbers. Though
Booth's algorithm has several interesting aspects when implemented in software, the
hardware complexity and the maximum clock frequency at which the hardware imple-
mentation of the algorithm can be operated are approximately comparable to that of
any other sequential binary multipliers. Nevertheless, Booth's algorithm serves as an
interesting example in learning various aspects of FPGA design �ow. In this lab session,
we use verilog HDL for describing the hardware corresponding to the Booth's multiplier,
and we use Xilinx's `Vivado Design Suite' for functional veri�cation, hardware synthesis
and implementation of the multiplier on a Xilinx FPGA. As the limited time available for
this lab session may not be su�cient for developing and debugging the verilog code corre-
sponding to the Booth's multiplier, we provide the verilog codes required for synthesizing
the multiplier and the test bench codes required for functional veri�cation. These codes
can be directly used in Xilinx Vivado Design Suite to get familiarized with various steps of
FPGA design �ow such as functional veri�cation, synthesis etc. The procedure for using
these verilog codes in Xilinx Vivado Design Suite is included at the end of this report.

The rest of this document is organized as follows: Section 2 brie�y reviews the basic
combinational and sequential approaches for implementing binary multipliers. In section
3, we describe Booth's multiplication algorithm and discuss the verilog implementation of
the algorithm. Section 4 describes the procedures to be followed in using the verilog code
corresponding to the Booth's multiplier for functional veri�cation and hardware synthesis
using Vivado Design Suite.
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2 Binary Multipliers

Binary multipliers are extensively used in the digital implementation of signal processing
algorithms, ALUs etc. A binary multiplier takes two binary numbers as its input and
produces the binary number corresponding to the product of the inputs. As an example,
consider the multiplication of two binary numbers 0110 and 0011 which corresponds to the
multiplication of numbers 6 and 3 when represented in the decimal number system. As
in the case of multiplication of two numbers represented in the decimal number system,
the product of two binary numbers can be computed by using the traditional pencil and
paper approach given as,

0 1 1 0 � (M)
0 0 1 1 (R)
0 1 1 0 (P (0))

0 1 1 0 (P (1))
0 0 0 0 (P (2))

0 0 0 0 (P (3))
0 0 1 0 0 1 0 (P )

Table 1. Pencil and Paper Approach for Binary Multiplication

where, M and R denote the multiplicand and the multiplier respectively, P (0);P (1);P (2)

and P (3) denote the partial products, and, P denotes the desired product of M and R.
We can see that the result 10010 gives the binary representation of the product 6�3=18
as expected. A binary multiplier unit is the digital hardware implementation (possibly
in di�erent forms) of the multiplication procedure shown above. In the following, we
brie�y describe some of the common approaches for implementing a binary multiplier
unit. Though we have considered the case of multiplication of two 4 bit binary numbers
to describe some of the techniques, note that these methods can be trivially extended to
the case of multiplication of two n bit binary numbers for any non-zero integer value of n.

2.1 The Combinational Approach

The combinational approach computes each of the partial products P (0); P (1); P (2); :::;

P (n¡1) by using combinational digital circuits and adds them by using binary adders. The
combinational approach is shown in Figure 1. Each partial product P (i) can be computed
by using a set of AND gates as shown in Figure 2. The i-th partial product P (i) is shifted
to the left by i bits (zero padding by i bits on the right) before addition. Note that, due
to the shift operation applied to the partial products, each of the binary adders in Figure
1 can be implemented as an n bit full adder. We can observe from Table 1 that the shift
operation does not require any hardware circuitry as it can be implemented through
the appropriate selection of the input bits to be connected to the binary adders. The
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combinational approach for implementing an n bit binary multiplier requires n2 AND
gates (n¡ 1) number of n bit full adders.

Figure 1. RTL Schematic of Combinational Approach for Binary Multiplier.

Figure 2. Generation of Partial Products.

2.2 The Sequential Approach

The sequential approach for implementing binary multiplier utilizes sequential digital
circuits to compute a single partial product per clock. The partial product computed in
every clock is added to the sum of the partial products computed in the previous clocks.
The combinational approach for implementing binary multipliers can be seen as the `one-
shot' method, whereas, sequential approach can be interpreted as the `iterative' method.
The sequential approach for implementing a binary multiplier is shown in Figure 3. As
can be observed from Figure 3, in the i-th clock cycle, the sequential multiplier adds either
the multiplicand M or 0 with the most signi�cant n bits (left half) of the 2n bit product
shift register P . If the i-th bit Ri of the multiplier is 1, the multiplicandM is added with
the left half of the product register P , whereas, 0 is added when Ri=0. Hence, the select
input s of the MUX in the i-th clock cycle can be chosen as s=Ri. In every clock cycle, the
product register P is shifted to the right by 1 bit after addition. The sequential approach
uses an n bit 2: 1 MUX, n bit full adder and a 2n bit shift register for implementing the
binary multiplier.
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Figure 3. RTL Schematic of Sequential Approach for Binary Multiplier.

It can be observed that the combinational approach requires more hardware elements
when compared with the sequential approach. On the other hand, sequential multi-
plier requires n clock cycles to complete the multiplication, whereas, the combinational
approach is one-shot, which can be interpreted producing the result in a single clock
cycle. Hence, latency of the sequential approach is higher when compared with the com-
binational approach. As the combinational approach uses a large number of combinational
digital circuits in cascade, the delay (this is di�erent from latency) between input and
output is typically very high. On the other hand, the net delay (withing one clock cycle)
of the combinational elements used by the sequential approach is smaller when com-
pared to that of the combinational approach, and hence, the sequential approach can
be used in the systems which operate at higher clock frequency.

Note that the combinational and sequential approaches described above are the naive,
common techniques which demonstrate the two di�erent �avors of implementing binary
multipliers. These two approaches can be combined in several ways to develop a wide
variety of techniques for implementing binary multipliers, each having its own merits and
demerits. A detailed review of the wide spectrum of di�erent binary multiplier architec-
tures is beyond the scope of this report.

The combinational and sequential approaches described above address the case of multi-
plication of only the unsigned numbers. However, it is often desirable, especially in digital
signal processing algorithms, to have logic circuits capable of multiplying signed numbers
of both positive and negative values. The traditional method for representing signed
numbers in binary format is to use the 2's complement number system. Assuming that
a 2's complement system is used for representing both positive and negative numbers, a
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straightforward extension of the combinational and sequential approaches described above
to the the case of signed multiplications is to convert both the numbers (multiplicand
and multiplier) into positive values and separately keep a track of sign of the end result.
Another approach is to use sign extension in the computation of each of the partial
products and their sum. A more elegant method for multiplying signed numbers is Booth's
multiplication algorithm. In this lab session, we focus on booth's multiplication algorithm
and study the implementation of this algorithm on an FPGA using verilog HDL. Though
practical scenarios often necessitate the multipliers to be capable of positive and negative
numbers with both integer and fractional parts, we limit this implementation only to the
case of signed integer multiplications. The algorithm can be trivially extended to the
case of multiplication of �xed point numbers through an appropriate manipulation of
decimal point.

3 Booth's Algorithm

We consider the case of multiplication of signed integers represented in the 2's complement
system. The 2's complement binary representation system can represent all the integers
in the rage [¡2n¡1; 2n¡1¡ 1]. In our case, we study and implement Booth's algorithm for
multiplying two 8 bit signed numbers represented in 2's complement binary system which
can represent all the signed integers in the range [¡128;127]. However, the examples used
in this document to demonstrate Booth's algorithm address the case of multiplication of
4 bit signed binary numbers as it makes the descriptions more clear.

3.1 Algorithm

Let M and R be the n bit multiplicand and multiplier respectively. As in the case of
the sequential approach described in the previous section, Booth's algorithm recursively
updates a product register in each clock cycle. The product register is a 2n + 1 bit
shift register. During initialization (in the very �rst clock cycle), the rightmost (least
signi�cant) n bits of the the product register is �lled with the multiplier R. In each clock
cycle, Booth's algorithm checks a two bit binary sequence obtained by concatenating the
LSB (Least Signi�cant Bit) of the present binary value contained in the product register,
and the corresponding LSB of the product register value obtained in the previous clock
cycle, to determine the action to be carried out in the present clock cycle. Let LSBpres

denotes the present LSB, and LSBprev denotes previous LSB. In the very �rst clock
cycle, as we do not have the previous binary value of the product register, LSBprev

is initialized to 0. In any clock cycle, if fLSBpres ; LSBprevg = 00 or 11, the product
register is arithmetically shifted (shifting with sign bit) to the right by 1 bit. If fLSBpres ;

LSBprevg = 01, the n + 1 bit binary number A obtained by sign extending the n bit
multiplicand M by 1 bit is added with the leftmost n + 1 bits of the product register,
and the resulting n+ 1 bit sum is stored back to the leftmost n+ 1 bits of the product
register (please refer Figure 4). The product register is then arithmetically shifted to
the right by 1 bit. If fLSBpres ; LSBprevg = 10, the above procedure is carried out by
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replacing A with A
0
, where A

0
is the n + 1 bit 2's complement of A. In every clock

cycle, Booth's algorithm performs one of the three actions (depending on the values
of fLSBpres; LSBprevg) mentioned above and then moves to the next clock cycle. The
rightmost n bits of the product register obtained after the n-th clock cycle gives the
desired product. The overall procedure described above can also be carried out by using
n bit (instead of n + 1 bits) values for A and A

0
, and, 2n bit (instead of 2n + 1) value

for the product register, leading to the expected results for all the cases except when the
multiplicand M takes the least possible negative value, i.e., ¡2n¡1. The sign extension
mechanism described above is incorporated to make the multiplier capable of handling
any value between [¡2n¡1; 2n¡1¡ 1] for M and R. The RTL (Register Transfer Level)
diagram corresponding to the Booth's multiplication algorithm is shown in Figure 4.

Figure 4. RTL Schematic of Booth Multiplier

3.2 Example

Consider the multiplication ¡5 � 3, leading to a desired result of ¡15. Using 2's com-
plement binary system, ¡5 and 3 can be represented by using 4 bits as, M = 1011 and
R= 0011. The value of A (with 5 bits) can be obtained by applying 1 bit sign extension
on M , i.e., A = 11011. The value of A

0
is computed as the 2's complement of A, i.e.,

A
0
= 00101. Given A and A0, di�erent operations carried out by the Booth's algorithm

in n=4 di�erent clock cycles, leading to the expected result (¡15), are shown in Table 2.
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clk A A
0

Prod. Register LSBpres LSBprev Action
0 11011 00101 000000011 1 0 Add A

0

00101
001010011 shift

1 11011 00101 000101001 1 1 shift
2 11011 00101 000010100 0 1 Add A

11011
111000100 shift

3 11011 00101 111100010 0 0 shift
111110001

Table 2. Multiplication of -5 and 3 by using Booth's Algorithm

The binary value (with 2n+1=9 bits) of the product register after the third clock cycle
can be observed to be equal to 111110001. The desired result is the least signi�cant n
bits, i.e., 11110001. As eexpected, the result gives -15 in 2's complement form.

3.3 Verilog Implementation

In order to synthesize the Booth's algorithm in an FPGA, we have implemented the
algorithm as a verilog module shown in Figure 5.

Booth

Multiplier

Output

Valid

Product

clk

reset

enable

M

R

Figure 5. Verilog Module for Booth Multiplier

The input port reset is used to reset the module, whereas, the port clk supplies the
clock signal for the multiplier. The 8 bit input ports M and R are used to input the
multiplicand and multiplier respectively to the module. The input port enable is used to
start (enable) multiplication. The Booth multiplier module expects the multiplicand and
multiplier to be present while the enable signal is given. The enable signal is required to
be active only for one clock cycle, and it can be seen as the `start multiplication' signal for
the module. The module produces the desired product after 8 clock cycles and is available
at the output port named Product. The output valid signal goes high when the product
is ready and stays high until the next multiplication enable comes. The necessary verilog
�les required for implementing/testing the Booth multiplier will be given as a part of the
electronic materials supplied for the IEP participants.

The operation of the Booth multiplier module is implemented as a verilog state machine
shown in Figure 6.
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Figure 6. State Machine for Booth Multiplier Module

The state machine remains to be in the Idle state until it gets the multiplication enable
signal. If multiplication enable is high, state machine jumps to the Initialize state.
In the Initialize state, the Booth multiplier module initializes the values of A and
A
0
. The state machine jumps to the Multiply state on the next clock cycle when it is

in the Initialize state. In the Multiply state, the Booth multiplier module waits for
8 clock cycles, and performs various actions (please refer to the description of Booth's
algorithm given above) to be carried out in each of the clock cycles. A clock counter starts
incrementing in every clock cycle while being in the Multiply state, and the state machine
jumps to the Output state when the value of the counter is 8. Note that the multiplication
procedure will be completed in 8 clock cycles as our multiplicand and multiplier consist
of 8 bits. In the Output state, the Booth multiplier module makes the output valid
signal high to indicate that the product is ready, and copies the content of the product
register to the 16 bit Product signal. The state machine then jumps to the Idle state in
the next clock cycle and waits for the next multiplication enable signal. If a new multiply
enable signal comes before the completion of 8 clock cycles after a previous enable, the
state machine jumps to the Initialize state regardless of its present state and starts
processing the new request. In such a case, the previous multiplication which was not
completed will be dropped.

4 Implementation using Xilinx Vivado Design Suite

In this section, we describe the procedures to be followed in using the verilog code for
the Booth's multiplier in functionality veri�cation and hardware synthesis using Xilinx
Vivado Design Suite.
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4.1 Functional Veri�cation

In FPGA design �ow, functional veri�cation is used to make sure that the HDL code
developed for a speci�c hardware logic works as intended. The most common approach
used in functional veri�cation is to use a `test bench' code for simulating the inputs to
the HDL design and to verify the output of the design to make sure that it works as
expected. In our case, the test bench code will provide di�erent numbers as multiplicands
and multipliers at the input of the multiplier, and we can verify the product output from
the HDL module matches with the desired product values. Towards this end, we use
two verilog �les, namely, BoothMultiplier.v containing the verilog code for the Booth
Multiplier, and, tb_BoothMultiplier.v which corresponds to the test bench code for
simulating the multiplier inputs. Note that the test bench code is used only for simulating
the inputs to the HDL design targeting functional veri�cation, and is not used for synthe-
sizing the actual hardware. Though veri�cation of outputs corresponding to set of given
input values can be automated, in this session, we aim to verify the results manually by
observing output waveforms/timing diagrams. Di�erent steps to be followed in functional
veri�cation using Vivado Design Suite are given below.

1. Start Viavado Design Suite in your PC. You can see a window as shown below.

Figure 7.



2. Click Create New Project under Quick Start. You will get a window as shown
below.

Figure 8.



3. Click Next

Figure 9.



4. Enter the project name as `BoothMultiplierDesign' or any other name you wish.
Click Next.

Figure 10.



5. Make sure that the RTL Project is being selected under the Project Type. Click
Next. You will get a window as shown below.

Figure 11.



6. Click on Add Files. Navigate to the directory named `BoothMultiplierDesign'
saved on the desktop and select the verilog �le BoothMultiplier.v as shown
below. Click Ok.

Figure 12.



7. You can see the selected �le in the next window. Click Next.

Figure 13.



8. As show below, you will get window which asks to choose the speci�c FPGA device
to be used for this project. This options is irrelevant for the time being, so please
retain the default choice as it is. Click Next.

Figure 14.



9. You will now get a window as shown below. Click Finish to complete the steps
for creating the project.

Figure 15.



10. In the main window, you can see Design Sources under Project Manager.
You can see verify that the selected verilog �le BoothMultiplier.v appears under
Design Sources.

Figure 16.

11. Double click on the verilog �le to open it on the right side portion of the main
window. Now you can go through the verilog code for Booth Multiplier.

12. You can also see simulation sources immediately below the Design Sources



as shown below. Here, we have to add our test bench code which is used for
simulating/verifying the functionality of our Booth multiplier. Right click on sim-
ulation sources and click Add sources.

Figure 17.

13. You will get a window as shown below. Make sure that Add or Create Simula-
tions Sources is being selected. Click Next.

Figure 18.



14. You will get window as shown below. Click on Add Files to add our test bench
code.

Figure 19.

15. You will get a window for browsing the �les. As done before, navigate to the
directory `BoothMultiplierDesign' stored on the desktop, and select tb.v. Click
Ok.



Figure 20.

16. You will now come back to the main window of Vivado Design Suite. You can make
sure that the selected test bench �le tb.v appears under simulation sources.
Double click on tb.v to open it on the right side portion of the main window. You
can browse through the test bench code to see how it simulates di�erent inputs
given to the multiplier.

Figure 21.



17. On the left side pane of the main window, you can see several options like Project
Manager, IP Integrator, Simulation, RTL Analysis etc as shown below.
These are the various steps to be executed in the FPGA design �ow. However, in
this lab session, we will use only the Simulation, RTL Analysis and Synthesis
options.

Figure 22.

18. On the left pane, click on Run Simulation and then click Run behavioral



simulation to start functional veri�cation. You will get a window as shown below.

Figure 23.

19. You can see Green colored timing diagrams corresponding to various signals
included in our design. In our case, we are particularly interested in the values of
the multiplicand and multiplier, i.e., M and R, enable to the multiplier, output
valid, and the product output from the multiplier. At the bottom of the window,
immediately above Tcl Console, you can see a command prompt showing Type

a Tcl Command Here. Click on the prompt, type run 10000 ns, and Enter. This
will run the simulation for 10000 ns.

20. You can now see the timing diagrams corresponding signals upto 10000 ns. Please
check how the clock reset signals appear. In order to verify the functionality check
the value of M and R when enable is high. You can see that the output valid
signal goes high after 8 clock cycles. Please check that the value that appears on the



product output when valid goes high is equal to the desired product of M andR.

4.2 Hardware Synthesis

The �rst step in implementing a hardware design on FPGA after verifying its functionality
(functional veri�cation) is hardware synthesis. In the synthesis procedure, Vivado Design
Suite targets to interpret the hardware logic corresponding to the verilog code that we
have written. The synthesizing software, which in our case is Vivado, then converts the
HDL design into an RTL interpretation. This RTL interpretation is then fed to the
subsequent steps such as implementation, routing etc. of the FPGA design �ow. There
is a provision to verify the functionality of our design after each of these steps. As these
steps are rather time consuming, the focus of this lab session is only on the hardware
synthesis. The procedure for synthesizing our Booth multiplier are given below.

1. On the left pane of the main window of Vivado Design Suite, you can see the
Synthtesis option below RTL Analysis.

Figure 24.

2. Click Run Synthesis. The window shown below will appear. Click Ok.

Figure 25.



3. The synthesis procedure will take approximately 40-60 seconds. Wait for the syn-
thesis to �nish. You can the window shown below after the completion of synthesis.
Click Cancel.

Figure 26.

4. Now move again to the left pane of the main window, you can see an option named
RTL Analysis.

Figure 27.

5. Click on Schematic. You can see the synthesized hardware circuit on the right
side portion of the main window.
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