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Abbreviations

— DSP - Digital Signal Processing

— VHDL - VHSIC Hardware Description Language
— FPGA - Field-Programmable Gate Array

— LUT - Look-Up Table

— 10 - Input/Output

— HA- Half Adder

— FA - Full Adder

— WNS — Worst Negative Slack

— ALU- Arithmetic Logic Unit

— RTL - Register Transfer Level

Abstract:

This report presents the VHDL-based design, simulation, and evaluation of Braun
and Wallace Tree multipliers. Implemented on an FPGA, both designs are analyzed
for performance across delay, power usage, and hardware efficiency. Wallace Tree
consistently outperformed Braun in timing metrics, while Braun proved more
resource efficient highlighting architectural trade-offs.

Introduction:

Multipliers are key components in digital systems, used in many applications, such
as image processing, DSP, and raphy. As multiplication is more complex
than addition or subtraction, desigiszaefficient multipliers is crucial to improving
performance, reducing delays, and minimizing power consumption.

This report compares two architectures:

Braun’s Multiplier: A simple, array-based design that adds partial products
sequentially.

Wallace Tree Multiplier: A faster design that compresses partial products using a
tree of full and half adders.

Both designs are implemented in VHDL, simulated and synthesized using Xilinx
Vivado, and deployed on FPGA. Their performance is based on delay, power, and
hardware utilization [1].

Background Research:™\




Braun Multiplier

Introduced by B. Braun in 1973 [2], the Braun multiplier is an array-based
architecture for unsigned binary multiplication. It forms partial products using AND
gates and adds them row by row through a regular grid of adders. This structure is
simple, highly regular, and easy to implement in hardware, particularly in VLSI
design. However, because all partial products are summed sequentially, it results in
longer critical path delays as operand sizes grow [3]. Despite this, the Braun
multiplier is ideal for low-power, resource-constrained systems like embedded
microcontrollers, basic digital clocks, and calculator ICs.

Wallace Tree Multiplier

Developed by C. S. Wallace in 1964 [4], the Wallace Tree multiplier reduces critical
path delay by organizing partial products into layered stages of full and half adders.
This tree structure compresses additions in parallel, achieving logarithmic depth
relative to operand size [5]. It offers significantly fastef&Eformance than array-based
designs and is widely used in systems requiring high throughput, such as GPUs,
cryptographic accelerators, and telecom DSPs.

The Wallace Tree multiplier, developed by C.S. Wallace in 1964 [4], uses a layered
approach of adders to compress partial products in parallel, significantly reducing
critical path delays. It has become the preferred architecture in high-performance
DSP and cryptographic processors. Modern FPGA comparisons [5] confirm Wallace
Tree’s superior speed, especially under pipelined configurations, albeit with
increased logic utilization.

Hardware Description Language and FPGA Implementation

Both multiplier architectures are implemented in this study using VHDL. They are
simulated and synthesized using Vivado, targeting a Basys 3 FPGA board. Vivado
enables performance validation through simulation, resource analysis, and hardware
deployment.

Comparison Factors

+ This report compares both designs using the following criteria:
* Delay - Time to produce a final product

* Power Consumption - Efficiency during active use

« Resource Usage — FPGA utilization (LUTs, slices, 10s)

Table 1 below illustrates the key differences.




. Wallace Tree Notes
Braun Multiplier Multiplier
Delay Higher Lower Wallace Tree reduces
addition stages.
Power Lower Slightly Higher | Braun is more power-
Consumption efficient in basic designs.
Resource Lower Higher Wallace Tree uses more
Usage FPGA logic.
Application Basic, low-speed High-speed, Choice depends on required
Type systems performance- performance vs. resource
critical systems | limits.

Table 1 Comparison table of multipliers

Applications and Advantages of Multipliers:

Multipliers are widely used in various digital systems. They are essential in areas
that deal with high-speed calculations and large volumes of data. The choice of
multiplier architecture can directly affect the performance, efficiency, and reliability of

the system.

Braun multipliers are often used in simpler systems where regular structure and ease
of implementation are more important than speed. These are suitable for systems
like basic embedded devices, digital signal generators, and some image filtering
tasks where lower power and predictable delay are acceptable [6].

Wallace Tree multipliers are more suited for performance-critical applications.
Because of their ability to reduce the number of sequential addition stages, they are
ideal for use in high-speed digital signal processing (DSP), graphics processing units
(GPUs), and cryptographic hardware like RSA encryption engines [7].

Both are essential in FPGA workflows, where selecting the right architecture impacts
the system’s efficiency and scalability [8].

System Design Flow Chart/ pseudocode:

Visual tools such as flowcharts and pseudocode provide a clear overview of the
system design process by breaking down complex logic into manageable steps.
These representations help during development and debugging, especially when
mapping the logical structure to VHDL implementation.

Figure 1 shows the operational flow for the Braun multiplier, highlighting its
sequential handling of partial products. Figure 2 illustrates the Wallace Tree
approach, where partial products are reduced in parallel stages for faster processing.




Brauns Pseudocode

Start

Load A 8-bit input

Load B 8-bit input

Generate all partial products using AND gates
Align partial products according to bit significance
Use array of adders to sum the partial products
Output final 16-bit product

End.

QNGO AWN =

A simplified flow chart of the Braun operation displayed in figure 1.

S
I
\ Input A[7:0], B[7:0] l

1

Generate Partial
Products (AND Gates)

1

Arrange Partial Products
into an Array

|

‘ sequential Addition ‘

using Carry Adders

l

Combine Outputs to
Form Final Product

]

\ Output P[15:0]) l

]

‘//- END -\\
N J

Figure 1. Braun Multiplier Operation Flowchart

Wallace Tree pseudo code

Start

Load A 8-bit input

Load B-8-bit input

Generate all partial products using AND gates
Group partial products

Use full and half adders to reduce each group

L




7. Repeat reduction until only 2 rows remain
8. Add final two rows using carry adder

9. Output final 16-bit product

10.End.

Wallace tree flow chart of the operation displayed in figure.2.

‘\

( Start )

N l _/
Input A[7:0], B[7:0]

l

Generate Partial
Products (AND Gates)

l

Group Partial Products

l

Reduce Using Half and
Full Adders

|

Final Stage Addition

l

Output P[15:0]

|

- ™
\ S —

( END )
Figure 2. Wallace Tree Multiplier Operation Flowchart

Methodologies:

This project involved designing and evaluating two 8x8-bit unsigned binary
multipliers using VHDL and Vivado Design Suite, focusing on delay, power
consumption, and FPGA resource usage. Both designs accept two 8-bit inputs and
produce a 16-bit output.

Understanding VHDL and FPGA Design

VHDL is used to describe, simulate, and synthesize digital logic. A structural VHDL
approach was adopted in this project, using Full Adders (FAs) and Half Adders (HAs)
to better reflect physical hardware behavior. This method avoids abstraction and
provides full control over internal logic [9].

10




Design and Implementation Stages
The process was broken into five clear stages:
1. Initial Ladder Diagrams and Planning

Initial ladder-style diagrams were sketched to plan the logic layout for each multiplier.
These helped map partial products and adder arrangements before coding.

2. Component Design in VHDL

Basic building blocks — Full Adders and Half Adders — were implemented as

reusable VHDL components using port mapping. Thes imfigures 3
and 4.

library IEEE;
use IEEE.STD LOGIC 1164.ALL;

entity Fulladder is
Port ( A : in STD LOGIC;
B : in STD LOGIC;
C : in S'I'D_LDGIC;
S5 : out S'I'D_LDGIC;
COUT : out STD_LOGIC);
end Fulladder;

architecture gate_level of Fulladder is
begin
S end gate level;<= A XOR B XOR CIN:
COUT <= (A AND B) OR (CIN AND A) CR (CIN AND B);

Figure 3 VHDL Code of Full Adder Structure

library IEEE;
use IEEE.STD LOGIC 1164.RARLL;

entity Halfadder is
Port ( A : in STD LOGIC;
B : in STD_LOGIC;
5 out STD LOGIC:
COUT : out STD_LOGIC):
end Halfadder;

architecture gate_level of Halfadder is
begin

5 <= A XOR B;

COUT <= A AND B;
end gate_level;

Figure 4 VHDL Code of Half Adder structure

1




3. Multiplier Inplementation in VHDL

Both multipliers were designed in structural VHDL:

« Braun Multiplier uses sequential rows of FA and HA to add aligned partial

products.

+ Wallace Tree Multiplier compresses the products through parallel reduction

layers.

Both architectures were implemented using manual signal mapping, closely following

the architecture diagrams.
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Figure 5 Braun 8x8 Multiplier Algorithm™
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Algorithm a7bl abbl aSbl ad4bl a3bl a2bl albl albl SO
a7b2 abb2 aS5b2 ad4b2 a3b2 a2b2 alb2 alb2 S1
S8 57 56 S5 54 53 52
c7 Cé C5 c4 c3 c2 c1 co
a7b3 a6b3 a5b3 a4b3 a3b3 a2b3 alb3 alb3 SO
S16  S15 S§14 S13  S§12 S11 S10
C15 c14 Cc13 c12 c11 c10 c9 cs
a’b4 a6b4 aSb4 adb4 a3b4 a2b4 alb4 aOb4 S17
§24 523 S22 S21 S20 S19 si18
€23 C22 cC21 C20 C19 C18 C17 C16
a7b5 ab6b5 aS5b5 adb5 a3b5 a2b5 alb5 al0b5 525
532 531 530 S29 528 527 526
C31 C30 C29 cC28 (C27 cC26 «cC25 C24
a7b6 abb6 aSb6 adb6 a3b6 a2b6 alb6 alOb6 S33
S40 539 538 537 S36 S35 534
Cc39 c3s cC37 C36 €35 C34 C33 C32
a7b7 abb7 aSb7 ad4b7 a3b7 a2b7 alb7 alOb7 541
S48 S47 S46 S45 S44 543 542
C47 C46 C45 C44 C43 C42 C41  Ca0
C55 C54 C53 C52 C51 C50 c49 cas 549
S56 S55 S54 §53 Sb2 S51 S50 l

i S e Sl S S

|Wallace Tree 8x8 a7b0 a6b0 aSb0 ad4b0 a3b0 a2b0 alb0 alb0

P15 P14 P13 P12 P11 P10 P9 P8 P7 P6 P5 P4 P3 P2 P1 PO

Figure 6 Wallace Tree 8x8 Afgarr‘rhm\

4. Simulation and Testing

Each design was verified using custom testbenches in Vivado. Identical 8-bit input
values were used for both architectures to ensure consistency. The chosen test
cases represented a range of binary values to evaluate multiplier behavior under
low, medium, and high input conditions:

+ 08 x 05 (Low)

* AB x BA (Mid-range 1)
* AC x DC (Mid-range 2)
* FF x FF (High)

Results were checked to confirm correct 16-bit output generation for all cases.
5. FPGA Implementation and Performance Reporis

Post-simulation, both designs were synthesized for the Basys 3 board. Vivado
reports were used to analyze:

e Delay
+ Power consumption
+ Resource usage (LUTs, flip-flops, slices)

13




This data allowed a direct comparison between the Braun and Wallace designs
under the same conditions.
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Multipliers Block Diagram and Algorithms

Block diagrams were created to illustrate the architecture and logic flow of both the
Braun and Wallace Tree multipliers. They provide a clear overview of the data path
and internal structure used in each design, supporting VHDL development and
hardware implementation.

Braun Multiplier Block Diagram

The Braun multiplier uses an array-style structure consisting of AND gates, Half
Adders (HA) in green, and Full Adders (FA)in blue. It adds the partial products row
by row, aligning each according to its binary weight. This design makes it easier to
understand and implement in hardware but comes with higher propagation delay due
to the number of adder stages, as shown in Figure 7.

15




Figure 7 Braun Multiplier Block Diagram

16




Wallace Tree Multiplier Block Diagram

The Wallace Tree multiplier improves performance by reducing sequential additions.
Like Braun, it generates partial products with AND gates but compresses them using
layered Full and Half Adders. This reduces the critical path delay and boosts speed,
making it suitable for high-performance use cases, as shown in Figure 8.

Figure 8 Wallace Tree Multiplier Block Diagram
|
Algorithms

After outlining the high-level architecture of both multiplier designs, this section
demonstrates their logical functionality. The following truth tables show how each
multiplier processes binary inputs to generate a correct 16-bit product.

The Braun multiplier uses a sequential accumulation of partial products, while the
Wallace Tree uses a layered reduction approach to minimize delay. Table 2 below
shows the expected output.

Input A | Input B Expected

(Hex) | (Hex) | Product (Hex) HERFERIIY

08 05 0028 0000 0000 0010 1000
AB BA 7D56 0111 1101 0101 0110
AC DC 95A8 1001 0101 1010 1000
FF FF FEO1 1111 1110 0000 0001

Table 2 Expected out Values

17




VHDL Code:

Both multiplier designs were implemented using a modular VHDL approach for
clarity and reusability. The main components included:

o Half Adder — Produces a sum and carry from two input bits.
+ Full Adder — Adds two bits plus a carry-in.
¢ Multiplier Module — Arranged using either (Braun) or (Wallace).

Full VHDL code is provided in the Appendix.
9

Timing diagram & Schematic design:

Timing analysis is essential in digital system design. It determines how long data
takes to propagate through the circuit and sets the upper limit on the system's clock
frequency. The critical path, the longest combinational logic path from input to
output, limits overall performance.

To ensure accurate analysis, a virtual clock and I/O delay constraints were defined
in Vivado. This helped the tool detect the actual worst negative slack (WNS) and
validate design closure.

S . #

[ set_lnput_delay —clock wvirtual_clk -max 1.000 [get_ports Ar]
. set_input delay -clock wirtual clk -max 1.000 [get ports B*]
8 set_output_delay —clock wirtual_clk -max 2.000 [get_ports BV

1 set _max delay -from [get ports AY*] -to [get ports P*] 41.000
set_property IOSTANDARD LVCMOS33 [get_ports {A[7]}]
{ | set property IOSTANDARD LVCMOS33 [get ports [A[€]}]
S5 : set_property IOSTANDARD LVCMOS33 [get_ports {A[S5]}]

Figure 9 Constraint file defining a virtual clock and timing constraints used for critical path analysis.
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Braun Multiplier — Timing and Schematics

The Braun architecture uses a regular, layered structure of AND gates followed by
Full and Half Adders. This sequential approach increases the depth of logic and
leads to a longer critical path.

Figure 10 shows the synthesized schematic of the Braun multiplier, while Figure 11
highlights the critical path in red.

Due to its regular and arrayed layout, the Braun architecture accumulates delay
across several logic levels. This significantly increases the depth of the critical path.

Manual Delay Estimate:
The Braun multiplier includes 1 AND gate followed by an estimated 14 adder
stages.

1 ns (AND gate) + 14 x 2 ns (FA/HA) = 29 ns

Vivado reports a worst negative slack (WNS) of approximately 13.5 ns, shown in
figure 12 This shows that the critical path is shorter than the estimated, and all timing
constraints have been met, confirming that the design operates within its defined
clock period [10].

[
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Figure 10 Braun Schematic W\fado
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Figure 11Braun longest path

Setup Hold Pulse Width
Worst Megative Slack (WNS)  12.508 ns Worst Hold Slack (WHS): NA Worst Pulse Width Slack (WPWS):
Total Negative Slack (TNS): 0.000 ns Total Hold Slack (THS): NA Total Pulse Width Negative Slack (TPWS):
Number of Failing Endpoints: 0 Number of Failing Endpaints: NA Number of Failing Endpoints:
Total Number of Endpoints: 16 Total Number of Endpoints:  NA Total Number of Endpoints:

All user specified timing constraints are met.

Figure 12 Timing constrains worst negative slack Braun

NA
NA
NA
NA
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Wallace Tree Multiplier — Timing and Schematics

The Wallace Tree architecture improves speed by reducing the depth of its adder
stages. Partial products are grouped and reduced in a tree-like structure, allowing for
more parallel processing and fewer sequential delays.

The synthesized schematic is shown in Figure 13, and the critical path is highlighted
in red in Figure 14, clearly shorter than Braun’s.

Given that AND gate delay = 1ns
Full adder/half adder delay = 2ns

1 ns (AND gate) + 20 x 2 ns (FA/HA) =41ns

Manual delay estimation is trickier due to the irregular structure, but Vivado reports a
WNS of 6.09 ns (Figure 15), confirming the expected perfo%e advantage over
the Braun design [11].

Figure 13 Wallace Tree Schematic
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Design Timing Summary

Setup Hold Pulse Width
Worst Negalive Slack (WNS) 6080 ns Waorst Hold Slack (WHS) NA Worst Pulse Width Slack (WPWS) NA
Total Negative Slack (TNS). 0.000 ns Total Hold Slack (THS) NA Total Pulse Width Negative Slack (TPWS). NA
Number of Failing Endpoints: 0 Mumber of Failing Endpoints: NA MNumber of Failing Endpoints: NA
Total Number of Endpoints: 16 Total Number of Endpoints: NA Total Number of Endpoints NA

All user specified timing constraints are met.

Figure 15 Timing constrains worst negative slack Wallace

FPGA Design Screen Dumps with Pin Allocation:

The Braun Multiplier was successfully synthesized and implemented on the Basys 3
development board using Vivado. Inputs A and B (8-bit each) were mapped to
switches 0—15, while the 16-bit output was displayed using the onboard LEDs. All
timing constraints were met, and the hardware worked as expected.

Figure 16 shows the Vivado floorplan of the Braun design, displaying how logic
blocks were placed across the FPGA fabric.

Package

Figure 186 Vivado floorplan for the Braun Multiplier showing block placement across FPGA tiles.

Figure 17 presents the routing layout, confirming all logic interconnects were
correctly wired.
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Dovice

Figure 17 FPGA routing layout showing signal intercennections for the Braun Multiplier.

The resource utilization summary in Figure 18 shows the design used only 91 LUTs
and 32 |0s, indicating a low-resource footprint.

Summary
Resource Utilization Available Utilization %
LUT 87 20800 0.42
(o] 32 106 30.19
LUT 1
[v]
25 50 75 100
Utilization (%)

Figure 18 Brauns Resource utilization summary.

Figure 19 outlines the pin allocation for the multipliers.
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Figure 18 Pin allocation mapping inputs to switches and outputs to LEDs
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Figure 20 shows the Braun Multiplier running live on hardware, with LEDs confirming

output for FFxFF.

Figure 20 Braun Multiplier deployed on Basys 3 board with live output shown via LEDs (FFxFF).
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The Wallace Tree multiplier was also implemented on the Basys 3 board. Due to its
parallel architecture, internal logic blocks are more spread out. The Vivado floorplan
for Wallace is shown in Figure 21, and the routing layout is shown in Figure 22.

Package

2 13 14 15 16 17 18 19

Device

Figure 22 FPGA routing layout showing signal interconnections for the Braun Multiplier.

Figure 23 confirms similar resource usage to Braun (91 LUTs, 32 10s),
demonstrating that Wallace maintains efficiency despite higher complexity. Figure 24
shows the Wallace Tree running on hardware, displaying a live output from test case
08x05.
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Summary

Resource Utilization Available Utilization %
LuT 91 20800 0.44
10 32 106 3019
LUTH 1%
10 30%
k T T T T 1
0 25 50 75 100

Utilization (%)

Figure 23 Wallace Tree Resource Utilization Summary.

Figure 24 Wallace Tree Multiplier deployed on Basys 3 board with live output shown via LEDs (08x05).
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Figures 25 and 26 show the RTL schematics post-synthesis for Braun and Wallace
Tree, generated from their VHDL source. Braun's structure is regular and grid-like,

while the Wallace design is less uniform due to compression layers.

Iy

i

e
Fo—0 L]
= || ==t
PO = T

Figure 25 RTL schematic of Braun multiplier post-synthesis

Figure 26 RTL schematic of Wallace Tree multiplier post-synthesis
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Figure 27-41 presents Vivado's detailed delay report for the Braun multiplier. The

report confirms the highest propagation delays occur from input A to output P,
peaking above 21 ns consistent with the manual critical path estimate and explaining
Braun's slower timing performance [11].
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Figure 27 Detailed timing delay report for the Braun multiplier showing maximum and minimum propagation
delays across all output ports (Vivado)
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Figure 28 Detailed timing delay report for the Braun multiplier showing maximum and minimum propagation
delays across all output ports (Vivado)
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Figure 29 Detailed timing delay report for the Braun multiplier showing maximum and minimum propagation
delays across all output ports (Vivado)
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Figure 30 Detailed timing delay report for the Braun multiplier showing maximum and minimum propagation
delays across all output ports (Vivado)
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Figure 31Detailed timing delay report for the Braun multiplier showing maximum and minimum propagation
delays across all output ports (Vivado)
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Figure 32 Detailed timing delay report for the Braun multiplier showing maximum and minimum propagation
delays across all output ports (Vivado)
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Figure 33 Detailed timing delay report for the Braun multiplier showing maximum and minimum propagation
delays across all output ports (Vivado)

G am
D Am
D Am
C Am
O Am
O am
O am
b am
D am

arpm
{ P8
< Ppa)
{1 P10
4arpi
d P2
P13
<1 P4
4 Pps)

11.541
13.989
16.271
16.353
17.179
18.014
17.605
18.045
18.058

sLow
sLow
sLow
sLow
SLOW
sSLow
SLOwW
SLow
SLOW

3.587
3935
4.290
3.593
3.550
3112
2894
2749
2698

FAST
FAST
FAST
FAST
FAST
FAST
FAST
FAST
FAST

Figure 34 Detailed timing delay report for the Braun multiplier showing maximum and minimum propagation
delays across all output ports (Vivado)
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Figure 35 Detailed timing delay report for the Braun multiplier showing maximum and minimum propagation
delays across all output ports (Vivado)
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Figure 36 Detailed timing delay report for the Braun multiplier showing maximum and minimum propagation
delays across all output ports (Vivado)
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Figure 37 Detailed timing delay report for the Braun multiplier showing maximum and minimum propagation
delays across all output ports (Vivado)
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Figure 38 Detailed timing delay report for the Braun multiplier showing
maximum and minimum propagation delays across all output ports

(Vivado)
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Figure 39 Detailed timing delay report for the Braun multiplier showing maximum and minimum propagation
delays across all output ports (Vivado)
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Figure 40 Detailed timing delay report for the Braun multiplier showing
maximum and minimum propagation delays across all output ports

(Vivado)
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Figure 41 Detailed timing delay report for the Braun multiplier showing maximum and minimum propagation

delays across all output ports (Vivado)
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Simulation Results:

Functional simulations were carried out in Vivado to verify the correct functionality of
both the Braun and Wallace Tree multipliers. |dentical input values were applied to
both designs to ensure a fair and consistent comparison.

Each design was tested using a range of hexadecimal input pairs, covering low, mid,
and high values to ensure full functionality:

05 x 08— Low range

. AB x BA — Mid-range
. AC x DC - Mid-range
FF x FF — High range

L=

Waveform outputs were captured for each test case, and every result was verified
against the expected binary and hexadecimal products.

Figure 42 Braun8x8 Multiplier Lowest Value 08 x 05 = 0028
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Figure 43 Figure 43 Braun8x8 Multiplier Mid value 1 Braun AB x BA = 7c3e

Figure 44 Braun8x8 Multiplier Mid value 2 AC x DC= 93d0
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Figure 45 Braun8x8 Multiplier High Range value Braun FF x FF = fe01

Following on with Wallace Tree Multiplier Results.

Figure 46 Wallace tree Multiplier Lowest Value 08 x 05 = 0028
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Figure 47 Wallace tree Multiplier Mid Valve 1 AB x BA = 7c3e

e neEw

Figure 48 Wallace tree Multiplier Mid Valve 2 AC x DC = 93d0
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Figure 49 Wallace tree Multiplier High Value ff x ff = fe01

To summarise the simulation outcomes, the table below shows each test along with
the output status for both multipliers. All outputs were verified against the expected

result.

Sample |InputA (Hex)| InputB | Output | Braun |Wallace Tree
(Hex) (Hex) Result Result
Low 08 05 0028 Pass Pass
Mid 1 AB BA 7C3E Pass Pass
Mid 2 AC BA 93D0 Pass Pass
High FF FF FED1 Pass Pass

Table 3 Resuits of Simulation testing for both multipliers
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Comparison, analysis & Interpretation of results:

This section compares both multiplier designs — Braun and Wallace Tree — based
on simulation, manual timing calculations, Vivado synthesis reports, and hardware
testing. The aim is to see which one performs better overall and which is better
suited for specific use cases.

Time Analysis

Manually, the Braun multiplier has a longer critical path due to its sequential adder
structure:

1ns+ (14 x2ns) =29 ns

The Wallace Tree compresses partial products using a parallel structure, reducing
logic levels:

1ns+(7x2ns)=15ns

Vivado synthesis results supported these estimates:

Metric Braun Wallace Tree
Estimated Delay |29 ns 15ns
Vivado WNS 13.5ns 6.2 ns
Timing Closure | Harder Easier
Critical Path Sequential Tree
Type adders compression

Table 4 Timing Evaluation

Wallace Tree clearly performs better in terms of speed, making it ideal for high-
frequency or performance-critical systems.

42




Test Accuracy and Functionality

Both designs passed all four test samples on hardware using the same pin
configuration and testbench. Simulation waveforms and LED outputs matched

across all cases:

. 88 x 85
. AB x BA
. AC x DC
. FF x FF

B w N R

This confirms both architectures were functionally accurate in Vivado and in real

FPGA operation.

Design Efficiency and Use Case Comparison

Although Wallace Tree is faster, the Braun multiplier used slightly fewer resources
and consumed marginally less power making it more suitable for compact, low-

power applications [13].

Metric Braun Wallace Tree
LUTs Used 87 91
IYO Pins 32 32
Used
Total Power 0.080 W 0.084 W
Design Type Simple & Fast & parallel
compact
Best For Low-power apps High-speed
|__—togic

Table 5 LUT n
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These numbers reflect findings from [13], which also showed Wallace Tree
structures offering better delay performance at a slight cost in logic area especially
relevant in high-performance FPGA systems.

Interpretation of Power Utilization and LUTs:

To assess how each multiplier design performs in terms of FPGA resource usage
and power efficiency, Vivado was used to generate detailed reports covering power
breakdown and logic resource LUT utilization. Key comparisons include total power,
static vs dynamic distribution, and LUT demand.

Braun Multiplier — Power Breakdown

Vivado reported a total power of 0.080 W for the Braun multiplier. As shown in
Figure 50, the majority (89%) was static power, with minimal dynamic switching
activity. Only U.% was used for /0, suggesting efficient internal logic and
minimal togglin

Power analysis from Implemented netlist, Activity On-Chip Power

derived from constraints files, simulation files or 1% |

vectorless analysis L~ | Dynamic: 0.008W (11%

Total On-Chip Power: 0.08 W Signals: <0.001W

Design Power Budget: 2w Logic: <0.001W
89% 93% ole

Power Budget Margin: 1.92wW 1O: 0.008W

Junction Temperature: 254°C

Thermal Margin: 59.6°C (11.9W) Device Static: 0.072wW  (89%

Effective SJA: 5.0°CW

Power supplied to off-chip devices: 0W

Confidence level: Low

Launch Power Constraint Advisor to find and fix
invalid switching activity

Figure 50 Power Report for Braun Mulitiplier

The Braun design is quite low power overall, with 0.008 W used for I/O. This shows
that it's not doing any excessive toggling or complex switching logic internally.

Braun Multiplier — LUT Usage
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Figure 51 shows Braun used just 87 LUTs, which represents 0.42% of the available
20,800 on the Artix-7 FPGA. I/O usage was higher at 30%, due to 16 inputs and 16
outputs being mapped to switches and LEDs.

Summary
Resource Utilization Available Utilization %
LUT a7 20800 0.42
10 32 106 30.19
LUT 1%
10 30%
25 50 75 100
Utilization (%)

Figure 51 Braun Ulilization LUT

Overall, Braun is compact and resource-light ideal for low-power or constrained
environments.

Wallace Tree Multiplier - Power Breakdown

The Wallace Tree design consumed 0.084W as shown in figure 52, slightly higher
than Braun, with 1/O power rising to 0.011 W. This is expected due to its parallel
reduction stages, which increase switching activity and fan-out across deeper logic
layers. The architecture’s increased toggle rate leads to higher dynamic power
consumption, although it remains well within FPGA limits.

Despite the rise in dynamic power, the performance benefits of Wallace Tree,
especially in terms of timing, make it ideal for high-speed applications. Future
iterations could consider clock gating or operand isolation to reduce unnecessary
toggling and further optimize energy usage [12].

45




Summary

Power analysis from Implemented netlist. Activity On-Chip Power

derived from constraints files, simulation files or

vectorless analysis. 14% Dynamic: 0012w 14%

Total On-Chip Power: 0.084 W Signals: 0.001W

Design Power Budget: 2w Logic: <0.001W
86% 93%

Power Budget Margin: 1.916 W o 0.011W

Junction Temperature: 254°C

Thermal Margin: 59.6°C (11.9W) Device Stabc: ~ 0.072W  (86%

Effective JJA: 5.0°C/w

Power supplied to off-chip devices: 0W
Confidence level: Low

Launch Power Constraint Advisor to find and fix
invalid switching activity

Figure 52 Power Report Wallace Tree Multiplier

Despite the increase, the Wallace design remains efficient, staying well under the
2W FPGA limit.

Wallace Tree — LUT Usage

Summary
Resource Utilization Available Utilization %
LuT 91 20800 0.44
10 32 106 30.19
LUTH 1%
10 30%

F T T T T 1

0 25 50 75 100
Utilization (%)

Figure 53 Wallace Tree Resource utilization summary.

As seen in Figure 53, Wallace used 91 LUTs (0.44%), which is just 4 more than
Braun. I/O usage remained the same at 32 pins (30.19%). The slightly higher LUT
count supports the faster performance shown in previous timing analysis.

Side by side comparison table 5.

Metric Braun Wallace
Tree




Total Power (W) 0.080 0.084
I/O Power (W) 0.008 0.011
Static Power (W) 0.072 0.072
LUTs Used 87 91
LUT Utilisation % 0.42% 0.44%
1O Used 32 32
IO Utilisation % 30.19% 30.19%

Table 6 Power Report Comparison

From this, you can clearly see that both designs are light in terms of power and logic,
but the Braun edges ahead slightly for efficiency, while Wallace gives you that
performance boost at the cost of just a bit more resources further displayed in figure
54 below.

A SliceLUTs Slice LUTaslLogic BondedIOB

1
Nee (20800)  (3180)  (20800) (106)
BraunsMultiplier 87 27 87 32
N 0 ¢ SliceLUTs  Slice LUTasLogic BondedIOB
L (20800)  (8150)  (20800) (106)
Wallace_Tree 91 30 91 32

Figure 54 side by side comparison

Both designs use FPGA resources efficiently and meet power constraints. Braun is
better for simplicity and low-power use, ideal in embedded systems. Wallace Tree,
while slightly more power-hungry, offers superior timing thanks to its parallel
architecture. This tradeoff is justified in high-performance scenarios where speed
matters more than minor increases in logic or power use [12].

Details of testing and future improvements:

Hardware testing was conducted following simulation to verify the functionality of
both multipliers. A range of 8-bit binary input combinations were used during
simulation in Vivado, and the same values were applied in real-time on the Basys 3
FPGA board. The test conditions were kept identical across both designs.

Outputs were observed on the onboard LEDs, and each binary result matched the
expected product confirming that the logic was correct across both simulation and
hardware.
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Figure 55 below displays a collection of hardware testing results, showing successful
functionality for both architectures on the physical FPGA board

e A

Figure 55 Hardware test oulputs from the Basys 3 board for multiple 8x8 input combinations
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Future considerations

* Pipelining
Implementing pipelining in the Wallace Tree could reduce its critical path
delay further, allowing operation at higher clock frequencies. This would
improve throughput, especially for larger operand sizes or repetitive
operations.

* Power Reduction

Methods like clock gating or operand gating can lower dynamic power, which
is essential for low-energy or embedded designs.

+ Signed Operation Support
Adding support for signed multiplication (e.g., 2's complement) would allow
broader use in DSP, image processing, and control systems [13].

* Scalability
As operand width increases, the regularity of the Braun multiplier simplifies
design scaling, though at the cost of deeper adder chains. In contrast, the
Wallace Tree's complexity grows with additional stages, making routing and
timing closure more difficult.

¢ ALU Integration
These multipliers could be embedded within a fu
or integrated as part of a processor D{SEE)

The trade-off Comparison of Braun and Wallace Tree Multipliers is shown in Table 7.

Feature Braun Wallace Tree
Delay Higher Lower
Power Efficiency Better Slightly worse
FPGA Resource Lower Slightly higher
Usage
Scalability (Size) Easier to scale Complex to scale
Pipelining Support Limited benefit High benefit

Table 7 Comparison of Braun and Wallace Tree Multipliers
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Conclusion:

Both Braun and Wallace Tree multipliers were successfully implemented, simulated,
and tested on FPGA hardware. The Braun design offers simplicity, lower power, and
efficient resource usage, making it suitable for embedded or low-power applications.
Wallace Tree, though more complex, delivers significantly better timing performance
ideal for speed-critical systems.

The project highlighted how architectural design directly impacts power, timing, and
hardware utilization in FPGA workflows. Future work could explore signed
multiplication, pipelined versions for higher frequency operation, or integration into
full ALUs. Ultimately, the choice between these designs depends on system goals
Braun for efficiency, Wallace for performance. [11].
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Appendix

Brauns Code

1 library IEEE;
2 use IEEE.STD LOGIC 1164.ALL;

13 entity BraunsMultiplier is
14 Port ( A : in std_logic_vector (7 downto 0);
15 B : in std logic vector (7 downto 0);
P out std logic wvector (15 downto 0));

12 (2 end BraunsMultiplier;

architecture Behavioral of BraunsMultiplier is
signal ALBO : std_logic;

signal AOBl : std logic;

signal A2B0 : std logic;

24 signal AlBl : std logic;

signal Z0B std logic;

signal A3BO : std logic;

signal A2Bl : std logic;
signal A

signal A0

2 std_logic;
3 : std logic;

bR N R

Figure 56 Braun Code
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T T

Eszgnal
‘signal
isignal
‘signal
Esi:_mal
‘signal
\signal
Esiq‘nal
#ignal
‘signal
;aignal
E.!iqnul

signal C

isignal
signal
‘signal
Eslgnal
'signal
Esl:_mal
signal
Esigml
isignal
:signal
‘signal
Esignal
\signal
E.ugnnl
signal

signal C

‘signal
Eslgnal
signal
Esignal
‘signal
‘signal
'signal
signal
Esiqnal

'signal C

¢

: std logic:
: std_logic;

w O

&

: std_logic;
std_logic;
std_logic;
10 : std_logic:

wom O

3 : std_logic;
54 std_logic;
C10 : std logic;
511 : std logic;
: std_logic:
: std_logic:

: std_logic:

: std logic:

: std logic:
: std logie;
: std logi
: std_logic;
i std_logics
: std_logic;

: std_logic;
: std_logic;
: std_logic;
: std_logic;
: std_logic:
: std_logic:
: std logic;

: std_logic:

Ce : std logic;--F
57 : std logic;
Cl3 : std logic;
514 : std logic;

: std_logic;

: std_logic:

Figure 57 Braun code
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(e]elelelolololojolelololelolololololololololololololololololololololololololololololo]

RIBO <=
AOBL <=
A2BO <=
AIBL <=
A0B2 <=
EA3BO <=

AlBZ <=
A0B3 <=
A4BO <=
A3BL <=

AIB3 <=
AOB4 <=
RSB0 <
RA4BL <
AIB2 <=
A2B3 <=
A2BL <
RA1B4 <=
ROBS <=
R€BO <=
ASBL <=
A4B2 <=
2383 <=
A2B4 <=
R1BS <=
ROBE <=
ATBO <=
REBL <=
ASB2 <=
R4B3 <=
RIBL <=
AZBS <=
A1BE <=
ROBT <=
ATBL <=
R€B2 <=
ASB3 <=
R4B4 <=
A3BS <=
AZBE <=
RIBT <=

AL
a{0)
a(2)
AL
A{0)
A3

= h(2)

Al
a0
a4)
A(3)

= a(2)

A
A{0)
A(s)
Ag4)
a(3)
a(2)
aq2)
A
Ao
aA(e)
A(s5)
A(d)
a3
af2)
AL
A0
a(mn
a(e)
a(s)
ag4)
a(3)
af2)
AL
a0
am
a(e)
A(s)
Al8)
a(3)
af2)
AL

and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and

B(0):
B(L):
B(0):
B(l):
B(2):
B(O):
B(l):
B(2):
B(3):
B(O):
B(l):
B(2):
B(3):
B(4):
B(O):
B(Ly;
B(2);
B(3):
B(ly:
B(4):
B(5):
B(O):
B(l):
B(2);
B(3):
B4):
B(5):
B(6):
B(O):
B(l):
B(2):
B(3):
B(4):
B(5):
B(&):
B(T):
B(l):
B(2):
B(3):
B(4):
B(5):
B(€):
B(T):

Figure 58 Braun code
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Q 0 : B(0) <= A(0) and B(0):

EP] : Halfadder port map (A=>AlB0,B=>A0Bl,S=>P(l),COUT=>Cl);-

52_1 : Fulladder port map (A=>A2B0,B=>A1B1,CIN=>Cl,S=>52,COUT=>C2);
Halfadder port map (A=>R0B2 , B=>52 , S=>P(2) , COUT=>C9):

'53_1 : Fulladder port map (R=>R3B0 , B=b>A2Bl , CIN=>C2 , S=>53 , COUT=>C3):-
510 1 : Fulladder port map (A=>AlB2 , B=»>S3 , CIN=>C® , S=»510 , COUT=>Cl0):
P3 : Halfadder port map (A=>AOB3 , B=>SL0 , S=>P(3) , COUT=>Cl7);

54_1 : Fulladder port map (A=>R4BO0 , B=>A3Bl , CIN=>C3 , S=>54 , COUT=>C4);-
ES]l_l : Fulladder port map (A=>A2B2 , B=>54 , CIN=>Cl0 , S=>511 , COUI=>Cll);
518_1 : Fulladder port map (A=>A1B3 , B=>S1l , CIN=>Cl7 , 5=3>518 , COUT=>Cl8);:
EPQ : Halfadder port map (A=>A0B4 , B=>518 , S=>P(4) , COUT=>C25);:

ESS_l : Fulladder port map (A=>ASBO , B=>A4Bl , CIN=>C4 , S=>55 , COUT=>CS);-
512 1 : Fulladder port map (A=>A3B2 , B=>S5 , CIN=>Cll , S=3>512 , COUT=>C12):
: Fulladder port map (A=>A2B3 , B=>512 , CIN=>C18 , S=»519 , COUT=>Cl19):
: Fulladder port map (A=>AlB4 , B=>51% , CIN=>C25 , S5=>526 , COUT=>C2€);
: Halfadder port map (A=>AOBS , B=>526 , 5=>P(5) , COUT=>C33);

'56_1 : Fulladder port map (A=>A€BO , B=>ASBL , CIN=>CS , S=>S5¢ , COUT=>Cé);-
513_1 : Fulladder port map (A=>A4B2 , B=>S6 , CIN=>C12 , S=>S13 , COUT=>C13);
'520_1 : Fulladder port map (A=>A383 , B=>S13 , CIN=>C1% , S$=>520 , COUT=>C20):
527_1 : Fulladder port map (A=>A2B4 , B=>520 , CIN=>C26 , S=>527 , COUT=>C27):
'§34_1 : Fulladder port map (A=>AlBS , B=>S27 , CIN=>C33 , S=»§34 , COUT=>C3d);
PE : Halfadder port map (A=>AOB6 , B=>S34 , S=>P(€) , COUT=>C41):

: Fulladder port map (A=>ATBO , B=>AEBl , CIN=>Cé , S=>S7 , COUT=>C7);-
: Fulladder port map (A=>ASB2, B=>S7 , CIN=>C13 , S=>S14 , COUT=>Cl4):
: Fulladder port map (A=>A4B3 , B=>Sl4 , CIN=>C20 , S=»521 , COUT=>C21):
: Fulladder port mep (A=>A3B4 , B=>S21 , CIN=>C27 , 5=>528 , COUT=>C28):
: Fulladder port map (A=>A2BS , B=>S28 , CIN=>C34 , S=>S35 , COUT=>C35);:
: Fulladder port map (A=>AlBE , B=>S35 , CIN=>C4l , S=>542 , COUT=>C42):

: Halfadder port map (R=>AOB7 , B=>542 , S5=>P(7) , COUT=>C49):

ESK,]- : Halfadder port map (A=>AT7Bl , B=>C7 , 5=»58 , COUT=>(B):-
515_1 : Fulladder port map (A=>A6B2 , B=>38 , CIN=»Cl4 , S=>515 , COUT=>Cl15):
. i Fulladder port map (A=>ASB3 , B=>515 , CIN=>C2l1 , S5=»522 , COUT=>C22);
: Fulladder port map (R=>R4B4 , B=>522 , CIN=>C28 , 5=>52% , COUT=>C29):
: Fulladder port map (A=>A3B5 , B=>529% , CIN=>C35 , S=>536 , COUT=>C3€):
: Fulladder port map (A=>A2BE , B=>536 , CIN=>C42 , 5=>543 , COUT=>C43);
‘P2 : Fulladder port map (A=>A1B7 , B=>S43 , CIN=>C4% , S=>P(8) , COUTI=>CS50):

Figure 59 Braun code
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_1 : Fulladder port map (A=>A2B5 , B=>523 , CIN=>C34 , 5=>535 , COUT=>C35):
2_1 : Fulladder port map (AR=>AlB6é , B=>535 , CIN=>C4l , S5=>542 , COUI=>C42);
7 : Halfadder port map (A=>R0B7 , B=>542 , 5=>P(7) , COUT=>C49);

: Halfadder port map (A=>ATBl , B=>C7 , S=>58 , COUT=>(Cg);--P¢
: Fulladder port map (R=>AEB2 , B=»58 , CIN=>Cl4 , S=»515 , COUT=>C15);
: Fulladder port map (A=>ASB3 , B=»515 , CIN=>C21 5=»522 , COUT=x>C22);
: Fulladder port map (A=>A4B4 , B=>522 , CIN=>C28 , 5=>528% , COUT=>C29);
: Fulladder port map (A=>A3BS , B=>529 , CIN=>C35 , 5=>53¢ , COUT=>C3e);
1 : Fulladder port map (R=>AZBé , B=>336 , CIN=>C42 , 5=>543 , COUT=>C43);
: Fulladder port map (A=>AlB7 , B=>543 , CIN=>C49 , 5=>P(8) , COUT=>C50);

1 : Fulladder port map (A=>ATB2 , B=>C8 , CIN=>Cl5 , S=>51€ , COUT=>Cl€);
1 : Fulladder port map (A=>A6B3 , B=>516 , CIN=>C22 , 5=>523 , COUT=>C23);
1 : Fulladder port map (A=>ASB4 , B=>523 , CIN=>C2% , 5=>530 , COUT=>C30);
1 : Fulladder port map (A=>A4BS , B=>530 , CIN=>C3é , 5=>537 , COUT=>C37);
1 : Fulladder port map (R=>A3B6 , B=>S37 , CIN=>C43 , S=>S44 , COUT=>C44);
: Fulladder port map (A=>R2B7 , B=>544 , CIN=>C50 , 5=>P(%) , COUT=>C51);

: Fulladder port map (A=>A7B3 , B=>Clé , CIN=>C23 , 5=>524 , COUT=>C24);--Pi0
: Fulladder port map (A=>A6B4 , B=>524 , CIN=>C30 , 5=>531 , COUT=>C3l);
: Fulladder port map (A=>ASBS , B=>S31 , CIN=>C37 , S5=>538 , COUT=>C38);
: Fulladder port map (R=>R4Bé , B=»>538 , CIN=»>C44 , 5=>545 , COUT=»C45);
: Fulladder port map (A=>A3B7 , B=>545 , CIN=3CS51 , S=»>P(l0) , COUT=>C52):

: Fulladder port map (A=>ATB4 , B=>C24 , CIN=>C31 , S=>532 , COUT=>C32);
: Fulladder port map (A=>A€BS , B=>532 , CIN=>C38 , 5=>539 , COUT=>C39);
: Fulladder port map (R=>ASBE , B=>53% , CIN=>C45 , 5=>54€ , COUI=>CdE);
: Fulladder port map (A=>R4B7 , B=>546 , CIN=>C52 , S=>P(ll) , COUT=>C53);

: Fulladder port map (A=>ATBS , B=>C32 , CIN=>C39 , 5=>540 , COUT=>C40);--PiZ
: Fulladder port map (A=>AEBE , B=>S40 , CIN=>C46€ , S=>547 , COUT=>C47);:
2 : Fulladder port map (A=>ASB7 , B=>547 , CIN=>CS3 , S=>P(l2) , COUT=>CS4);

: Fulladder port map (A=>A7B6 , B=>C40 , CIN=>C47 , S=»S48 , COUT=>Cd8);--P13
3 : Fulladder port map (A=>A6éB7 , B=>§48 , CIN=>C54 , S=>P(13) , COUT=>CS5);

: Fulladder port map (A=>ATBT , B=>C48 , CIN=>CSS , S=>P(l4) , COUT=>CSE); -
: P(15) <= C56;--P15

end Behavioral;

Figure 60 Braun code
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Wallace Tree Code

8 library IEEE;
g use IEEE.STD LOGIC 1164.ALL;

11 entity Wallace_Tree is

12 Port (

: in STD_LOGIC_VECTOR(7 downto 0);
: in STD_LOGIC VECTOR(7 downto 0);
: out STD_LOGIC VECTOR(1S downto 0)

wow

16 ):
1 end Wallace Tree;

19 architecture Behavioral of Wallace_Tree is
1 component Full Adder is
2 Port (

: in STD_LOGIC;

IN : in STD_LOGIC;

B : in STD_LOGIC:

: out STD_LOGIC:
COUT :

out STD_LOGIC

(R S I I S R R R R

)i
end component :I

component Half_ Adder is
Port

: in STD_LOGIC:

: in STD_LOGIC;

: out STD LOGIC:

w W

Figure 61 Wallace Tree Code
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Figure 62 Wallace Tree Code
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fad2 :
fad3 :

h
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P —

Half Adder
Full_Adder
Full_Adder
Full Adder
Full_Adder
Full Adder
Full Adder
Half RAdder
Half_RAdder
Full_Adder
Full Adder
Full Adder
Full Adder
Full Adder
Full Adder
Full Adder

Half Adder
Full Adder
Full Adder
Full_Adder
Full_Rdder
Full Rdder
Full Adder
Full Adder
Half Adder
Full_Adder
Full_Adder
Full Adder
Full Adder
Full Adder
Full Adder
Full Adder

port
port
port
port
port
port
port
port

port
port
port
port
port
port
port
port

port
port
port
port
port
port
port
port

port
port
port
port
port
port
port
port

map (ALBO, AOBl, P(l), Cl);

map (A2B0, AlBl, A0B2, S2, C2);
map (A3B0, A2B1, AlB2, 53, C3):
map(R4BO, A3Bl, A2B2, S4, Cd):
map (RSB0, AdBl, A3B2, S5, C5):
map(R6B0, ASBl, RA4B2, S€, CE):
map(A7B0, A€Bl, ASB2, S7, C7):
map(A7Bl, A€B2, S8, C8):

map(52, Cl, P(2), C9):
map(S3, C2, AUB3, S10, Cl0):
map(S4, C3, AlB3, Sl1, Cll);
map(SS, C4, A2B3, S12, Cl12);
map(S€, €5, A3B3, 513, C13);
map(S7, CE, A4B3, 514, Cl4);
map(S€, C7, ASB3, 515, C15):
map (A7B2, C8, A€B3, SLE, ClE):

map (510, C9%, P(3), C17)s

map(Sll, Cl0, AOB4, Sl8, C18);
map(S12, Cll, AlB4, S1%, Cl8);
map(S13, Cl2, A2B4, 520, C20):
map(Sl4, C13, A3B4, S21, C21):
map(S15, Cl4, Ad4B4, 522, C22):
map(S16, CL5, ASB4, 523, C23);
map(A7B3, C16, R€B4, 524, C24);

map(Sl8, Cl7, P(4), C25):

map(S19, Cl8, AOBS, S26, C26):
map(S20, Cl9, AlBS, 527, C27):
map(S21, C20, A2BS, S28, C28);
map (S22, C21, A3BS, 529, C29);
map (523, €22, A4BS, 530, C30);
map(S24, €23, ASBS, S31, C31):
map (A7B4, C24, A€BS, 532, C32):

Figure 63 Wallace Tree Code
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ha4l :

fa42 : Full_Rdder por
fa43 : Full Adder por
fas4 : Full Adder por:

port map(Sl8, Cl17, P(4), C25):

map (519, Cl18, ROBS, 526, C2€);
map (520, C19, A1BS, 527, C27);
map (521, C20, A2BS, 528, C28);

o ot oot

£a45 : Full Adder port map(S22, C21, A3BS, 529, C29);
fa46 : Full Adder port map(S23, C22, A4BS, S30, C30);
£a47 : Full_Rdder port map(S24, C23, ASBS, S31, C31):
£a48 : Full Adder port map(A7B4, C24, A6BS, $32, C32):

port map(S26, C25, P(5), C33):

port map(S27, C26, ROB6, 534, C34):
port map(S28, €27, A1B6, S35, C35);
port map(S29, C28, RA2B6, S36, C36):
port map(S30, C29, A3B6, S37, C37);
port map(S31, C30, R4B&, S38, C38);
port map(S32, C31, ASB&, S39, C39);
port map (A7B5, C32, A6B&, 5S40, C40);

port map(S34, C33, P(€), C4l):

port map (S35, C34, ROB7, 542, C42);
port map(S36, C35, A1B7, 543, C43):
port map(S37, C3€, A2B7, 544, Cdd);
port map(S38, C37, A3B7, 545, C45);
port map(S3%, C38, A4B7, 546, C46);
port map (540, C39, ASB7, 547, C47);
POIT map *"ns ~en asma san maaus

Warning: Positional port connection in entity/modt

ha7l : Half_ Adder port map(S42, C4l, P(7), Cd49):

fa72 : Full_Adder port map(S43, C42, C49, P(8), C50);
£a73 : Full_Adder port map(S44, C43, CS0, P(9), C51):
fa74 : Full_Adder port map(S45, C44, CS51, P(10), C52);
£a75 : Full_Adder port map(S46, C45, €52, P(ll), C53);
£a7¢ : Full _Adder port map(S47, C46€, €S53, P(12), C54);

f£a77 : Full_Rdder port map (S48, C47, C54

P(13), CS5);

£a78 : Full Rdder port map(A7B7, C48, CSS5, P(14), P(15)):

end Behavioral;

Hardware LED Photos

Figure 64 Wallace Tree code
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Figure 66 AC x DC Hardware Image
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2220588- Electronic Il ACDA6001

GRADEMARK REPORT

FINAL GRADE GENERAL COMMENTS

/100

PAGE 1

PAGE 2

PAGE 3

PAGE 4

PAGE 5

PAGE 6

PAGE 7

Comment1 | = Engagement with literature(20)

It
will be helpful to start with the basic idea of binary multiplication and
explain logic circuits like full adder and half adder clearly.

Comment2 | = Engagement with literature(20)
Adding

more recent papers and doing a proper review of existing multiplier methods
will improve the quality.

PAGE 8

Comment3 | = Knowledge & Understanding(20)

More
in-depth explanation of the working process, signal flow, and technical
comparisons between the two multipliers would strengthen this section.

PAGE 9

Comment4 | = Engagement with literature(20)

The
inclusion of their applications and advantages are appreciable.




PAGE 10

PAGE 11

®

PAGE 12

Comment5 | & Practical Application (25)

Give more detail about port mapping.

®

PAGE 13

Comment6 | = Cognitive skills (20)

Brauns multiplier's Partial Product is neat and supports the explanation well.

®

PAGE 14

Comment7 | & Cognitive skills (20)

Wallace
multiplier's dot diagram is neat and supports the explanation well.

PAGE 15

PAGE 16

PAGE 17

®

PAGE 18

Comment8 | = Cognitive skills (20)

Architecture
diagrams for both Braun and Wallace are shown clearly with labels.

®

®

PAGE 19

Comment9 | = Knowledge & Understanding(20)

Basic
logic circuit explanation and diagrams for binary operations are missing.

Comment 10 | = Practical Application (25)

XDC file screenshots are seen, which is appreciable.

®

PAGE 20

Comment 11 | =# Practical Application (25)

Screenshots
like schematics, RTL diagrams, and 1/0 planning are provided is appreciable.

PAGE 21

®

Comment 12 | & Cognitive skills (20)

Critical path calculations for both designs are shown clearly.



PAGE 22

®

PAGE 23

Comment 13 | # Knowledge & Understanding(20)

Delay
diagrams for both designs are shown clearly.

PAGE 24

PAGE 25

®

PAGE 26

Comment 14 | & Practical Application (25)

Pin
assignments are seen which is appreciable.

PAGE 27

PAGE 28

PAGE 29

PAGE 30

®

PAGE 31

Comment 15 | = Practical Application (25)

The
report includes timing diagrams and some delay values, which show an effort to
analyse performance.

PAGE 32

PAGE 33

PAGE 34

PAGE 35

PAGE 36

PAGE 37

PAGE 38

PAGE 39

PAGE 40

PAGE 41

®

Comment 16 | & Practical Application (25)



Simulation
and hardware results are shown properly, which proves the design works.

PAGE 42
PAGE 43
[ Comment 17 | & Cognitive skills (20)
Comparison of Braun and Wallace multipliers is included for speed, power and
area which is excellent.
PAGE 44
@ Comment18 | E Cognitive skills (20)
The
report presents output performance analysis using parameters such as power, LUT
usage, speed, and area, which indicates that the designs were evaluated
thoroughly.
PAGE 45
PAGE 46
PAGE 47
PAGE 48
PAGE 49
, Comment 19 | & Cognitive skills (20)
The
future recommendations are well noted and show a good understanding.
PAGE 50
’ Comment20 | = Engagement with literature(20)
The
report makes an effort to refer to relevant sources, which shows awareness of
existing work in the field.
PAGE 51
’ Comment 21 | =& Transferable skills (15)
The
report is arranged nicely with clear sections.
PAGE 52
PAGE 53
PAGE 54

PAGE 55




PAGE 56

PAGE 57

PAGE 58

PAGE 59

PAGE 60

PAGE 61

GRADING FORM: UNTITLED

LUIS LLOYD 72.10

ENGAGEMENT WITH LITERATURE(20)

Assesses clarity of definition, technical explanation, advantages,
disadvantages, applications, and use of relevant references. Also
includes critical analysis, research gaps, and proper citation and
referencing.

y‘ Literature engagement is good, though some 1 2
references may lack full relevance. Analysis is
present but lacks depth in parts. Research gaps
are acknowledged but not thoroughly explored.
Citations are generally correct, with a few
inconsistencies. Source variety is adequate.

KNOWLEDGE & UNDERSTANDING(20)

This section evaluates understanding of binary multiplication,
multiplier architectures, logic design, and adders. It also includes key
concepts like power efficiency, delay path, LUTs, and slack, reflecting
application of core engineering principles.

y’ Good basic understanding. Binary multiplication, 1 3
component usage, and architecture explanations
are mostly accurate, but some technical details



(e.g., slack or LUTs) may lack depth. Applies
general engineering knowledge with limited
reference to broader context.

COGNITIVE SKILLS (20)

This section includes analysis of design structures, performance
interpretation, and comparison of results using appropriate
techniques. Emphasis is placed on understanding technical
relationships, interpreting data, and drawing meaningful conclusions
with supporting evidence such as calculations, graphs, and
recommendation

y‘ Shows strong analytical ability. Most design 1 5 5
analyses are accurate, with logical interpretation .
of delay and performance parameters. Graphs or
comparisons support conclusions well. Minor
details may lack depth, but overall
recommendations and insights are valid and
technically sound.

PRACTICAL APPLICATION (25)

This section assesses the practical skills in VHDL implementation, port
mapping, FPGA pin assignment, simulation, and hardware proof. It also
includes synthesis, applying XDC constraints, and interpreting reports
on LUTs, power, delay, and timing, reflecting effective tool usage.

y‘ Very good execution of practical tasks. VHDL code 21 1
is functionally sound; Simulation and hardware o
outputs are included. FPGA synthesis and report
handling are well managed. Constraints are
applied with general accuracy.

TRANSFERABLE SKILLS (15)

This section evaluates the ability to communicate work clearly and
effectively. It covers report writing, clarity of diagrams, structured
presentation, and appropriate use of screenshots. It also assesses how
well findings are explained, the accuracy with which procedures are
followed, and how results are summarised. Communication should be




suited to both technical and non-technical audiences, demonstrating
professionalism and clarity.

y‘ Very good communication. Report is coherent and 1 0 5
includes clear diagrams and screenshots. Findings .
are explained well and structure is mostly
consistent. Procedural accuracy and summary are
evident. Minor improvements could be made in
tailoring language for diverse audiences.



