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[bookmark: _Toc1744483807]Abstract:
This report presents the design, simulation, and analysis of two multiplier architectures Braun and Wallace Tree using VHDL and FPGA implementation. Their performance is evaluated based on computational delay, power usage, and resource efficiency. A critical comparison highlights the strengths and limitations of each, with recommendations provided to improve speed and overall design efficiency.
[bookmark: _Toc548388401]Introduction:
Multipliers are key components in digital systems, used in many applications, such as image processing, DSP, and cryptography. As multiplication is more complex than addition or subtraction, designing efficient multipliers is crucial to improving performance, reducing delay, 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 compared based on delay, power, and hardware utilization [1].
[bookmark: _Toc665942320]Background Research:
[bookmark: _Toc536026580]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.
[bookmark: _Toc1051914059]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 faster performance than array-based designs and is widely used in systems requiring high throughput—such as GPUs, cryptographic accelerators, and telecom DSPs.
[bookmark: _Toc108029437]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.
[bookmark: _Toc376095829]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, IOs)

Table 1 below illustrates the key differences.
	
	Braun Multiplier
	Wallace Tree Multiplier
	Notes

	Delay
	Higher
	Lower
	Wallace Tree reduces addition stages.

	Power Consumption
	Lower
	Slightly Higher
	Braun is more power-efficient in basic designs.

	Resource Usage
	Lower
	Higher
	Wallace Tree uses more FPGA logic.

	Application Type
	Basic, low-speed systems
	High-speed, performance-critical systems
	Choice depends on required performance vs. resource limits.


[bookmark: _Toc196289201]Table 1 Comparison table of multipliers
[bookmark: _Toc819306925]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].
[bookmark: _Toc28750791]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.
[bookmark: _Toc1089781024]Brauns Pseudocode 

1. Start
2. Load A 8-bit input
3. Load B 8-bit input
4. Generate all partial products using AND gates
5. Align partial products according to bit significance
6. Use array of adders to sum the partial products
7.  Output final 16-bit product
8. End.

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

[image: ]
[bookmark: _Toc196288201]Figure 1. Braun Multiplier Operation Flowchart

[bookmark: _Toc2118824649]Wallace Tree pseudo code 
1. Start 
2. Load A 8-bit input
3. Load B-8-bit input
4. Generate all partial products using AND gates
5. Group partial products
6. Use full and half adders to reduce each group
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. 
[image: ]
[bookmark: _Toc196288202]Figure 2. Wallace Tree Multiplier Operation Flowchart
[bookmark: _Toc993919783]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.
[bookmark: _Toc759763241]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].
[bookmark: _Toc697032476]Design and Implementation Stages
The process was broken into five clear stages:
[bookmark: _Toc1062718657]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.
[bookmark: _Toc901495631]2. Component Design in VHDL
Basic building blocks — Full Adders and Half Adders — were implemented as reusable VHDL components using port mapping. These can be shown in figures 3 and 4. 
[image: ]
[bookmark: _Toc196288203]Figure 3 VHDL Code of Full Adder Structure
[image: ]
[bookmark: _Toc196288204]Figure 4 VHDL Code of Half Adder structure

[bookmark: _Toc451442324]3. Multiplier Implementation 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.
[image: ]
[bookmark: _Toc196288205]Figure 5 Braun 8x8 Multiplier Algorithm
[image: ]
[bookmark: _Toc196288206]Figure 6 Wallace Tree 8x8 Algorithm
[bookmark: _Toc1116216639]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 × 05 (Low)
 • AB × BA (Mid-range 1)
 • AC × DC (Mid-range 2)
 • FF × FF (High)
Results were checked to confirm correct 16-bit output generation for all cases.
[bookmark: _Toc527689863]5. FPGA Implementation and Performance Reports
Post-simulation, both designs were synthesized for the Basys 3 board. Vivado reports were used to analyze:
· Delay
· Power consumption
· Resource usage (LUTs, flip-flops, slices)
This data allowed a direct comparison between the Braun and Wallace designs under the same conditions.




[bookmark: _Toc1668696152]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.
[bookmark: _Toc1728128230]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.
[image: ]
[bookmark: _Toc196288207]Figure 7 Braun Multiplier Block Diagram

[bookmark: _Toc1967076481]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.
[image: ]
[bookmark: _Toc196288208]Figure 8 Wallace Tree Multiplier Block Diagram	
[bookmark: _Toc1961831088]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 outputs. 
Table 2
	Input A (Hex)
	Input B (Hex)
	Expected Product (Hex)
	Binary Output

	08
	05
	0028
	0000 0000 0010 1000

	AB
	BA
	7D56
	0111 1101 0101 0110

	AC
	DC
	95A8
	1001 0101 1010 1000

	FF
	FF
	FE01
	1111 1110 0000 0001


Table 2 Comparison table of multipliers 
[bookmark: _Toc1076446432]VHDL Code:
Both multiplier designs were implemented using a modular VHDL approach for clarity and reusability. The main components included:
· 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.
[bookmark: _Toc1382761747]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.
[image: ]
[bookmark: _Toc196288209]Figure 9 Constraint file defining a virtual clock and timing constraints used for critical path analysis.

[bookmark: _Toc2038618866]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 × 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].

[image: ]
[bookmark: _Toc196288210]Figure 10 Braun Schematic Vivado
[image: ]
[bookmark: _Toc196288211]Figure 11Braun longest path
[image: ]
[bookmark: _Toc196288212]Figure 12 Timing constrains worst negative slack Braun

[bookmark: _Toc686155230]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 × 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 performance advantage over the Braun design [11].
[image: ]
[bookmark: _Toc196288213]Figure 13 Wallace Tree Schematic

[image: ]
[bookmark: _Toc196288214]Figure 14 Wallace Tree Longest Path
[image: ]
[bookmark: _Toc196288215]Figure 15 Timing constrains worst negative slack Wallace
[bookmark: _Toc1030163956]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.
[image: ]
[bookmark: _Toc196288216]Figure 16 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. 
[image: ]
[bookmark: _Toc196288217]Figure 17 FPGA routing layout showing signal interconnections for the Braun Multiplier.

The resource utilization summary in Figure 18 shows the design used only 91 LUTs and 32 IOs, indicating a low-resource footprint.
[image: ]
[bookmark: _Toc196288218]Figure 18 Brauns Resource utilization summary.
Figure 19 outlines the pin allocation for the multipliers. 

 [image: ]
[bookmark: _Toc196288219]Figure 19 Pin allocation mapping inputs to switches and outputs to LEDs
Figure 20 shows the Braun Multiplier running live on hardware, with LEDs confirming output for FF×FF.
[image: ]
[bookmark: _Toc196288220]Figure 20 Braun Multiplier deployed on Basys 3 board with live output shown via LEDs (FFxFF).
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.
[image: ]
[bookmark: _Toc196288221]Figure 21 Vivado floorplan for the Wallace Tree
[image: ]
[bookmark: _Toc196288222]Figure 22 FPGA routing layout showing signal interconnections for the Braun Multiplier.
Figure 23 confirms similar resource usage to Braun (91 LUTs, 32 IOs), 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.
 
[image: ]
[bookmark: _Toc196288223]Figure 23 Wallace Tree Resource Utilization Summary.
[image: ]
[bookmark: _Toc196288224]Figure 24 Wallace Tree Multiplier deployed on Basys 3 board with live output shown via LEDs (08x05).
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.

[image: ]
[bookmark: _Toc196288225]Figure 25 RTL schematic of Braun multiplier post-synthesis
[image: ]
[bookmark: _Toc196288226]Figure 26 RTL schematic of Wallace Tree multiplier post-synthesis
 
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].

[image: ]
[bookmark: _Toc196288227]Figure 27 Detailed timing delay report for the Braun multiplier showing maximum and minimum propagation delays across all output ports (Vivado)
[image: ]
[bookmark: _Toc196288228]Figure 28 Detailed timing delay report for the Braun multiplier showing maximum and minimum propagation delays across all output ports (Vivado)
[image: ]
[bookmark: _Toc196288229]Figure 29 Detailed timing delay report for the Braun multiplier showing maximum and minimum propagation delays across all output ports (Vivado)
[image: ]
[bookmark: _Toc196288230]Figure 30 Detailed timing delay report for the Braun multiplier showing maximum and minimum propagation delays across all output ports (Vivado)
[image: ]
[bookmark: _Toc196288231]Figure 31Detailed timing delay report for the Braun multiplier showing maximum and minimum propagation delays across all output ports (Vivado)
[image: ]
[bookmark: _Toc196288232]Figure 32 Detailed timing delay report for the Braun multiplier showing maximum and minimum propagation delays across all output ports (Vivado)
[image: ]
[bookmark: _Toc196288233]Figure 33 Detailed timing delay report for the Braun multiplier showing maximum and minimum propagation delays across all output ports (Vivado)
[image: ]
[bookmark: _Toc196288234]Figure 34 Detailed timing delay report for the Braun multiplier showing maximum and minimum propagation delays across all output ports (Vivado)
[image: ]
[bookmark: _Toc196288235]Figure 35 Detailed timing delay report for the Braun multiplier showing maximum and minimum propagation delays across all output ports (Vivado)
[image: ]
[bookmark: _Toc196288236]Figure 36 Detailed timing delay report for the Braun multiplier showing maximum and minimum propagation delays across all output ports (Vivado)
[image: ]
[bookmark: _Toc196288237]Figure 37 Detailed timing delay report for the Braun multiplier showing maximum and minimum propagation delays across all output ports (Vivado)
[image: ][bookmark: _Toc196288238]Figure 38 Detailed timing delay report for the Braun multiplier showing maximum and minimum propagation delays across all output ports (Vivado)

[image: ]
[bookmark: _Toc196288239]Figure 39 Detailed timing delay report for the Braun multiplier showing maximum and minimum propagation delays across all output ports (Vivado)
[image: ][bookmark: _Toc196288240]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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[bookmark: _Toc196288241]Figure 41 Detailed timing delay report for the Braun multiplier showing maximum and minimum propagation delays across all output ports (Vivado)

[bookmark: _Toc1024066927]Simulation Results:
Functional simulations were carried out in Vivado to verify the correct functionality of both the Braun and Wallace Tree multipliers. Identical 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:
1.  05 x 08– Low range
2. AB × BA – Mid-range
3. AC × DC – Mid-range 
4. FF × FF – High range
Waveform outputs were captured for each test case, and every result was verified against the expected binary and hexadecimal products.

[image: ]
[bookmark: _Toc196288242]Figure 42 Braun8x8 Multiplier Lowest Value 08 x 05 = 0028
 

[image: ]
[bookmark: _Toc196288243]Figure 43 Figure 43  Braun8x8 Multiplier Mid value 1 Braun AB x BA = 7c3e


[image: ]
[bookmark: _Toc196288244]Figure 44 Braun8x8 Multiplier Mid value 2 AC x DC= 93d0
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[bookmark: _Toc196288245]Figure 45 Braun8x8 Multiplier High Range value Braun FF x FF = fe01

Following on with Wallace Tree Multiplier Results.

[image: ]
[bookmark: _Toc196288246]Figure 46 Wallace tree Multiplier Lowest Value 08 x 05 = 0028
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[bookmark: _Toc196288247]Figure 47 Wallace tree Multiplier Mid Valve 1 AB x BA = 7c3e

[image: ]
[bookmark: _Toc196288248]Figure 48 Wallace tree Multiplier Mid Valve 2 AC x DC = 93d0
 

[image: ]
[bookmark: _Toc196288249]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
	Input A (Hex)
	Input B (Hex)
	Output (Hex)
	Braun Result
	Wallace Tree
Result

	Low 
	08
	05
	0028
	 Pass
	 Pass

	Mid 1
	AB
	BA
	7C3E
	 Pass
	 Pass

	Mid 2
	AC
	BA
	93D0
	Pass
	Pass

	High
	FF
	FF
	FE01
	Pass
	Pass


[bookmark: _Toc196289202]Table 3 Results of Simulation testing for both multipliers
[bookmark: _Toc1060970437]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.
[bookmark: _Toc588830163]Time Analysis
Manually, the Braun multiplier has a longer critical path due to its sequential adder structure:
1 ns + (14 × 2 ns) = 29 ns
The Wallace Tree compresses partial products using a parallel structure, reducing logic levels:
 1 ns + (7 × 2 ns) = 15 ns
Vivado synthesis results supported these estimates:
	Metric
	Braun
	Wallace Tree

	Estimated Delay
	29 ns
	15 ns

	Vivado WNS
	13.5 ns
	6.2 ns

	Timing Closure
	Harder
	Easier

	Critical Path Type
	Sequential adders
	Tree compression


[bookmark: _Toc196289203]Table 4 Timing Evaluation
Wallace Tree clearly performs better in terms of speed, making it ideal for high-frequency or performance-critical systems.

[bookmark: _Toc90256961]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:
1. 08 × 05
2. AB × BA
3. AC × DC
4. FF × FF
This confirms both architectures were functionally accurate in Vivado and in real FPGA operation.

[bookmark: _Toc616230562]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

	I/O Pins Used
	32
	32

	Total Power
	0.080 W
	0.084 W

	Design Type
	Simple & compact
	Fast & parallel

	Best For
	Low-power apps
	High-speed logic


[bookmark: _Toc196289204]Table 5 LUT Comparison
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.
[bookmark: _Toc96780415]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.
[bookmark: _Toc12076016]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 0.008 W was used for I/O, suggesting efficient internal logic and minimal toggling.
[image: ]
[bookmark: _Toc196288250]Figure 50 Power Report for Braun Multiplier
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.

[bookmark: _Toc1090565858]Braun Multiplier – LUT Usage

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.
[image: ]
[bookmark: _Toc196288251]Figure 51 Braun Utilization LUT
Overall, Braun is compact and resource-light ideal for low-power or constrained environments.

[bookmark: _Toc5595080]Wallace Tree Multiplier – Power Breakdown
Figure 52 displays the Wallace Tree’s power report. It consumed slightly more, at 0.084 W, with a small increase in dynamic power. I/O power rose to 0.011 W, showing marginally more activity compared to Braun, likely due to deeper logic paths and switching.
[image: ]
[bookmark: _Toc196288252]Figure 52 Power Report Wallace Tree Multiplier
Despite the increase, the Wallace design remains efficient, staying well under the 2W FPGA limit.
[bookmark: _Toc2015211566]Wallace Tree – LUT Usage
[image: ]
[bookmark: _Toc196288253]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%

	IO Used
	32
	32

	IO Utilisation %
	30.19%
	30.19%


[bookmark: _Toc196289205]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.
[image: ]
[bookmark: _Toc196288254]Figure 54 side by side comparison

Both multiplier designs are resource-efficient and stay well within FPGA constraints. Braun has the edge for simplicity and low power, while the Wallace Tree achieves superior timing at a small cost in power and logic usage. Wallace Tree consistently trades a small increase in LUT usage for better performance [12].
[bookmark: _Toc1653082280]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.

Figure 55 below displays a collection of hardware testing results, showing successful functionality for both architectures on the physical FPGA board
[image: ]
[bookmark: _Toc196288255]Figure 55 Hardware test outputs from the Basys 3 board for multiple 8x8 input combinations
[bookmark: _Toc1903578097]Future considerations 
· Pipelining
 Introducing pipeline stages in the Wallace Tree can reduce critical path delay and allow for higher clock speeds, improving overall system throughput.
· 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
 Implementing VHDL generics would allow the multiplier bit-width to be scaled easily, increasing versatility across different applications.
· ALU Integration
 These multipliers could be embedded within a full Arithmetic Logic Unit (ALU) or integrated as part of a processor Datapath [14]. 
[bookmark: _Toc145479401]Conclusion:
Both multiplier designs were successfully implemented, tested, and verified in Vivado simulation and on the Basys 3 hardware platform. The Braun multiplier proved easier to construct and required slightly fewer resources, making it ideal for low-power or space-constrained applications.
However, the Wallace Tree multiplier consistently delivered better performance in terms of timing and throughput, thanks to its tree-based partial product reduction. This makes it a better fit for performance-critical or high-speed systems.
Overall, Wallace Tree stands out when speed is the priority, while Braun remains a solid choice for simpler, more efficient logic design. These findings align with prior research comparing the two in FPGA environments for delay and resource trade-offs [11].
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[bookmark: _Toc80892305]Appendix 
[bookmark: _Toc303807044]Brauns Code 
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[bookmark: _Toc196288256]Figure 56 Braun Code
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Figure 57 Braun code
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Figure 58 Braun code
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Figure 59 Braun code
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Figure 60 Braun code












[bookmark: _Toc1562877127]Wallace Tree Code 
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Figure 61 Wallace Tree Code
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Figure 62 Wallace Tree Code
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Figure 63 Wallace Tree Code
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Figure 64 Wallace Tree code
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Figure 65 AB x BA Hardware Image
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Figure 66  AC x DC Hardware Image
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Library IEEE;
use TEEE.STD_LOGIC_1164.ALL;

entity Fulladder is
Port (A : in STD_LOGIC;
B : in STD_LOGIC;
CIN : in STD_LOGIC;
St our STD_LOGIC;
COUT : out STD_LOGIC);
end Fulladder;

architecture gate_level of Fulladder is
begin

5,25, gats. levelics A HOR BEOR CIN;
COUT <= (A AND B) OR (CIN AND A) OR (CIN AND

)
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library IEEE;
use TEEE.STD_LOGIC_1164.ALL;

entity Halfadder is
Port (A : in STD_LOGIC;
B : in STD_LOGIC;
St out STD_LOGIC;
COUT : out STD_LOGIC);
end Halfadder;

architecture gate_level of Halfadder is
begin

S <= A XOR B;

COUT <= A AND B;
end gate_level;
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# Create a virtual clock (needed for timing analysis)

create_clock -period 45.000 -name virtual clk
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# Set max delay for the critical path (longest delay)
set_max_delay ~from [get_ports A'] ~to [get ports BA] 41.000

set_property IOSTANDARD LVCMOS33 [get_ports (A[7]}]
set_property IOSTANDARD LVCMOS33 [get_ports (A[61}]
set_property IOSTANDARD LVCMOS33 [get_ports {A[S1}]
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Llibrary IEEE;
use TEEE.STD_LOGIC_1164.ALL;
Uncomment the following library declaration if using
arithmetic functions with Signed or Unsigned values
use IEEE.NUMERIC STD.AIL:

Uncomment the following library declaration if instantiating
any Xilinx leaf cells in this code.

--library UNISIM;

~-use UNISIM.VComponents.all;

enticy BraunsMultiplier is
Port (A : in std_logic_vector (7 downto 0);
B : in std_logic_vector (7 downto 0);

® : out std_logic_vector (15 downto 0));

end BraunsMultiplier;

architecture Behavioral of BraunsMultiplier is
signal AIBO : std_logic;
signal ROBL : std_logic;
signal A2B0 : std_logic;
signal AIBL : std_logic;
signal R0B2 : std_logic;
signal A380 : std_logic;
signal A2B1 : std_logic;
signal AIB2 : std_logic;
signal R0B3 : std_logic;
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: B(0) <= A(0) and B(0);

© Halfadder port map (A=>AIBO,B=>A0BI,S=>(1),COUT=>C1); --21

2.1 5 Fulladder port map (A=>A280, B-vAIBL, CI->CL, 5552, COVT5C2) ;
227 Balfadder porc mep (ReA0B2 , BS2 , S-R(2) | COUTCH):

S3_1 : Fulladder port map (A=>A380 , B=>A281 , CINSXC2 , S=>S3 , COUT=>C3);--53

5101 : Fulladder port map (A=>AIB2 , B=>S3 , CIN=CS , S=>S10 , COUT=>C10);

23 : Halfadder porc map (A=>A0B3 , B=>S0 , S=>B(3) , COUT-

17):

1541 : Fulladder port mep (A=>A480 , B=>A3BL , CIN=>C3 , S=>S4 , COUT=>C4):
'S1L1 : Fulladder port map (R=>A2B2 , B=>S4 , CIN=>C10 , S=>SI11 , COUT=>CLL):
S15_1 : Fulladder port mep (A=>A1B3 , B=>S1l , CIN=CL7 , S=>S18 , COUT=>CL8);
24 ; Halfadder port map (R=>A0B4 , B=>SIS , S=>B(4) , COUT->C25):

2e

51 : Fulladder port mep (A>ASBO , B=>MBL , CIN=>CE , 5=S5 , COUT=5CS):
5121 ¢ Fulladder port map (=>AJB2 , B=>S5 , CINCLL , SS12 , COUI=>C12);
5191 : Fulladder porc map (A=>A283 , B=>S12 , CTN-XCLS , =518 , COUT->CL9):
5261 : Fulladder port map (A=>AIB4 , B=>S13 , CIN=>C25 , 5=>526 , COUT=>C26):
25 © Halfadder porc map (R=>AOBS , B=>S26 , S=B(S) , COVT->C33):

2

561 : Fulladder port map (A=>A€B0 , B=>ASBL , CIN=CS , S=>S€ , COUT=>C6):
5131 : Fulladder port mep (A=>A482 , B=>S6 , CIN->C12 , S=>S13 , COUT=>C13):
15201 : Fulladder port mep (A=>A383 , B=>S13 , CIN=CLS , $=>520 , COUT=>C20);
15271 : Fulladder port mep (A=>A284 , B=>S20 , CIN=>C26 , $=>527 , COUT=>C27);
15341 : Fulladder port mep (A=>ALBS , B=>S27 , CIN->C33 , S=>S34 , COUT=>C34);
26 : Halfadder port map (R=>AOB6 , B=>S34 , S=>P(6) , COUT=>C41):

571 : Fulladder port map (A=>ATBO , B=>AGBL , CIN=>CE , S=>87 , COUT=CT):
Fulladder port mep (A=>ASE2, B=>S7 , CIN-3C13 , S=>S14 , COUT=>Cl4):
Fulladder port mep (A=>A4B3 , B=>S14 , CIN=>C20 , S=>S21 , COUT=>C21);
Fulladder port mep (A=>A3B4 , B=>S2l , CIN->C27 , $=>S28 , COUT=>C26);
Fulladder port mep (A=>A285 , B=>S28 , CIN->C34 , $=>S35 , COUT=>C35);
1 : Fulladder port map (R=>AIBE , B=>S35 , CIN->C41 , S5=>S42 , COUT=>Ci2):
7 : Halfadder port map (A=>A0B7 , B=>S42 , S=>B(7) , COUT=>C49);

521 ¢ Halfadder port mep (RMBL , B=>CT , =S8 , COUT=>CE): 22

5151 : Fulladder porc map (A>AEB2 , B=>S2 , CIN=CL4 , S=>S15 , COUI=>CLS):
5221 : Fulladder port map (A=>ASB3 ,
is28_1

isse1

s>s22 , COUT=>C22);
S=>529 , COUT=>C29);
S=>836 , COUT=>C36);
S=5543 , COUT=>C43);
>Cis , S=B(8) , COUT=>CS0);

Fulladder port map (A=>AdB4 ,
Fulladder port map (A=>A3B5 ,
© Fulladder port map (A=>A2B6 ,
Fulladder port map (A=>AIB7 , B=>S43 , CI
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314 : Fulladder port map (A=>A2BS , B=>S28 , CIN=>C34 , S=>S35 , COUT=>C35):
a1s 21 : Fulladder port map (A=>AIB6 , B=>S35 , CIN=>C41 , S=>542 , COUT=>C42);
316 7 : Halfadder port map (A=>AOBT , B=>S42 , S=P(7) , COUT=>C45);

a7

a1e
318
320
a21
22
323
24
a2s
26
321
a2e
328

521 ¢ Halfadder port mep (RMTBL , B=>CT , =S8 , COUT=>CE): 22
'S15._1 : Fulladder port map (R=>A6B2 , B=>S8 , CIN=>C14 , S=>S15 , COUT=>CLS):
5221 : Fulladder port map (A=>ASB3 , sC2l | S=>522 , COVI=>C22):
Fulladder port map (A>Rd34 5C28 | S=>528 , COVT=>C29)
: Fulladder porc map (R>A3BS , Bo>S29 , CIN->C35 , S=>S3¢ , COUT=>C36):
: Fulladder porc map (R>A2B6 , Bo>S3¢ , CIN->CH2 , S=>843 , COUT=>Ca3):
Fulladder port map (A>RIB7 , B>53 , CINeC48 , S=5B(3) , COVT=>CS0);

© Fulladder port map (A=>ATB2 , B=>CS , CINXCIS , S=>S16 , COUT=>C1é);
Fulladder port map (A=>A6B3 , B=>S16 , CIN=>C22 , 5=>523 , COUT=>C23);
Fulladder port map (A=>ASB4 , B=>S23 , CIN=C29 , 5=>530 , COUT=>C30);
Fulladder port map (A=>ABS , B=>S30 , CIN=>C36 , 5=>537 , COUT=>C37):

330 © Fulladder port map (A=>A386 , B=>S37 , CIN=>C43 , S=>S44 , COUT=>C44);
331 Fulladder port map (A=>A2B7 , B=>S44 , CIN=CS0 , S=>B(9) , COUT=>C51);

332

333 © Fulladder port map (A=>ATB3 , B=>C16 , CIN=>C23 , S=>524 , COUT=>C24);--P10
334 © Fulladder port map (A=>AEB4 , B=>524 , CIN=>C30 , S=>S31 , COUT=>C31);

338 © Fulladder port map (A=>ASBS , B=>S31 , CIN=>C37 , S=>$38 , COUT=>C38);

33¢ © Fulladder port map (A=>AdB6 , B=>S38 | 5=>545 , COUT=>Ca5);

337 Fulladder port map (A=>A387 , B=>S45 , s=R(10)

a3

338 © Fulladder port map (A=>ATB4 , B=>C24 , CI! 1 5532, P11
340 Fulladder port map (A=>A6BS , B=>S32 , CI ) 5539,

341 Fulladder port map (A=>ASB6 , B=>S33 , CI | s=>s26

e Fulladder port map (A=>AB7 , B=>Sd6 , s=p)

343

344 © Fulladder port map (A=>ATBS , B=>C32 , s=>s40,, P12
345 © Fulladder port map (A=>A6B6 , B=>S40 | 5=>547 , COUT=>CaT);

346 Fulladder port map (A=>ASBT , B=>S47 , S=5B(12) , COUT=>CS4);

347

s
345
350
S
52
353
354
355
ase
357

© Fulladder port map (A=>ATB6 , B=>C40 | so>sa8
Fulladder port map (A=>A6B7 , B=>S48 , CIN=CS , S=>P(13) ,

Fulladder port map (A=>ATB7 , B=>C48 , CIN=CS5 , S=>P(14) ,

2(15)

cse;--p15

end Behavioral;
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-~ Company:

- Engineer: Luis Lloyd

- Create Date: 14.04.25

- Design Name: Wallace Tree

- Module Neme: Wallace Tree
- Project Name: Slectronics IT

Library IEEE;
use TEEE.STD_LOGIC_1164.ALL;

entity Wallace Tres is
rore (
A ¢ in STD_LOGIC VECTOR(7 downto 0);
5 : in STD_LOGIC VECTOR(7 downto 0);
® : out STD_LOGIC VECTOR(LS downto 0)
)
end Wallace_Tres;

architecture Behavioral of Wallace Tree is

component Full Adder is
rore (
2 : in STD_L0GIC;
B : in STD_LOGIC;
CIN : in STD_LOGIC;
St our STD_LOGIC;
COUT : ouc STD_LOGIC

component Half_Adder is
rore (

in STO_L0GIC;

in STO_LOGIC;

S : cut STD LOGIC;
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component Half Adder is
rore (

end component;

signal 52,53,54,55,56,57,58,510,511, 512,513, 514, 515, 516, 518, 519, 520, 521, 522, 523, 524, 526, 527, 528,529, 530, 531, 532, 534, 535, 536, 537, 538, 539, 540, 542, 543, 544,545, 546,547,548 ¢ STD_LOGIC;
signal CL,C2,C3,C4,C5,C6,C7,C8,C3,C10,C11,C12,C13,C14,C15, C16, €17, C18, C19, €20, C21, €22, €23, €24, €25, €26, C27,C28, €29, €30, €31, €32, €33, C34, €35, €36, C37,C38, €38, €40, C41,C42, €43, C44, €45, C46, €47, €48, €49, C50, C51, €52, €53, C54, €5

signal AOBL,A1BO,A1B1,A280,A0B2, A2B1, A1B2, A380, AOB3, A3B1, A2B2, A1B3, A4BO, AOB4, AdB1, A3B2, A2B3, A1B4, ASBO, AOBS, ASB1, A4B2, A383, A2B4, A1BS, ABO, AOB6, A6BL, ASB2, A4B3, A3B4, A2B5, A1B6, ATBO, AOB7, ATBL, A6B2, ASB3, A4B4, A3B5, A2B6, A1BT,

begin
2180 B(0); A280 <= A(2) and B(0); A3B0 <= A(3) and B(0); A4BO BlO):
2580 <= A(5) and B(0); A6BO <= A(6) and B(0); A7BO <= A(7) and B(0); AOBL B();

AIBL <= A(1) and B(1); A281
ASBL <= A(5) and B(1); A6Bl

A(2) and B(1); A3BL
A(6) and B(1); A7BL

A(3) and B(1); MBL <= A(4) and B(1);
A(7) and B(1); A0B2 <= A(0) and B(2);

A1B2 <= A(1) and B(2); A282
2582 <= A(5) and B(2); AeB2

A(2) and B(2); A3B2 <= A(3) and B(2); AdB2 <= A(4) and B(2);
A(6) and B(2); A7B2 <= A(7) and B(2); A0B3 <= A(0) and B(3);

2183
2533

A1) and B(3); A283
A(5) and B(3); Aes3

A(2) and B(3); A383
A(6) and B(3); A783

A(3) and B(3); AB3
A(7) and B(3); A0B4

A(4) and B3):
A(0) and B(4);

AIB <= A(1) and B(4); A2B4
25B4 <= A(5) and B(4); AeBd

A(2) and B(4); A3Be
A(6) and B(4); ATBY

A(3) and B(4); AdB4 <= A(4) and B(4);
A(7) and B(4); R0BS <= A(0) and B(5):

2185
2535

A(1) and B(5); A285
A(5) and B(5); AeBs

A(2) and B(5); A385
A(6) and B(5); A7BS

A(3) and B(5); MBS
A(7) and B(5); R0BE

A(4) and B(5);
A(0) and B(6);

2186 <= A(1) and B(6); A2B6 <= A(2) and B(6); A3B6 <= A(3) and B(6); AdB6 <= A(4) and B(6);
2586 <= A(5) and B(6); A6B6 <= A(6) and B(6); A7B6 <= A(7) and B(6); A0B7 <= A(0) and B(7);

AIB7 <= A(1) and B(7); A287
2587 <= A(5) and B(7); K687

A(2) and B(1); 2387
A(6) and B(1); A7B7

A(3) and B(7); AB7 <= A(4) and B(1):
A(N) and B

- sTaGE 1
B(0) <= A(0) and B(0);
hall : Half Adder norr man(ATRO. AGRT. PI11. C11:
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A(0) and B(0);
: Half Adder port mep(ALBO, ABL, (1), CL):

: Full Adder port map(A280, AlBL, AOB2, 52, C2);
Full_Adder port map(A380, A2B1, AlB2, 53, C3)
: Full Adder port map(A480, A3Bl, A2B2, S4, C4);
Full_Adder port map(ASBO, AdBl, A3B2, S5, C5)
: Full Adder port map(A€BO, ASBL, AB2, S6, C6);
Full_Adder port map(A780, A6BL, ASB2, 57, C7)
: Half Adder port map(ATBL, AB2, Se, CE)

ha2l : Half Adder port map(s2, CL, B(2), C9);

£a22 : Full Adder port map(s3, C2, AOB3, 510, CLO
23 : Full Adder port map(S4, C3, AlB3, S11, ClL);
£a24 : Full Adder port map(ss, C4, A2B3, 512, C12
25 : Full Adder port map(S6, CS, A3B3, S13, C13);
fa26 : Full Adder port map(s7, Ce, AB3, 514, Cl4
227 : Full Adder port map(Se, C7, ASB3, SIS, CIS);
28 : Full Adder port mep(A7B2, C8, AGB3, SL6, CL6)

ha3l : Half_Adder port map(S10, C9, (3), C17):

232 : Full Adder port map(Sll, C10, AOB4, S18, C18);
£33 : Full Adder port map(Sl2, CLL, AlB4, S15, CL9)
234 : Full Adder port map(S13, Cl2, A2B4, 520, C20);
35 : Full Adder port mep(Sl4, CL3, A3B4, S21, C21)
£a36 : Full Adder port map(S15, Cl4, MB4, 522, C22);
£237 : Full Adder port map(SL6, CLS, ASB4, 523, C23)
238 : Full Adder port map(A7B3, Cl6, A6B4, 524, C24);

hadl : Half Adder port map(S18, CL7, B(4), C25);

Full_Adder port map(Sls, C18, AOBS, 526, C26)
: Full Adder port map(s20, CL9, AlBS, 527, C27);
Full_Adder port map(2l, C20, A2BS, 528, C28)
: Full Adder port map(s22, C21, A3BS, 529, C29);
Full_Adder port map(523, C22, AdBS, 530, C30)
: Full Adder port map(s24, C23, ASBS, S31, C31);
: Full Adder port map(A7B4, C24, A6BS, 532, C32
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hatl : Half_Adder port map(S1s, C17, B(4), C25):
£a42 : Full Adder porc mep(SL9, CL8, AUBS, 526, C26);

243 : Full Adder port map(520, C19, AIBS, 527, C27);
244 : Full Adder port map(S2l, C20, A2BS, 528, C28)
245 : Full Adder port map(522, C21, A3BS, 529, C29)
a6 : Full Adder port map(523, C22, AdBS, 530, C30);
247 : Full Adder port map(524, C23, ASBS, S31, C31)

248 : Full Adder port mep(A7B4, C24, AGBS, 532, C32);

hasl : Half_Adder port map(526, C25, B(5), C33);

252 : Full Adder port map(527, C26, AOB6, 534, C34);
2253 : Full Adder port map(528, C27, AlB6, 535, C35)
254 : Full Adder port map(529, C28, A2B6, 536, C36);
2255 : Full Adder port map(S30, C29, A3B6, 537, C37)
2256 : Full Adder port map(S3l, C30, AdB6, 538, C38)
257 : Full Adder port map(s32, C31, ASB6, 539, C39);
258 : Full Adder port map(A7BS, C32, A6B6, 540, C40);

ha6l : Half Adder port map(534, C33, B(6), C41);
262 : Full Adder port map(535, C34, AOB7, 542, C42);
263 : Full Adder port map(536, C35, AlB7, 543, C43);
64 : Full Adder port map(S37, C36, A2B7, Si4, Cid)
265 : Full Adder port map(538, C37, A387, 545, C45);
266 : Full Adder port map(S39, C38, AdB7, Si6, Ci6)
67 : Full Adder port map(S40, C39, ASB7, 547, C47)
268 : Full Adder port map’™""c "f wemn e cenis

Waning: Positional port connection in entity/mod

s1acs 7
ha7l : Half_Adder port map(542, C41, B(7), C49);

£a72 : Full Adder port map(543, C42, C49, P(8), C50);
73 : Full Adder port map(Si4, C43, C50, B(9), C51)
£a74 : Full Adder port map(545, C44, C51, (10), C52);
£a75 : Full Adder port map(S6, C45, C52, P(11), C53)
£a76 : Full Adder port map(547, C46, C53, P(12), C54);
£a77 : Full Adder port map(s8, C47, C54, P(13), C55)
£a78 : Full Adder port map(ATB7, C48, C55, (1), R(15));

end Behavioral;
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