



1. Introduction
This report presents a critical evaluation of two combinational multiplier architectures: the Braun multiplier and the Wallace tree multiplier, implemented using VHDL and analysed through simulation and synthesis tools. Both designs perform 8-bit by 8-bit binary multiplication, generating a 16-bit output product through the formation and addition of partial products. Although they achieve the same functional outcome, the internal architectures differ significantly in how these partial products are organised and processed. The Braun multiplier uses a regular array-based structure with a systematic flow of sums and carries through a grid of adders, while the Wallace tree multiplier employs a hierarchical reduction approach that combines partial products in parallel using carry-save addition stages.
The purpose of this evaluation is to critically evaluate the performance of the two architectures in terms of correctness, timing performance, resource utilisation, and power consumption, in order to assess their suitability for FPGA-based implementation. Using Vivado for synthesis and implementation, both designs are analysed under identical conditions to ensure a fair comparison. The results are then used to explore the trade-offs between structural simplicity and computational efficiency, particularly in relation to how each architecture scales and performs under hardware constraints.

2. Background Research Related to Current Developments in Multiplier Techniques
Background research into multiplier design techniques shows a continual evolution in digital arithmetic aimed at improving speed, reducing hardware complexity, and optimising power consumption. Advancements in multiplier techniques include modified algorithms such as Booth multiplication, which reduces the number of partial products generated by encoding input operands more efficiently. Booth’s algorithm is particularly effective for signed multiplication and can significantly reduce the number of addition operations required, especially in cases where input data contains long sequences of repeating bits. In modern research, hybrid architectures that combine aspects of tree-based reduction and encoding techniques are also being explored to balance speed, area, and power efficiency [1].
More recent developments have also focused on optimising multipliers for emerging computational domains such as machine learning and artificial intelligence. In these applications, multiply-accumulate operations dominate processing workloads, leading to increased interest in highly parallel and pipelined multiplier structures. Techniques such as operand isolation, pipelining, and dynamic voltage scaling are increasingly being integrated into multiplier designs to reduce power consumption while maintaining high throughput. These advancements demonstrate that multiplier research continues to be an active field, driven by the demands of modern high-performance computing systems [2].

3. Applications and Advantages of the Multipliers
Multipliers are fundamental components in digital systems, forming the backbone of a wide range of arithmetic-intensive applications. Their primary advantage lies in their ability to perform high-speed binary multiplication in hardware, significantly outperforming software-based arithmetic routines. This is particularly important in applications where real-time processing is required, such as digital signal processing, image processing, and communication systems. In these domains, multiplication is frequently used in operations such as convolution, filtering, and transform algorithms, where large volumes of data must be processed efficiently and with minimal latency [3].
One of the key advantages of hardware multipliers is their ability to exploit parallelism to improve computational speed. Architectures such as the Braun and Wallace tree multipliers demonstrate different approaches to achieving this, with both aiming to reduce the time taken to generate and accumulate partial products. This makes them highly suitable for FPGA and ASIC implementations, where deterministic timing and high throughput are essential. Additionally, dedicated multiplier hardware reduces the need for sequential instruction execution, freeing up processor resources and improving overall system efficiency [4].
Multipliers are also widely used in embedded systems and scientific computing, where operations involving scaling, matrix multiplication, and floating-point arithmetic are common. In modern applications such as machine learning and neural networks, multipliers play a critical role in performing large numbers of multiply-accumulate operations, which form the basis of training and inference algorithms. As a result, improvements in multiplier efficiency directly translate to performance gains in these high-demand computational fields [5].

4. A Flowchart/Pseudocode Showing the System Operation
[image: The text describes a process for performing an 16-bit addition using a bitwise AND operation followed by an array of adders.

AI-generated content may be incorrect.]
Figure 1: both multiplier methods’ pseudocode
The pseudocode method described applies to both the Braun multiplier and the Wallace tree multiplier, as both methods follow the fundamental process of binary multiplication. Initially, partial products are generated by performing a logical AND operation between each bit of the multiplicand and multiplier. These partial products represent the intermediate results of each individual bit multiplication and are then combined through a series of addition stages to produce the final output. This process allows the multiplication of two 8-bit binary values to be completed and represented as a 16-bit product.
Although both multiplier architectures use the same initial process of partial product generation, the main difference lies in the way these partial products are accumulated. In a Braun multiplier, the partial products are added using a structured array of adders, where the addition occurs in a regular and sequential arrangement. In comparison, the Wallace tree multiplier reduces the partial products using a tree-like structure of adders, allowing multiple additions to occur simultaneously. Despite this difference in implementation, the overall operation described by the pseudocode remains applicable to both methods, as both rely on generating, reducing, and combining partial products to obtain the final multiplication result.
5. Methodologies Explaining the Design Process
The both multiplier processes begin with the generation of partial products, where each bit of the 8-bit multiplicand is logically ANDed with each bit of the 8-bit multiplier. This creates 64 individual partial product bits, arranged into eight rows corresponding to each bit of the multiplier. Each row is shifted by its respective bit position, representing the correct binary weighting required for multiplication. These partial products are then combined using an array of adders to produce the final 16-bit product.
In the Braun multiplier architecture, the addition of partial products is performed using a structured array of full adders and half adders. Each adder cell receives three inputs: the current partial product bit, the sum output from the previous addition stage, and the carry output generated from the adjacent adder. The first stage takes another partial product instead of the sum output of the previous stage (which does not exist). When a full adder processes these inputs, it produces a sum output and a carry output. The sum output is passed vertically down through the multiplier array to the next row, where it is combined with the next partial product. The carry output, however, is passed horizontally along the adder row to the next higher-order bit position [Figures 3 and 4]. This arrangement allows the carries to propagate across the array while the partial sums continue moving through the multiplication stages.
The main characteristic of the Braun multiplier is its regular array structure, where each stage of addition follows the same pattern. As the partial products move through the array, the sum values are progressively reduced through each row until the final product bits are produced. The least significant bits are generated earlier in the process, while the higher-order bits require the accumulated carries from previous stages. Although the parallel structure allows multiple additions to occur simultaneously, the propagation of carry signals through each row introduces a delay, as each carry must travel through the preceding adder stages before reaching its final position.
The Wallace tree multiplier also performs an 8-bit by 8-bit multiplication using the same initial partial product generation process. The 64 partial product bits are generated using AND gates and arranged according to their binary significance. However, instead of using a fixed array of adders to combine the partial products, the Wallace tree architecture reduces the number of partial product rows through multiple stages of carry-save addition. At each reduction stage, groups of three bits with the same positional weight are processed using full adders, while pairs of bits may be processed using half adders. Each full adder produces two outputs: a sum bit that retains the same bit position and a carry bit that is shifted to the next higher bit position.
Unlike the Braun multiplier, where the carry propagates horizontally through the adder array, the Wallace tree method passes both the sum and carry outputs down into the following reduction stages. The sum output is passed to another adder operating at the same bit position, while the carry output is passed to a separate adder at the next significant bit position. This allows multiple groups of partial products to be reduced simultaneously without waiting for carry propagation through a complete row of adders. The process continues through several reduction layers until only two rows of values remain, consisting of the final sum and carry components.
The final stage of the Wallace tree multiplier uses conventional adders to combine the remaining sum and carry rows, producing the final 16-bit multiplication result. The use of multiple reduction stages allows the Wallace tree architecture to shorten the critical path compared with the Braun multiplier, as carry signals are not required to travel through long chains of adders. However, this improvement in speed comes at the cost of a more complex and less regular hardware structure, as the connections between reduction stages are more intricate than the fixed array arrangement used in the Braun design.
6. Multipliers Block Diagram and Equations
Braun multiplier:
[image: The image is a grid of musical notes with annotations, containing various combinations of 'A' and 'B' with different markings such as 'AB', 'ABAB', and 'A.B.'

AI-generated content may be incorrect.]
Figure 2: Braun Multiplier Equation
[image: The provided text appears to be a list of abbreviations, symbols, and numbers that might relate to chemical elements, molecular structures, or a specific scientific notation. However, without an accompanying image or further context, it's impossible to describe an image. If you have an image you'd like to describe, please provide the image, and I'll be happy to help.

AI-generated content may be incorrect.][image: The text appears to be a complex schematic or code listing, possibly related to digital electronics or a logic circuit, featuring various symbols and numerical values.

AI-generated content may be incorrect.]
Figures 3 and 4: Braun multiplier Logic Circuit Diagram (left figure was drawn on other page so it’s lined up as best as possible)

Wallace Tree Multiplier:
[image: The image contains a complex array of symbols and numbers, possibly representing a structured data set or a diagram. It includes a mix of alphabetic characters (A, B, C, etc.), numbers, and mathematical symbols (e.g., *, =, /). Some lines seem to be grouped or aligned, suggesting a pattern or relationship. However, without further context, it's unclear what this diagram represents.

AI-generated content may be incorrect.]
Figure 5: Wallace Tree Multiplier Equation. The dot diagram would be the same as this, with the partial products replaced by dots.
[image: ]
Figure 6: Wallace Tree Multiplier Logic Circuit Diagram.
7. VHDL Code
Code for Full Adder Subroutine:
[image: The provided text is a snippet of a hardware description language (HDL) code, specifically for a Full Adder digital logic circuit, which includes an entity definition and an architecture.

AI-generated content may be incorrect.]
Figure 7: Performs the operation of a full adder.
Code for Half Adder Subroutine:
[image: The provided text is a snippet of VHDL code describing a simple digital logic circuit, specifically a Half Adder, which is used to perform the addition of two single binary digits (bits) and outputs a sum and a carry.

AI-generated content may be incorrect.]
Figure 8: Performs the operation of a half adder.

Code For Braun Multiplier:
[image: The image shows a snippet of code in VHDL (VHSIC Hardware Description Language), defining a digital logic entity named 'braunSmall' with various input and output signals.

AI-generated content may be incorrect.]
[image: The image depicts a digital circuit schematic for a half adder, showing multiple input and output lines for the binary inputs A and B, and the resulting sum and carry outputs.

AI-generated content may be incorrect.]
[image: The image displays a series of logical implications, where each line represents a binary comparison between two variables (A and B) at different bit positions (0 through 7).

AI-generated content may be incorrect.]
[image: A schematic of an 15-stage adder circuit with multiple full and half adders.

AI-generated content may be incorrect.]
[image: The image displays a series of full and half adder circuits, each with inputs A, B, and C, and outputs for sum (S) and carry (C).

AI-generated content may be incorrect.]
Figures 9-13 shows VHDL code for Braun Multiplier
Lines 7 – 11 define the variables and make them vectors. A and B are set to 0 – 7, they are the two 8-bit inputs that will be multiplied. P is set as 0 – 15 as that is the 16-bit output. Lines 15-22 then define the partial products of A and B. A0B0 is not defined there as the product of those is directly a value of P. Line 24 then defines each carry that will come from an adder. Carry 56 is missed out because it is a P value. Line 26 does the same but for sum values. Sums 1, 9, 17, 25, 33, 41 and 49 – 56 are all missed as they are the values for P, and do not need to be put in a variable before being an output. Lines 28 – 41 call in the previously made full adder and half adder subroutines. Lines 45 – 107 individually assign each partial product with their A value and B value. Line 110 performs the AND operation on the A0 value and the B0 value to get the P0 value. Lines 111 – 166 have the operations for all the adders for the Braun multiplication method. The number of the adder matches up with the drawn diagram in [Figures 3 and 4]. The structure for the adders goes as follows:
 
C is only defined for a full adder.
Code for Wallace Tree Method:
[image: FullWallace

AI-generated content may be incorrect.]
[image: The image shows a Verilog code snippet defining a half adder with 8 input lines (A7-A0) and 3 output lines (Sum and Carry).

AI-generated content may be incorrect.]
[image: The image displays a series of logical expressions comparing the values of A and B across different combinations, specifically comparing the values of A and B at different indices, ranging from A0B0 to A7B7.

AI-generated content may be incorrect.]
[image: The image shows a diagram of a digital circuit with a series of 14 adder modules, including both half and full adders, connected in a sequential manner.

AI-generated content may be incorrect.]
[image: A diagram illustrating a series of 47 FullAdder and HalfAdder circuits, each with distinct input and output signals.

AI-generated content may be incorrect.]
Figures 14-18: VHDL code for Wallace Tree Multiplier
The structure of the code is almost identical to the Braun multiplier code. The difference is where the carries and sums go between the adders. See the Braun code description for a detailed breakdown of the lines of code.
8. Timing Diagrams and Schematics of the Designs
Braun Multiplier:
[image: The provided text appears to be a list of chemical symbols, atomic numbers, and possibly some other codes, possibly from a scientific document or a diagram related to chemistry or biochemistry.

AI-generated content may be incorrect.][image: The image appears to be a complex diagram with various symbols, numbers, and annotations, likely representing a technical schematic or a circuit layout.

AI-generated content may be incorrect.]
Figures 19 and 20: Braun multiplier longest delay line.
The red line in the figures above show the longest delay within the Braun multiplication. Given the assumption that an AND gate gives a delay of 1ms and an adder (full or half) gives a delay of 2ms, P15 passes through 20 adders and an AND gate which gives a delay of 41ms.
[image: The text describes a configuration command for setting up a clock with a period of 45.000 nanoseconds and a maximum delay between specified ports.

AI-generated content may be incorrect.]
Figure 21: setting the time delay parameters in Vivaldo
[image: The image displays a timing summary report for a digital circuit, indicating no negative slacks, no failing endpoints, and all user-specified timing constraints met.

AI-generated content may be incorrect.]
Figure 22: the time delay that Vivaldo calculates in the synthesis phase for the Braun multiplier (Worst Negative Stack). The bold sentence at the bottom means that the calculation we made was sufficient.
[image: The image displays a timing summary report for a digital circuit, showing all timing constraints met with no failures.

AI-generated content may be incorrect.]
Figure 23: the time delay that Vivaldo calculates in the implementation stage.
[image: ]
Figure 24: RTL design for Braun multiplier
The RTL design shown above shows how data moves between registers and the logical operations that transform the data.
[image: 4
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Figure 25: Implementation Schematic of Braun Multiplier
This shows the final state of the hardware. It displays exact physical wires, routing paths and delays designed across the FPGA. Commonly used for advanced debugging, diagnosing critical path bottlenecks and resolving timing slack failures.
Wallace Tree Multiplier:
[image: The image appears to be a complex, multi-layered diagram or chart with various symbols, numbers, and labels, potentially representing a scientific or technical concept.

AI-generated content may be incorrect.]
Figure 26: Shows the longest delay in Wallace Tree Multiplier
The red line in the figures above show the longest delay within the Wallace Tree multiplication. Given the assumption that an AND gate gives a delay of 1ms and an adder (full or half) gives a delay of 2ms, P15 passes through 14 adders and an AND gate which gives a delay of 29ms.
[image: The image depicts a snippet of a hardware description language (HDL) code, specifically Verilog, which is used to define a clock signal with a period of 32.000 nanoseconds, and it includes instructions to set a maximum delay between certain ports, specifically from ports A multiplied by A to ports P multiplied by P, with a delay value of 29.000 nanoseconds.

AI-generated content may be incorrect.]
Figure 27: setting the time delay parameters in Vivaldo.
[image: The image displays a Design Timing Summary for a digital circuit, showing all timing constraints as met, with no failures in hold, pulse width, or total slacks, and all endpoints being accounted for.

AI-generated content may be incorrect.]
Figure 28: Design Timing Summary from synthesis phase for Wallace Tree Multiplier. Simulated longest delay was WNS. Bold sentence at the bottom shows the delay we calculated was sufficient.
[image: The image displays a timing summary report for a digital circuit, showing no negative slacks for various timing parameters and all user-specified timing constraints being met.

AI-generated content may be incorrect.]
Figure 29: Timing summary from implementation phase for Wallace Tree Multiplier.
[image: The image depicts a complex circuit diagram featuring various RTL (Register Transfer Level) components such as adders, half adders, and multiplexers, all interconnected, illustrating a multi-stage arithmetic logic unit.

AI-generated content may be incorrect.]
Figure 30: RTL design for Wallace Tree

[image: The text appears to be a list of abbreviations and numbers, possibly referring to various parts or identifiers within a complex diagram or schematic.

AI-generated content may be incorrect.]
Figure 31: Implementation Schematic for Wallace Tree
9. FPGA Design Screenshots with Pin Allocation
[image: ]
Figure 31: FPGA used for simulating these multiplication methods. The switches at the bottom were used as inputs (left 8 are for A (red) and right 8 are for B (blue)). The 16 lights just above those switches are for P (green). Most significant bit is on the left.
[image: The image appears to be a detailed report or log from a design software, listing various components, their pin configurations, and electrical characteristics like voltage levels and drive strength.

AI-generated content may be incorrect.]
[image: The text appears to be a table or list of various pins, outputs, and voltage values, possibly from a printed circuit board (PCB) design document, showing pin numbers, designators (OUT, V, U, etc.), and their associated voltage levels (14V, 3.3V).

AI-generated content may be incorrect.]
Figures 32 and 33: Pin assignments for FPGA board
[image: The provided text appears to be a series of codes or labels possibly representing a grid or matrix layout, possibly related to a software interface or data categorization.

AI-generated content may be incorrect.]
Figure 34: Device of Braun Multiplier
[image: The provided text appears to be a series of codes or labels possibly related to a technical or scientific context, such as genetic sequences or data tags.

AI-generated content may be incorrect.]
Figure 35: Device of Wallace Tree Multiplier
[image: The image depicts a complex circuit diagram with various components and connections, including resistors, capacitors, diodes, transistors, and integrated circuits, arranged in a grid layout.

AI-generated content may be incorrect.]
Figure 36: Input/Output mapping for Braun Multiplier
[image: The text appears to be a complex, technical schematic or code snippet, likely related to electronic or software engineering, with various labels, values, and connections.

AI-generated content may be incorrect.]
Figure 37: Input/Output Mapping for Wallace Tree Multiplier







10. Simulation Results
See section 13 for details of testing including inputs and expected outputs
Braun Multiplier Results:
[image: The image shows a software interface with multiple tabs and data entries, including protocols, variables, arrays, and logic values.

AI-generated content may be incorrect.][image: DIGILENT BASYS 3

AI-generated content may be incorrect.]
Figures 38 and 39: Equation 1
[image: The image displays a complex digital logic diagram, showcasing various signal values and data types in a visual representation, possibly from a hardware description or a simulation.

AI-generated content may be incorrect.][image: The image shows a circuit board with various components, including an Arduino Uno, an IOVD AURA EDTIOM, and a LEGO Mindstorms EV3, connected together, and the keyboard is visible in the background.

AI-generated content may be incorrect.]
Figures 40 and 41: Equation 2
[image: The image shows a software interface with multiple data fields and arrays, including hexadecimal values and logic flags, likely representing a digital logic design or programming environment.

AI-generated content may be incorrect.][image: AURA EOTION

AI-generated content may be incorrect.]
Figures 42 and 43: Equation 3
[image: The image displays a software interface with various data types and values, including arrays, logic, and other elements, as well as a countdown timer.

AI-generated content may be incorrect.][image: DigiLentine

AI-generated content may be incorrect.]
Figures 44 and 45: Equation 4
Wallace Tree Multiplier Results
[image: The image displays a visual representation of a complex data structure or flowchart, likely from a software interface, containing various data types, values, and logical operations.

AI-generated content may be incorrect.][image: The image shows a circuit board with various components, including a keyboard, a display screen, and a digital logic board, all connected together.

AI-generated content may be incorrect.]
Figures 46 and 47: Equation 1
[image: The image shows a visual representation of a complex data structure or data flow diagram, possibly in a software or programming context, with various variables, values, and logic elements clearly defined and arranged in a tabular or flowchart format.

AI-generated content may be incorrect.][image: The image shows a laptop screen displaying keyboard shortcuts for various functions, including caps lock, shift, control, and others, followed by a list of software and hardware related to Basys 3, a programmable logic device.

AI-generated content may be incorrect.]
Figures 48 and 49: Equation 2
[image: The image shows a screen with a list of various data values and types, such as arrays and logic, and some unidentified objects and protocols.

AI-generated content may be incorrect.][image: The image shows a keyboard with various keys labeled, including 'CapsLock', 'Shift', 'Fn', 'DIGILENT', and 'LELL', and an image of an Intel Core processor in the background.

AI-generated content may be incorrect.]
Figures 50 and 51: Equation 3
[image: The image displays a visual representation of a data table, possibly a waveform or signal trace, with various data points, symbols, and values, such as hexadecimal and binary data, indicating a technical or engineering context.

AI-generated content may be incorrect.][image: The image shows a keyboard with an Arduino Uno board, featuring a keyboard layout, a USB cable, and various computer components, including an Intel Core processor.

AI-generated content may be incorrect.]
Figures 52 and 53: Equation 4

11. Comparison, Analysis, and Interpretation of Results

The simulation results for both the Braun and Wallace tree multipliers produced identical mathematical outputs, confirming that both architectures correctly implemented 8-bit binary multiplication. Despite this functional equivalence, there were clear differences in performance between the two designs when comparing synthesis and implementation results. The calculated longest delay for the Braun Multiplier was 41ms and for the Wallace Tree it was 29ms. The Braun multiplier recorded a synthesis time of 25.084 ms and an implementation time of 20.975 ms, whereas the Wallace tree multiplier achieved significantly faster results, with a synthesis time of 16.793 ms and an implementation time of 12.525 ms. The difference between the calculated longest delay and the simulated one is the assumptions that we made with the delay of an adder and an AND gate. Despite the figures being quite far apart, the same pattern was shown, with the Braun multiplier being much slower than the Wallace tree. The difference between the two architectures can be attributed to the structural organisation of them. The Braun multiplier uses a more regular but sequential array of adders, which creates longer combinational paths and increases complexity during optimisation. In contrast, the Wallace tree reduces partial products in a more parallelised manner using a hierarchical reduction structure, allowing the synthesis and implementation tools to optimise timing more effectively and reduce overall critical path delays.
In terms of resource utilisation, the results show a relatively small difference between the two designs. The Braun multiplier used 90 LUTs and 32 I/O devices, while the Wallace tree used slightly more resources at 94 LUTs, with the same number of I/O devices. The increase in LUT usage for the Wallace tree is expected due to its more complex reduction network, where additional logic is required to manage multiple levels of carry-save addition. However, the identical I/O usage indicates that both designs operate on the same external interface structure and data width, meaning the differences are purely internal architectural choices rather than input/output complexity.
Power consumption results also show only a minor variation between the two multipliers, with the Braun design consuming 0.08 W compared to 0.084 W for the Wallace tree. The slightly higher power usage in the Wallace implementation can be explained by its increased internal switching activity, as more adders operate in parallel across multiple reduction stages. Although the Wallace tree is faster in terms of timing performance, this additional parallel logic leads to a marginal increase in dynamic power consumption. 
Overall, the results highlight a trade-off between speed and efficiency, where the Wallace tree achieves improved performance at the cost of slightly higher resource usage and power consumption compared to the more regular Braun array structure.
12. Interpretation of Power Utilization and LUTs
In Vivado, the synthesis and implementation stages represent two distinct phases in the FPGA design flow, each producing different levels of accuracy in performance, resource usage, and power estimation. Synthesis is the process in which the high-level HDL description is translated into a technology-specific netlist composed of logic elements such as lookup tables (LUTs), flip-flops, and input/output blocks. At this stage, the tool performs logical optimisation but does not yet consider the physical placement or routing of these components on the FPGA fabric. As a result, the synthesis stage provides an early and relatively abstract estimate of design performance and resource utilisation.
The implementation stage, by contrast, takes the synthesised netlist and maps it onto the actual physical resources of the FPGA. This process includes placement, where logic elements are assigned specific locations on the device, and routing, where connections between these elements are physically established. Because implementation accounts for real hardware constraints such as routing congestion, interconnect delays, and timing paths, it produces significantly more accurate results compared to synthesis. This makes implementation the more reliable stage for evaluating how the design will behave when deployed on hardware.
One key difference between the two stages is the estimation of speed. During synthesis, timing analysis is based on an idealised model that assumes simplified interconnect delays, meaning the reported maximum frequency is often optimistic. In implementation, however, actual routing delays are included, and the resulting timing analysis typically reveals slower performance than initially estimated. This difference is especially pronounced in larger or more complex designs where routing delays contribute significantly to the critical path.
Resource utilisation is also reported differently between synthesis and implementation. Synthesis provides an estimate of how many LUTs, flip-flops, and I/O blocks the design is expected to require, based on the logical structure of the HDL code. However, these estimates may change during implementation due to optimisation decisions such as logic packing, resource sharing, and replication. In this case, neither of the methods show a change in LUTs or I/O devices between synthesis and implementation.
Power consumption estimates can also vary between the two stages. Synthesis provides a preliminary power estimate based on statistical switching activity and assumed interconnect behaviour. This estimate is relatively coarse, as it does not account for actual routing lengths or physical capacitance. In implementation, power analysis becomes more accurate because it incorporates real placement and routing information, allowing the tool to model dynamic power consumption and signal switching more precisely. As a result, implementation reports generally provide a more realistic representation of expected power usage in the final hardware design. However, much like with utilization, in this experiment, the power estimate between synthesis and implementation was the same for both methods.
Braun Method Synthesis Results:
[image: The image shows a summary of power estimation for an integrated circuit, detailing on-chip power, dynamic, signals, logic, design, I/O, and device static power, with specific figures and percentages, along with temperature readings and a low confidence level.

AI-generated content may be incorrect.]
Figure 54: Power consumption
[image: The diagram shows a summary of resource utilization, with high usage percentages for LUT (likely a type of memory or resource), and various IO (Input/Output) levels at different thresholds.

AI-generated content may be incorrect.]
Figure 55: Utilization of LUTs and I/O devices


Implementation results:
[image: The image displays a summary of power analysis for an on-chip design, indicating an 89% power budget margin, a junction temperature of 25.4ￂﾰC, and a thermal margin of 59.6ￂﾰC.

AI-generated content may be incorrect.]
Figure 56: Power consumption
[image: The diagram shows a summary of resource utilization, with high usage percentages for LUT (likely a type of memory or resource), and various IO (Input/Output) levels at different thresholds.

AI-generated content may be incorrect.]
Figure 57: Utilization of LUTs and I/O devices
[image: The diagram displays various metrics for synthesizing a digital circuit, including timing, power, and utilization, with specific values for different components and design choices.

AI-generated content may be incorrect.]
Figure 58: Project Summary. A collection of both utilization graphs (synthesis and implementation) and power

Wallace Tree Multiplier Synthesis Results:
[image: The image shows a summary of power estimation for a chip, detailing on-chip power, dynamic, logic, design, and I/O power, with specific values and percentages, and includes information on thermal margins, ambient temperature, and power constraints.

AI-generated content may be incorrect.]
Figure 59: Power Consumption
[image: The diagram shows resource utilization statistics, with 94% for LUT, 30% for IO, and a maximum of 100% utilization.

AI-generated content may be incorrect.]
Figure 60: Utilization of LUTs and I/O devices

Implementation Results:
[image: The image presents a power estimation summary for an on-chip circuit, detailing dynamic, signals, logic, design, and device static power consumption, with an effective temperature coefficient, and indicating a low confidence level in the estimation.

AI-generated content may be incorrect.]
Figure 61: Power Consumption
[image: The image displays a summary of resource utilization, showing high utilization for LUT (L1 cache) at 94% and IO (input/output) at 30%, with available resources at 20800 and 106, respectively, and various utilization percentages for different components.

AI-generated content may be incorrect.]
Figure 62: Utilization of LUTs and I/O devices
[image: WNS,
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Figure 63: Project Summary







13. Details of Testing and Recommendations for Future Improvements

Both multipliers were given the same four multiplication inputs. Those were:




These equations were selected to test a range of numbers, starting at the lower end and building up. These were kept consistent between the two multipliers to ensure a fair test took place. The test consisted of first simulating the result using the Vivaldo software, then recreating it on the FPGA board and checking the two results against each other.
The process of testing these structures begins with laying the foundation for the test. Making use of the Vivaldo software, a file for the half adder and full adder were created, allowing them to be used as a subroutine and called many times without writing out the full operation each time. For each architecture, code was written to simulate the logic circuit diagrams (figures 3 and 4 (Braun) and figure 6 (Wallace Tree)). Both codes were tested using the four equations above to ensure they were working as expected. They were then both put through the synthesis and implementation stages, taking notes and pictures of the results to compare later. Then, an FPGA (Field-Programmable Gate Array) was plugged into the computer. The pins were assigned using the Vivaldo software, so the layout in figure 31 was achieved. Then the code was programmed onto the device. The same four equations that were used before were then simulated on the FPGA board and notes of their results were taken.
The Wallace tree structure used in this design offers a relatively clear and intuitive approach to understanding how partial products are reduced through successive layers of carry-save addition. Its tree-like organisation makes it easier to follow conceptually compared to more optimised multiplier architectures, particularly when analysing how sums and carries are propagated between stages. However, despite this simplicity in interpretation, it is not the most efficient method in terms of either hardware usage or speed. More advanced multiplier architectures can achieve better performance by minimising the depth of the addition stages, making this particular Wallace tree a useful but not optimal design choice.
In terms of future development, the design could be improved through better scalability for larger bit-width multipliers, such as extending beyond the current 8-bit implementation while maintaining manageable timing and resource usage. Additionally, the Booth multiplication method could be considered, as it reduces the number of partial products generated, although this was not explored in this design. From a testing perspective, the reliability of results could also be improved by increasing the number of experiments beyond a minimal set of test cases. Rather than relying on a small number of random inputs, a more structured testing strategy could be used, incorporating systematically chosen values such as boundary cases, evenly distributed mid-range values, and repeating patterns to ensure more comprehensive coverage of possible input combinations.

14. Conclusion
This report has presented a critical evaluation of the Braun multiplier and Wallace tree multiplier architectures through their implementation in VHDL and analysis using Vivaldo. Both designs successfully performed 8-bit by 8-bit binary multiplication, with simulation results confirming that the mathematical outputs produced by each architecture were identical. Despite achieving the same functional objective, the internal organisation of the two multiplier structures resulted in noticeable differences in performance, resource usage, and power consumption.
The results demonstrated that the Wallace tree multiplier provided improved synthesis and implementation times compared with the Braun multiplier, due to its parallel reduction structure and reduced critical path delay. However, this performance improvement came with a slight increase in hardware utilisation and power consumption, as the Wallace tree required additional logic resources to support its more complex arrangement of carry-save adders. In comparison, the Braun multiplier offered a simpler and more regular structure, requiring fewer LUTs and slightly less power, although with slower processing performance due to carry propagation through the adder array.
Overall, the evaluation highlights the trade-off between architectural simplicity and computational efficiency when selecting a multiplier design. The Braun multiplier remains a suitable option where simplicity, predictability, and lower resource usage are prioritised, while the Wallace tree multiplier is more appropriate for applications requiring higher processing speeds. Future improvements could involve exploring more advanced multiplier techniques, such as Booth-based architectures or hybrid designs, to further reduce partial products and improve the balance between speed, area, and power efficiency. Additionally, expanding the testing process with a larger and more structured range of input cases would provide a more comprehensive evaluation of the designs under different operating conditions.
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library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

entity FullAdder is

Port ( A : in STD_LOGIC;
B : in STD_LOGIC;
C : in STD_LOGIC;
Sum : out STD_LOGIC;
Carry : out STD_LOGIC);

end FullAdder;

architecture Behavioral of FullAdder is

begin
Sum <= A xor B xor C;
Carry <= (A AND B) OR

end Behavioral:;

(B AND C) OR

(C AND A);
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1 : library IEEE;
2 | use IEEE.STD_LOGIC_1164.ALL;
3.
4 @ entity HalfAdder is
5 Port ( A : in STD_LOGIC;
6 1 B : in STD_LOGIC;
7 E Sum : out STD_LOGIC;
8 . Carry : out STD_LOGIC);
9 () end HalfAdder;
10 !
1 @& architecture Behavioral of HalfAdder
12
13 | begin
14 | Sum <= A xor B;
15 E Carry <= A and B;
16 |

17 end Behavioral:

is
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1 E library IEEE;

2 | use IEEE.STD _LOGIC_1164.ALL;

3 . use IEEE.STD_LOGIC_ARITH.ALL;

4 E use IEEE.STD_LOGIC_UNSIGNED.ALL;

5

6

7 @ entity braunSmall is

8 Port ( A : in STD_LOGIC_VECTOR (7 downto 0);

9 E B : in STD_LOGIC_VECTOR (7 downto 0);

10 P : out STD_LOGIC VECTOR (15 downto 0));

11 () end braunSmall;

121

13 ) architecture Behavioral of braunSmall is

14 .

15 E signal A1BO, A2BO, A3BO, A4B0, A5B0O, A6BO, A7BO : std logic;

16 , signal AOBl, AlB1, A2Bl, A3Bl, A4Bl, A5Bl, A6Bl, A7Bl : std logic;
17 signal AOB2, Al1B2, A2B2, A3B2, A4B2, A5B2, A6B2, ATB2 : std logic;
18 E signal AOB3, AlB3, A2B3, A3B3, A4B3, A5B3, A6B3, A7B3 : std logic;
19 | signal AOB4, A1B4, A2B4, A3B4, A4B4, A5B4, A6B4, AT7B4 : std logic;
20 signal AOB5, A1B5, A2B5, A3B5, A4B5, A5B5, A6B5, ATB5 : std logic;
21 E signal AOB6, AlB6, A2B6, A3B6, A4B6, A5B6, A6B6, ATB6 : std logic;
22 , signal AOB7, AlB7, A2B7, A3B7, A4B7, A5B7, A6B7, ATB7 : std logic;
231

24 ' signal c1, c2, c3, c4, c5, c6, Cc7, c8, c9, clo, cl1, cl2, c13, cl4, cl5, cle, cl17, cl8, Cl9, €20, C21, C22, C23, C24, C25, C26, C27, C28, C29, C30, C31, C32,
25 |

26 E signal S2, S3, sS4, s5, s6, S7, S8, sl0, sl1, sl2, s13, sl4, sl15, sl6, S18, S19, S20, S21, S22, S23, S24, S26, S27, S28, S29, S30, S31, S32, S34, S35, S36, S
27!

28 @ component FullAdder

29 1 port (A : in STD_LOGIC;
30 | B : in STD_LOGIC;

31 . C : in STD_LOGIC;

32 E Sum : out STD_LOGIC;

33 | Carry : out STD_LOGIC) ;
34 @ end component;
35 1
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component HalfAdder
port (A : in STD_LOGIC;
B : in STD_LOGIC;

Sum : out STD_LOGIC;
Carry : out STD_LOGIC) ;
end component;

begin

A1BO <= A(1l) AND B(0);
A2B0 <= A(2) AND B(0);
A3B0 <= A(3) AND B(0);
A4BO <= A(4) AND B(0);
A5B0 <= A(5) AND B(0);
A6BO <= A(6) AND B(0);
A7BO <= A(7) AND B(0);
AOB1 <= A(0) AND B(1);
AlBl1 <= A(1l) AND B(1);
A2B1 <= A(2) AND B(1);
A3B1 <= A(3) AND B(1);
A4B1 <= A(4) AND B(1);
A5B1 <= A(5) AND B(1);
A6Bl <= A(6) AND B(1);
A7TB1 <= A(7) AND B(1);
AOB2 <= A(0) AND B(2);
Al1B2 <= A(l) AND B(2);
A2B2 <= A(2) AND B(2);
A3B2 <= A(3) AND B(2);
A4B2 <= A(4) AND B(2);
A5B2 <= A(5) AND B(2);
A6B2 <= A(6) AND B(2);
A7TB2 <= A(7) AND B(2);
AOB3 <= A(0) AND B(3);
A1B3 <= A(1l) AND B(3);
A2B3 <= A(2) AND B(3);
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library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

use IEEE.STD_LOGIC_ARITH.ALL;
use IEEE.STD_LOGIC_UNSIGNED.ALL;

entity FullWallace is

Port ( A : in STD_LOGIC_VECTOR (7 downto 0);
B : in STD_LOGIC_VECTOR (7 downto 0);
P : out STD_LOGIC VECTOR (15 downto 0));
11 end FullWallace;

signal A1BO, A2BO, A3B0, A4BO, ASBO,
signal AOB1, A1Bl, A2B1, A3B1, A4BI,
signal AOB2, A1B2, A2B2, A3B2, A4B2,
signal AOB3, A1B3, A2B3, A3B3, A4B3,
signal AOB4, A1B4, A2B4, A3B4, A4B4,
signal AOB5, A1B5, A2B5, A3B5, A4BS,
signal AOB6, A1B6, A2B6, A3B6, A4B6,
signal AOB7, A1B7, A2B7, A3B7, R4B7,

signal Cc1, c2, c3, c4, c5, Ce, C7,
signal s2, s3, s4, S5, se, s7, S8,

component FullAdder
port (A : in STD_LOGIC;
B : in STD_LOGIC;

C : in STD_LOGIC;

Sum : out STD_LOGIC;
Carry : out STD_LOGIC) ;

34 @ end component;

35

Behavioral of FullWallace is

A6B0O, ATBO : std logic;

A5B1, A6B1, A7Bl : std logic;

A5B2, A6B2, A7B2 : std logic;

A5B3, A6B3, ATB3 : std logic;

A5B4, A6B4, AT7B4 : std logic;

A5B5, A6B5, A7B5 : std logic;

A5B6, A6B6, ATB6 : std logic;

A5B7, A6B7, ATB7 : std logic;
cs, c9, clo, cll, clz, cl3, cl4, cl5, cle, cl7, cl8, cl9, C20, C21, C22, C23, C24, C25, C26, C27, C28, C29, C30, C31, C32,
s10, s11, sl2, sl13, sl4, s15, slé, S18, S19, S20, S21, S22, S23, S24, S26, S27, S28, S29, S30, S31, S32, S34, S35, S36, S37
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¢ component HalfAdder
37 | port (A : in STD_LOGIC;
38 . B : in STD_LOGIC;
39 E Sum : out STD_LOGIC;
40 | Carry : out STD_LOGIC) ;
410 end component;
42
43 | begin
44
45 A1BO <= A(1l) AND B(0);
46 A2B0 <= A(2) AND B(0);
47 A3B0 <= A(3) AND B(0);
48 A4BO <= A(4) AND B(0);
49 A5B0 <= A(5) AND B(0);
50 A6BO <= A(6) AND B(0);
51 A7BO <= A(7) AND B(0);
52 AOB1 <= A(0) AND B(1);
53 AlB1 <= A(1l) AND B(1);
54 A2B1 <= A(2) AND B(1);
55 A3B1 <= A(3) AND B(1);

56 ' AdBL <= A(4) AND B(1);

57 A5B1 <= A(5) AND B(1);
58 RA6B1 <= A(6) AND B(1);
59 ¢ ATBl <= A(7) AND B(1);
60 . AOB2 <= A(0) AND B(2);
61 + AlB2 <= A(1l) AND B(2);
62 | A2B2 <= A(2) AND B(2);
63 .+ A3B2 <= A(3) AND B(2);
64 + A4B2 <= A(4) AND B(2);
65 , A5B2 <= A(5) AND B(2);
66 + A6B2 <= A(6) AND B(2);
67 ATB2 <= A(7) AND B(2);
68 AOB3 <= A(0) AND B(3);
69 + AIB3 <= A(l) AND B(3);
70 ' A2B3 <= A(2) AND B(3);
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create clock -period 45.000 -name virtual clk
set max_delay -from [get ports A*] -to [get_ports P*] 41.000
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Number of Failing Endpoints: 0 Number of Failing Endpoints: 0 Number of Failing Endpoints: NA
Total Number of Endpoints: 16 Total Number of Endpoints: 16 Total Number of Endpoints: NA

All user specified timing constraints are met.
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create clock -period 32.000 -name virtual clk
set _max_delay -from [get ports A*] -to [get ports P*] 29.000
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Design Timing Summary
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