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Abstract
This report presents the covers the design, implementation and evaluation of two different binary multipliers. A Brauns and Wallace tree multiplier were created using VHDL and a Xilinx Artix-7 FPGA. Both designs were created to take an 8-bit input producing a 16-bit output. The study focuses on comparing calculation performance including propagation delay, recourse utilization, and power efficiency.
Through simulation the functionality of both multipliers was verified across a range of test cases. Analysis of the critical path revealed that the Brauns multiplier achieved a propagation delay of 41ns whilst the Wallace managed a delay of 31ns due to its parallel reduction structure. Additionally, the Wallace design demonstrated slightly reduced LUT usage and higher power efficiency per operation.
Despite increased design complexity of the Wallace multiplier, it offers superior performance making it more suitable for high-speed applications, whereas the Brauns multipliers simpler design may be applicable for certain use cases.
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[bookmark: _Toc227613166][bookmark: _Toc227861741]1 – Introduction
This report details the design, simulation and evaluation of the Braun and Wallace tree multipliers. Making use of VHDL and on an Artix-7 FPGA.
A binary multiplier is a digital circuit used to multiply 2 input numbers and provide an output. There are several types of binary multiplier circuit designs, chosen for this analysis in this report is the Braun’s multiplier and the Wallace tree multiplier.
Digital Multipliers serve a core role in current electronic systems, being heavily used in digital signal processing operations such as finite impulse response filters, fast Fourier transforms and are essential for machine learning applications [1].
Due to this fundamental role multipliers serve in these systems efficient multiplication is essential for improving overall system performance. Binary multipliers operate by calculating the partial products of the input numbers then summing the partial products together to determine the final product [2].

[bookmark: _Toc227613167][bookmark: _Toc227861742]2 – Background Research
[bookmark: _Toc227613168][bookmark: _Toc227861743]2.1 – Multiplier Architectures 
Binary multiplier designs can be classified into 2 main types: array-based, and tree-based architecture [3]. Array multipliers such as the chosen Brauns make use of a regular structure where partial products are summed in a sequential manner. The regularity of this type of multiplier makes them highly suitable for implementation in hardware, especially when used within an FPGA allowing for predictable routing [4]. However, the main limitation to this style of multiplier is caused by propagation delay from the sequential addition of partial products increasing linearly with the increase in operand size [4], this would lead to a significant performance decrease when frequently used within system. 
In contrast to the Braun multiplier, tree-based approaches such as the Wallace multiplier make use of a parallel reduction approach to summing the partial products. This helps to greatly decrease the propagation delay by summing partial products simultaneously [5]. This significantly reduces the critical path, making tree-based multipliers more suitable for high performance applications due to reduced delays. These advantages, however, come at the drawback of increasing design complexity introducing an irregular layout making implementation more difficult. 
[bookmark: _Toc227613169][bookmark: _Toc227861744]2.2 – FPGA
A Field Programable Gate Array (FPGA) is a reconfigurable integrated circuit. Unlike Application Specific Integrated Circuits (ASIC), which have a fixed functionality, FPGAs allow for reprogramming, allowing for rapid prototyping, testing and iterative development.
The platform used for this project is the Xilinx Artix-7 FPGA. All FPGAs contain several configurable components, of interest for this project are the look-up Tables (LUTs), These function as a truth table representing the output of 1 or more logic gate  [6] [7]. These can then be connected as required to create the full system
[bookmark: _Toc227613170][bookmark: _Toc227861745]2.3 – Critical Path and Propagation Delay
Critical path analysis can be applied to any combinational or sequential logic circuit. The critical path of a circuit is the longest path a signal must travel from input to output. This determines the maximum operating speed of a circuit [7]. 
Propagation delay is an unavoidable attribute to all electronics circuits and describes the delay a component takes from input to output whilst performing its role [8]. 
Propagation delay is a result of several factors such as parasitic capacitance: this unavoidable effect requires the input of the logic gate to be charged or discharged to a sufficient level before the inputs state is changed [9]. This effect is worsened due to the output resistance of the previous stage limiting the current available to charge this capacitance [10]. In multiplier circuits these effects are even greater as this delay accumulates across several stages, significantly impacting overall performance.
[bookmark: _Toc227861746][bookmark: _Toc227613172]2.4 – Applications Of Binary Multipliers
Binary multipliers are widely used in many modern digital systems. One primary application is digital signal processing, where multipliers are essential for systems such as filtering, conversion and Fourier transforms [11]. They are also heavily used in image processing, where large volumes of data are required to be processed in real time with low latency. 
In addition, multipliers are a fundamental component in cryptography, where they are used in encryption algorithms such as RSA and Elliptic Curve systems [12]. In more recent developments in artificial intelligence multipliers have become increasingly important, particularly in neural network acceleration [13].



[bookmark: _Toc227613173][bookmark: _Toc227861747]3 – Methodology 
This section covers the approach taken to design, implement and simulate both the Wallace and Braun multipliers alongside performance evaluation making use of VHDL and the Vivado FPGA Software.
[bookmark: _Toc227613174][bookmark: _Toc227861748]3.1 – Design Approach
The design began with determining requirements for both the Braun and Wallace multiplier. Both multipliers were chosen to make use of an 8-bit unsigned input providing a 16-bit output. 
Both are designed to generate the partial products of both inputs making use of and operations then these partial products are summed making use of a combination of half and full adders arranged according to the multiplier’s architecture.
[bookmark: _Toc227613175][bookmark: _Toc227861749]3.2 – VHDL Implementation 
A modular approach was taken whilst developing the VHDL Program; this enhances readability, reusability, and scalability. Two reusable modules were created “Full_Adder” and “Half_Adder”. These modules are then instantiated and connected via port mapping allowing for intercommunication with the main module. As both multipliers take the same 8-bit input and provide a 16-bit output, a common constraint file has been made ensuring inputs and outputs are the same for both.
For the Braun multiplier a structured parallel array of adders, where each row corresponds to a stage of partial product calculation is used. This contrasts the Wallace tree multiplier which makes use of weighted sum of all the partial products with the number of partial products being reduced in each stage until only 2 rows remain and are combined with a final ripple adder. 


[bookmark: _Toc227613176][bookmark: _Toc227861750]4 – Braun Multiplier Design
The Braun Multiplier is a type of parallel array multiplier, widely used due to its ease of implementation owing to its regular structure, it performs multiplication operations by generating the partial products of the inputs and then summing them in a structured array of adders.
[bookmark: _Toc227613177][bookmark: _Toc227861751]4.1 – Principle of operation
The Braun multiplier functions by generating the partial products of the inputs followed by a sequential addition. For the two inputs A (A7 to A0) and B (B7 to B0), each bit of one operand is multiplied by each of the other operand making use of AND gates, producing the matrix of partial products. 
[bookmark: _Toc227613178][bookmark: _Toc227861752]4.2 – Block Diagram 
[image: ]
[bookmark: _Ref227180038][bookmark: _Toc227913748]Figure 1 - Brauns Multiplier Block Diagram
Shown in Figure 1 is the block diagram for the 8-bit Brauns multiplier. This diagram shows the key features of this multiplier, primarily the 64 partial product generating AND gates connected to the array of adders. A Mixture of full and half adders are utilized here; the right side of the diagram consists entirely of half adders as there is no carry input from a previous adder.
[bookmark: _Toc227613179][bookmark: _Toc227861753]4.3 – VHDL Implementation
The VHDL implementation has been broken up into several functional sections, this improves development speed, readability and debugging. 
The first section shown in Figure 2 is the port configuration for the Top design source file, this defines two 8-bit input vectors “A“ and “B” and defines a 16-bit Output vector “FP”.
[image: ]
[bookmark: _Ref227410452][bookmark: _Toc227913749]Figure 2 - Brauns VHDL Port Configuration
The next stage shown in Figure 3 defines the necessary intermediate signals, the first set are used for the 64 partial products as the output of the AND gates. The next set of signals are used for each product P0 through P15, each product requires a varying number of partial products as shown in Figure 1. 
[image: ]
[bookmark: _Ref227410918][bookmark: _Toc227913750]Figure 3 - Brauns VHDL Intermediate Signal Declarations
Shown in Figure 4 is the process of instantiating the half and full adders, this section of code is essential as the half and full adders are used numerous times through the program. This defines the name of the component along with its inputs and outputs.
[image: ]
[bookmark: _Ref227413001][bookmark: _Toc227913751]Figure 4 - Brauns VHDL Adder Instantiation
Figure 5 shows the beginning of the architecture section of the VHDL. The first section being the generation of the 64 partial products making use of AND gates. Vectors were used for storing the partial products as it helps improve readability and reduce repeated declarations.
[image: ]
[bookmark: _Ref227413991][bookmark: _Toc227913752]Figure 5 - Brauns VHDL Partial Product AND Gates
The Final section of code shown in Figure 6 is broken up into each individual product P0 through P15 each containing the necessary full and half adders. 
[image: ]
[bookmark: _Ref227416574][bookmark: _Toc227913753]Figure 6 - Brauns VHDL Final Product Generation

[bookmark: _Toc227613180][bookmark: _Toc227861754]5 – Wallace Tree Multiplier Design
The Wallace multiplier is a parallel multiplier architecture that reduces the number of sequential addition stages making use of a treelike structure instead of adding partial products row by row like the Brauns Multiplier.
[bookmark: _Toc227613181][bookmark: _Toc227861755]5.1 – Principles of operation
The operation begins with the generation of partial products using AND gates, similar to the Brauns multiplier. These partial products are then used with several parallel full and half adders to reduce the number of parallel products in each layer. Until ultimately there are only 2 rows of partial products which are summed using a ripple adder.
[bookmark: _Toc227613182][bookmark: _Toc227861756]5.2 – Block & Dot Diagram
Figure 7 illustrates the 4 separate reducing layers and the final ripple adder. Each gray dot represents a partial product firstly beginning with the same 64 as the Brauns multiplier, then being reduced via full adders (highlighted in green) and half adders (highlighted in blue) 
[image: ]
[bookmark: _Ref227511666][bookmark: _Toc227913754]Figure 7 - Wallace Multiplier Dot diagram
The dot diagram was then populated (shown in Figure 8) this allowed for quick integration in VHDL whilst minimizing errors as the structure could be worked out in advance.
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[bookmark: _Ref227659290][bookmark: _Toc227913755]Figure 8 - Wallace Multiplier Populated diagram
[image: ]
[bookmark: _Toc227913756]Figure 9 - Wallace Tree Block Diagram

[bookmark: _Toc227861757]5.3 – VHDL Implementation
The VHDL Implementation of the Wallace Multiplier re-uses several sections of the Brauns multiplier, this improved development speed and improved reliability as copied code sections had already been tested working. Re-used sections included: Port Configuration (Figure 2), Adder Instantiation (Figure 4) and partial product generation (Figure 5), in addition the partial product signal declarations (Figure 3) were re-used however with some alterations as there are different quantities between the two multipliers.
The Majority of alterations to the code where in the final section, where the final products are generated. Shown in Figure 10. This section was organized into each layer as previously set out.  
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[bookmark: _Ref227703207][bookmark: _Toc227913757]Figure 10 - Final Product Generation
 

[bookmark: _Toc227613183][bookmark: _Toc227861758]6 – Results and Analysis 
[bookmark: _Toc227613184][bookmark: _Toc227861759]6.1 – Propagation delay comparison
The first step in determining the delay of both multiplier types was to identify the critical path as this would show the slowest path a signal must take.  Making use of the previously created block diagrams this the critical path could be easily identified and highlighted in red as shown in Figure 11 and Figure 12.
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[bookmark: _Ref227326349][bookmark: _Toc227913758]Figure 11 - Brauns Block Diagram Critical Path
[image: A diagram of a computer
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[bookmark: _Ref227326357][bookmark: _Toc227913759]Figure 12 - Wallace Tree Block Diagram Critical Path
With the critical path determined for both multipliers the delay could now be determined for each Half or Full Adder along the critical path 2ns of delay is introduced and for each AND gate 1ns is introduced. 
The critical path for the Brauns multiplier contains 20 adders and 1 AND gate. Causing a total delay of (20 x 2 + 1) = 41ns. Comparing this to the Wallace tree containing 15 adders and 1 AND gate causing a delay of (15 x 2 + 1) = 31ns.
This Reduction in propagation delay shown in the Wallace tree allows for operation at higher clock speeds providing a significant performance increase when compared to the Brauns multiplier.
[bookmark: _Toc227613185][bookmark: _Toc227861760]6.3 – Simulation Results
Simulation was performed making use of integrated tools in the Vivado software. A data set consisting of 4 test values was generated as shown in Table 1 consisting of a maximum, high, medium and low value calculation to give a full range to ensure correct operation, inputs A and B where set to the specified constants and the output compared to the correct value.
[bookmark: _Ref227404176]Table 1 - Multiplier Test Sets
[image: A table with numbers and binary code
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For the first test the expected hex output is 007E as shown in Figure 13 both multipliers calculated the correct value.
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[bookmark: _Ref227405594][bookmark: _Toc227913760]Figure 13 - Brauns and Wallace Simulation Results (Low Value)
Figure 14 shows the medium value test, both multipliers again provided the correct value. It is noted that the intermediate signals differ between the two multipliers, this is expected due to the differences in architecture.
[image: A screenshot of a computer
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[bookmark: _Ref227406488][bookmark: _Toc227913761]Figure 14 - Brauns and Wallace Simulation Results (Medium Value)
Figure 15 shows the High value test again with the correct value calculated from both multipliers.
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[bookmark: _Ref227406678][bookmark: _Toc227913762]Figure 15 - Brauns and Wallace Simulation Results (High Value)

The final test shown in Figure 16 also provided the correct value form both multipliers.
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[bookmark: _Ref227407445][bookmark: _Toc227913763]Figure 16 - Brauns and Wallace Simulation Results (Maximum Value)
[bookmark: _Toc227613186][bookmark: _Toc227861761]6.4 – LUT & Power Usage
Vivado provides several features for analyzing the final design including Power and LUT usage. Shown in Figure 17 is the comparison of the used LUT’s from both multipliers, the Wallace is noted as using 4 less LUT’s than the Brauns type. This is an advantage as the lesser the usage the more that is available for other sections of the program, this additionally would reduce the cost if the circuit was developed into an integrated circuit.
[image: ]
[bookmark: _Ref227421237][bookmark: _Toc227913764]Figure 17 - LUT Comparison Table
Although Vivado reports similar Static power consumption for both designs as shown in Figure 18, this does not capture the fact that the Wallace tree multiplier performs its calculations in a shorter duration, as a result the total power usage used per multiplication operation is lower. This improvement in efficiency makes it more suitable for portable and low power applications.
[image: A screenshot of a computer

Description automatically generated]
[bookmark: _Ref227423163][bookmark: _Toc227913765]Figure 18 - Multiplier Power Usage Comparison
[bookmark: _Toc227613187][bookmark: _Toc227861762]6.5 - Evaluation
From the results obtained, it is evident that the Wallace multiplier provides superior performance to the Braun multiplier. The calculated critical path delay of 31ns of the Wallace Tree is significantly lower than the 41ns of observed in the Braun multiplier. This improvement has primarily been obtained through the parallel reduction architecture of the parallel products which reduces the number of sequential addition stages.
In contrast, The Brauns multiplier relies on a regular array structure where sequential addition results in a longer critical path and increased delay in operation. 
Reviewing the resource utilization, the Wallace tree multiplier demonstrated slightly reduced LUT usage, indicating a more efficient hardware implementation, however this reduction does come at the cost of increased hardware complexity, which may lead to more difficult routing when attempting implementation in hardware.
Although both multipliers demonstrated similar instantaneous power consumption, the improved speed of the Wallace multiplier results in lower overall energy consumption per calculation.
Therefore, the Wallace Multiplier demonstrates suitability for high-performance and energy efficient applications, whereas the Braun multiplier may still be preferred in designs where simplicity and ease of implementation are constraining factors instead of speed.

[bookmark: _Toc227613188][bookmark: _Toc227861763]7 – Discussion & Future Recommendations
Whilst the Wallace tree multiplier gives a good speed improvement over the Brauns multiplier certain applications may require further speed improvements, for this there are several possible additions, one such addition is the carry lookahead adder [14]. This helps to reduce the propagation delay in the carry signal by over 50%, this is done by calculating the carry in parallel [15].  
A limitation of the currently tested multipliers is the limitation to unsigned numbers, for certain applications this limitation is not a problem, however if the multiplication of signed numbers is required one possible solution is the Booth multiplier. The booth multiplier operates with a different method to both the Wallace and Brauns multiplier; by examining pairs of bits and performing subtraction and addition operations followed by arithmetic right shifts it can perform multiplication operations with signed numbers in two’s compliment form [16].
[bookmark: _Toc227861764]8 – Conclusion 
This report presented the design, implementation, evaluation and comparison of an 8-bit Brauns and Wallace multiplier making use of VHDL and an Artix-7 FPGA. Both designs successfully performed multiplication calculations across multiple test cases.
Test results displayed a clear performance difference between the two architectures. The Brauns multiplier whilst providing a simple regular structure, exhibited a longer critical path delay of 41ns due to compounding delay as a result of sequential additions of partial products. In contrast the Wallace multiplier improves upon this, reducing the delay to 31ns by making use of parallel reduction.
Although both designs showed similar power consumption, the Wallace multiplier with its faster operation suggests better energy efficiency per operation, however coming at the cost of increased complexity and a less regular design layout.
Overall, the Wallace multiplier is better suited for high performance applications, whilst the Brauns multiplier remains relevant where design simplicity and ease of implementation are priorities. 
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~-- Half Adder instancitation
component Half_Adder
Port ( AlIn : in std_logic;
BIn : in std_logic;
Sout : out std_logic;
cout : out std_logic );
end component;

-~ Full Adder instancitation
component Full_Adder
Port ( AIn : in STD_LOGIC;

BIn : in STD_LOGIC;
CIn : in STD_LOGIC;
SOut : out STD_LOGIC;
COut : out STD_LOGIC);

end component;
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-- Final Product 1
P1HAG: Half_Adder port

- Final Product 2
P2FAG: Full_Adder port
P2HAG: Half_Adder port

- Final Product 3
P3FAG: Full Adder port
P3FAL: Full_adder port
P3HAG: Half_Adder port

- Final Product 4
P4FAG: Full Adder port
P4FAL: Full_Adder port
P4FA2: Full_Adder port
PaHAG: Half Adder port
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layer 2

Half_Adder port map P2_6, BIn=> P1_Co, SOut=> FP(2),

Full_Adder port map P36, BIn=> P2_Co, CIn-> AGB(3), P3_C1);
Full_Adder port map P4_6, BIn=> P4_1 , CIn=> P3.CO , Pa_c2);
Full_Adder port map P5_6, BIn=> P5_1 , CIn=> P4_CO , P5_C2);
Full_Adder port map P6_6, BIn=> P61 , Ps co , P6_C2);
Full_Adder port map P7_6, BIn=> P7_1 , CIn=> P6._CO , p7_C2);
Full_Adder port map P8 6, BIn=> P8_1 , CIn=> P70 , ¥ P8_C2);
Full_Adder port map A7B(2), BIn=> P9._@ , CIn=> P8_CO , SOut=> P9_1, Cout=> P9_C1);
Half_Adder port map P5_C1, BIn=> ABB(6), SOut=> P6_3, Cout=> P6_C3);

Full_Adder port map P6_C1, BIn=> A1B(6), CIn=> AGB(7), SOut=> P7_3, Cout=> P7_C3);

Full_Adder port map
POFA2: Full_Adder port map
P10FA1:Full_Adder port map
P11FAG:Full_Adder port map
P12FAG:Full_Adder port map
P13HAG:Half_Adder port map

P7_C1, BIn=> A2B(6), CIn=> A1B(7), SOut=> P8 3, Cout=> P8_C3);
P8_C1, BIn=> A38(6), CIn=> A2B(7), SOut=> P9_2, Cou ) ¢
A4B(6), CIn=> A38(7), SOut=> P16_1, Cout=> P16_C1);
ASB(6), CIn=> A4B(7), SOut=> P11_1, Cout=> P11_C1
AGB(6), CIn=> ASB(7), SOut=> P12 8, Cout=> P12_C8);
A6B(7), SOut=> P13_0, Cout=> P13_CB);

P16_Co, BI
A7B(5), BI
A7B(6), BIn=:
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entity EightBraunMultiplier is
port (
A : in STD_LOGIC_VECTOR (7 downto @); -- Inputs for A switches
B : in STD_LOGIC_VECTOR (7 downto 8); -- Inputs for B switches
FP : out STD_LOGIC VECTOR (15 downto @) -- Final Product Output
)5
end EightBraunMultiplier:
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-- intermediate signals for and gates

signal ABB : STD_LOGIC_VECTOR (7 downto
signal A1B : STD_LOGIC_VECTOR (7 downto
signal A28 : STD_LOGIC_VECTOR (7 downto
signal A3B : STD_LOGIC_VECTOR (7 downto
signal B : STD_LOGIC_VECTOR (7 downto
signal ASB : STD_LOGIC_VECTOR (7 downto

signal A6B : STD_LOGIC_VECTOR (7 downto
signal A7B : STD_LOGIC_VECTOR (7 downto

-~ Product 1 Intermediate Signals
signal P1_Ce : std_logic;

- prodcut 2 Intermidiate Signals
signal P2_@ : std_logic;

signal P2_Ce : std_logic;
signal P2_C1 : std_logic;




