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[bookmark: _Toc133775708]Introduction 
This paper compares the different types of binary multiplier on the market and synthesizes and critically evaluates the performance of two popular designs in the Braun’s and Wallace tree multiplier using VHDL coding language. A simulation program called Xilinx Vivado is used to design and perform these tasks using programmable logic devices (PLDs) and related software tools. PLDs are integrated circuits known is field-programmable gate arrays (FPGAs) within Xilinx that allow the user to design and implement various functions, such as logic operations.
[bookmark: _Toc133775709]Multipliers
A binary multiplier is a combinational logic circuit used to multiply two binary numbers, it takes the binary inputs each consisting of 0s and 1s and produces a binary output representing the product of the two inputs. They use a selection of logic gates such as AND and XOR gates, as well as full adders and half adders to carry out the multiplication. These systems are widely used in various applications such as in digital signal processing and control systems.
There are several methods used to implement multiplication including Booth’s, Braun’s, Wallace tree, sequential, combinational, and shift and add multipliers. Each of these methods differ in their speed and complexity as well as resource requirements. 
[bookmark: _Toc133775710]Braun’s Multiplier 
Braun’s multiplier is a type of parallel multiplier, also known as a parallel array multiplier. This multiplier can only be designed using unsigned numbers, consisting of an array of AND gates and adders organised in an iterative structure. It uses a combination of shifts and additions to perform the process, making it a simple and efficient circuit. [1] 
It is based upon the principle of partial product generation, where the multiplication process is broken down into smaller multiplications of individual bits. A n*n bit Braun multiplier is built with (n-1) adders and n2 number of AND gates, where n is the number of inputs. The partial products can be added to the previous sum of the partial product and the carry signals are shifted one bit location to the left and added to the sums of the first adder and the new partial product to sum up the partial products in parallel and generate the final product. As shown in Figure 1 example below. [2]
Braun’s multiplier is known for its efficiency in terms of speed and hardware resources, allowing for high-speed multiplication operations with relatively simple hardware components.
[image: Figure 8 from VLSI Implementation of Braun Multiplier using Full Adder |  Semantic Scholar]
[bookmark: _Ref133265767][bookmark: _Toc133775753]Figure 1 - Braun's Multiplier Logic Circuit Example [3]
[bookmark: _Toc133775711]Wallace Tree Multiplier
A Wallace tree multiplier is another type of parallel multiplier and is a variant of long multiplication whereby each input is broken down into a series of partial products, which are then added together in a tree-like structure to produce the final product. 
There are three phases in the architecture of a Wallace tree multiplier, these are:
1. Generation of partial products
2. Accumulation of partial products via parallel adders
3. Addition via carry propagation [4]
This multiplication process reduces the number of partial products and thus the number of adders required, which reduces size of the design and therefore power consumption.
[image: High‐performance low‐power approximate Wallace tree multiplier - Abed -  2018 - International Journal of Circuit Theory and Applications - Wiley  Online Library]
[bookmark: _Toc133775754]Figure 2 - Wallace Tree Logic Circuit Example [5]







[bookmark: _Toc133775712]Background Information 
[bookmark: _Toc133775713]Partial Products
Partial products are generated when the two 8-bit numbers are multiplied together. Partial products are obtained when each bit of the 8-bit multiplicand is multiplied separately with each bit of the 8-bit multiplier. This leaves us with 8 partial products to be added together to produce the final product. 
[image: A picture containing scatter chart
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[bookmark: _Toc133775755]Figure 3 - Partial products [6]
[bookmark: _Toc133775714]What is VHDL?
VHDL stands for VHSIC (very-high speed integrated circuit) Hardware Description Language and is a standard programming language used in the electronic design community. It offers a way of capturing complex digital circuits for both simulation and synthesis using integrated circuits (ICs) and FPGAs. VHDL can be used to describe the behaviour of basic electronic components such as simple logic gates as well as complex microprocessor and custom chips. [7], [8]
[bookmark: _Toc133775715]What is Field-programmable Gate Array (FPGA)?
FPGA is semiconductor device with an integrated circuit designed to be configured by the designer/customer after manufacturing, instead of being a fixed device programmed by the manufacturer. [9], [10]. FPGA contains configurable logic blocks and a set of programmable interconnections that provide the designer with the ability to configure them to perform a variety of tasks, such as a simple logic gate to complex functions. The program is either loaded permanently to the board, semi permanently or is loaded from an external memory location each time the device is powered up, this provides an advantage over application specific integrated circuits (ASIC) for example, as it keeps engineering costs down by giving the user access to complex integrated designs.[10]
[bookmark: _Toc133775716]What are Look Up Tables (LUTs)?
An LUT is a basic building block of an FPGA and is able to implement any Boolean logic function. Essentially, an LUT is a customisable truth table that determines the output from a set of given inputs, defining how the combinational logic behaves based on VHDL coding.[11] The LUT acts as a small piece of RAM that loads up whenever the FPGA chip is powered up.
[image: Diagram
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[bookmark: _Toc133775756]Figure 4 - Look-Up Table [12]


[bookmark: _Toc133775717]Half and Full Adders
An adder is a digital logic circuit used for the addition of binary numbers. A half added as shown in Figure 5, it takes two binary input digits called bits and produces a sum and carry (if any) output. The sum is the result of adding the two input bits while the carry is generated and sent to the next bit position.
[image: HA Functional Diagram]
[bookmark: _Ref132569817][bookmark: _Toc133775757]Figure 5 - Half adder functional diagram [13]
[image: Shape
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[bookmark: _Toc133775758]Figure 6 - Half adder circuit [14]

A full adder (also known as a ripple-carry adder) as shown in Figure 7 has three inputs, two input bits and one carry bit from the previous bit position to be added, producing two outputs, sum and carry. Essentially, a full adder circuit is made up of two half adders and an OR gate as shown in Figure 8. 
[image: Full Adder Functional Diagram]
[bookmark: _Ref132569833][bookmark: _Toc133775759]Figure 7 - Full adder functional diagram [13]
[image: Shape
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[bookmark: _Ref133160738][bookmark: _Ref133160699][bookmark: _Toc133775760]Figure 8 - Full adder circuit [14]
[bookmark: _Toc133775718]Clock Signal 
A clock signal is used within the testbench in order to synchronise stimulus signals within the testbench. It defines a discrete time interval and reference during which the circuit’s inputs are sampled and processed to provide an output. The clock signal commonly has a 50% duty cycle, meaning the signal transitions from low to high and high to low with equal time duration. These transitions are known as the rising and falling edge of the clock signal. Having a clock signal ensures that time-related errors are prevented as inputs and outputs are sampled and updated synchronously. [15]
[bookmark: _Toc133775719]Multiplier Critical Path 
The critical path of a multiplier refers to the longest path of logic propagation delay through the multiplier circuitry. It represents the path that takes the longest amount of time for an input signal to propagate to the output, thus determining the maximum operating frequency and performance of the multiplier. The critical path consists of the combinational logic, such as adders and registers which all contribute to the critical path delay and sets the upper limit of speed at which the multiplier can operate reliably, if the delay is too long, it may result in timing violations, where the output of the multiplier is not stable before the next clock edge, which could lead to inaccurate results. [16]
[bookmark: _Toc133775720]Information and analysis about similar products 
Aside from Braun’s and Wallace tree multiplication techniques, there are also several other types of multiplier on the market, for example:
· Booth’s Multiplier
· Sequential Multiplier 
· Dadda Multiplier 
· Shift and Add Multiplier 
[bookmark: _Toc133775721]Booth’s Multiplier
Booth’s algorithm is a multiplication algorithm that performs multiplication of two signed binary integers, invented by Andrew Donald Booth in 1951, it is designed to optimise the multiplication process by reducing the number of partial products to be generated and added, reducing the overall area. It represents the signed multiplicand as either of three digital values, +1, 0 or -1. This allows for efficient processing and detection of the patterns that can be used to determine when to generate partial products or when to skip them [17]. An algorithm for Booth’s multiplier is shown in Figure 9 below.
[image: Booth’s Algorithm]
[bookmark: _Ref133262307][bookmark: _Toc133775761]Figure 9 - Booth's Algorithm[18]
[bookmark: _Toc133775722]Sequential Multiplier
This method is used to multiply two binary numbers and is the base of many newly developed multiplication techniques. The multiplication process is usually performed in a step-by-step manner over multiple clock cycles, with each cycle processing a portion of the multiplication process. The inputs and intermediate results are stored in registers between clock cycles, allowing for the whole process to be broken into small steps. Sequential multipliers can offer advantages in terms of scalability and power consumption requirements, as they can be designed to handle large word lengths. This multiplier can be used in a wide range of digital systems such as microprocessors, microcontrollers and digital signal processing applications. [19]
[image: Table
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[bookmark: _Toc133775762]Figure 10 - Sequential Multiplier [20]

[bookmark: _Toc133775723]Dadda Multiplier
Dadda multiplier was invented by Luigi Dadda in 1965, it is a high speed, parallel multiplier algorithm that is based upon a set of predefined patterns, called Dadda patterns, as shown in Figure 11 . The algorithm consists of three stages:
1. Partial product matrix 
2. Partial products are reduced to a height of two
3. Two rows are combined using a carry propagating adder
Unlike Wallace tree method, Dadda’s method conducts the minimum reduction necessary at each level but still manages to perform the reduction in the same number of levels. Generating products in a parallel manner helps to improve the performance of the multiplier in terms of speed when compared to other multiplication algorithms [21]
[image: Background pattern
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[bookmark: _Ref133264641][bookmark: _Toc133775763]Figure 11 - Dadda Dot Diagram 8x8 bit example [21]
[bookmark: _Toc133775724]Shift and Add Multiplier 
As the name suggests, a shift and add multiplier is a type of digital multiplier that utilises a combination of shifting and addition operations to perform multiplication. The basic algorithm adds the multiplicand to itself y number of times, where y denotes the multiplier. It shifts one of the operands to the left one-bit position at a time while adding the shifted value to an accumulator based of the value of the other operand, from least significant bit to most significant bit. It is a simple and widely used algorithm for multiplying two binary numbers, particularly for smaller operands or where hardware is limited. 
This method is relatively slow in terms of speed and requires more clock cycles to complete the multiplication, when compared to more advanced multiplication algorithms like Dadda and Wallace tree multipliers. [22]
[image: Graphical user interface, text, application
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[bookmark: _Toc133775764]Figure 12 - Shift and Add Multiplier Example [22]

[bookmark: _Toc133775725]Circuit Designs
[bookmark: _Toc133775726]Braun’s Multiplier Logic Circuit
The logic circuit below, see Figure 13, contains 56 full adders. Each partial product passes through an array of AND gates that executes multiplication of each of the applied bits before sending the output to a full adder where three binary input bits are added together. After the first multiplication stage, the sum of each adder feeds into the next stage of adders as an input along with a carry bit from the previous adder and an input from each AND gate. Where there is no carry at the first full adder, the binary input is simply set to ‘0.’ This process produces a 16-bit product of the two 8-bit numbers.

[image: A picture containing chart
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[bookmark: _Ref133258442][bookmark: _Toc133775765]Figure 13 – 8 Bit Braun's Multiplier Logic Circuit

[bookmark: _Toc133775727]Braun VHDL Design 
The VHDL code shown in appendices Figure 32 uses the IEEE standard logic library to create an 8x8 Braun’s multiplier. The entity declaration defines the I/O ports, where ‘a’ and ‘b’ are 8-bit input vectors and ‘p’ is a 16-bit output vector. The code uses a series of XOR and AND gates to calculate the partial products and accumulates them in the ‘p’ vector, where each bit of ‘p’ corresponds to the result of the shifting and adding algorithm of the AND and XOR operations. Zeros are padded to the most significant bits of ‘p’ to make it a 16-bit output.
[bookmark: _Toc133775728]Wallace Tree Multiplier
[bookmark: _Toc133775729]Dot Diagram
The first stage of a dot diagram is to multiply the 8-bit multiplicand with the 8-bit multiplier to generate the partial products. These are then fed through a series of half and full adders depending on the bit size per location until there are only two bits per bit location remaining.
[image: Wallace and Dedda Multiplier Design - Digital System Design]
[bookmark: _Toc133775766]Figure 14 - Wallace Tree 8x8 Dot Diagram [23]
This method uses five layers of addition containing half and full adders to sum the partial products. Stage 1 uses 12 FAs and 3 HAs, stage 2 uses 13 FAs and 3 HAs, stage 3 uses 6 FAs and 4 HAs, stage 4 uses 7 FAs and 4 HAs and the final stage uses a carry propagating adder or carry ripple adder containing 9 FAs and 2 HAs to generate the final product. This method uses a total of 47 full adders and 17 half adders to multiply the two 8-bit input values. 














[bookmark: _Toc133775730]Logic Circuit 
Using the dot diagram, a logic circuit of the Wallace tree multiplier was created, as shown in Figure 15. This incorporates many stages, in which the final stage uses a ripple-carry adder to make a multi-bit carry-propagate adder to produce the final sum. It consists of a number of full adders connected in a chain together, with the carry out of one full adder acting as the carry in for the next full adder, as well as the sum out acting as the sum into the next adder until all bits have been added. [24] 
[image: Table
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[bookmark: _Ref133174527][bookmark: _Toc133775767]Figure 15 - 8x8 Wallace Tree Logic Diagram
[bookmark: _Toc133775731]Wallace Tree VHDL Design
The VHDL code shown in appendices Figure 33 uses the IEEE standard logic library to create an 8x8 bit Wallace tree multiplier algorithm. The code defines an entity named “wallace8” which as two 8-bit input ports, ‘A’ and ‘B,’ consisting of the multiplicand and the multiplier and one 16-bit output port ‘prod,’ representing the product.  The implementation involves creating two custom components, ‘full_adder’ and ‘half_adder,’ used to perform the addition of the partial products in the Wallace tree. The signals defined in the architecture are used to hold the intermediate results of the multiplication process, such as ‘s00’ to ‘s70,’ which are the partial products resulting from the multiplication of the least significant bit of the multiplicand with the 8 bits of the multiplier. Similarly, the signal named ‘s01’ to ‘s71’ represent the partial products resulting form the multiplication of the second bit of the multiplicand with the 8-bit multiplier. The same pattern continues with the rest of the signals defined in the architecture.







[bookmark: _Toc133775732]FPGA Diagram
The development board used throughout the simulations is the XC7A100TLCSG324-2L, part of the Xilinx Artix-7 FPGA family. It’s a low power board supported by Xilinx’s Vivado Design Suite. 
A Xilinx Nexys 7 board was chosen for this simulation due to the vast amount of I/O it offers. It is a ready to use digital circuit development platform based on the Artix-7 Field Programmable Gate Array (FPGA). The diagram shown in Figure 16 was used to set the 8x8bit input ports on the FPGA as well as the 16 bit output ports as shown in Figure 17.
[image: ]
[bookmark: _Ref133232051][bookmark: _Toc133775768]Figure 16 - Diligent A7 I/O Configuration [25]
[image: Table
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[bookmark: _Ref133260061][bookmark: _Toc133775769]Figure 17 - Braun's and Wallace Tree I/O Configuration
[bookmark: _Toc133775733]FPGA Designs
Below are the FPGA designs for both multipliers, containing the LUTs that make up the fundamental building blocks of the FGPA. Each LUT is configured to perform logic operations based upon the VHDL coding to produce the product.
[image: A picture containing text, electronics, computer, night
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[bookmark: _Toc133775770]Figure 18 - Braun's FPGA Design
[image: A picture containing background pattern
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[bookmark: _Toc133775771]Figure 19 - Wallace Tree FPGA Design

[bookmark: _Toc133775734]Timing and Schematic Diagrams
Combinational delays in digital multipliers refer to the propagation delays of the combinational logic circuits made up of AND gates, ADDERS and shifters. This delay tells us the time in which it takes the inputs bits to propagate through the logic circuit to produce the corresponding output. The delay is important when designing a circuit, as it affects the overall performance and timing behaviour of the circuit. The delay is affected by factors such as the size and complexity of the circuit and the process parameters. [26] 
These combinational delays are provided by the Xilinx timing summary tool as minimum and maximum delay and although these are not specific timing constraints, they are still important to ensure the correct operation of the entire system. The minimum delay refers to the shortest amount of time it takes for the output of the circuit to respond to a change in the input and is important when designing the circuit as it determines the maximum clock frequency that the circuit can operate at. Likewise, the maximum delay tells us the longest possible propagation delay from the input to the output and is typically caused by the longest path that a signal must travel through the circuit. Known as unconstrained paths, these are typically considered to be less critical to the operation of the circuit and thus have more relaxed timing requirements. 








[bookmark: _Toc133775735]Braun’s Schematic Diagram
Below is the schematic diagram provided by Xilinx software for the Braun’s 8x8bit multiplier VHDL, consisting of 32 I/O ports.
[image: ]
[bookmark: _Toc133775772]Figure 20 - Braun's 8x8 bit Schematic Diagram

[bookmark: _Toc133775736]Braun’s Timing
The Braun’s multiplier unconstrained critical path is given as 12.499ns total delay, which as shown on the schematic in Figure 22, is from input B4 to output P10.

[image: Graphical user interface, application, table
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[bookmark: _Toc133775773]Figure 21 - Braun's Unconstrained Critical Path
[image: Diagram, schematic
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[bookmark: _Ref133260883][bookmark: _Toc133775774]Figure 22 - Braun's Schematic Unconstrained Critical Path
[bookmark: _Toc133775737]Minimum Delay
The Braun’s multiplier minimum delay is provided in Figure 23 below at 2.833ns.
[image: Table
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[bookmark: _Ref133764408][bookmark: _Toc133775775]Figure 23 - Braun's Multiplier Minimum Delay






[bookmark: _Toc133775738]Wallace Tree Schematic Diagram
Below is the schematic diagram provided by Xilinx software for the Wallace tree 8x8bit multiplier VHDL, consisting of 32 I/O ports.

[image: Diagram, schematic
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[bookmark: _Toc133775776]Figure 24 - Wallace Tree 8x8 bit Schematic Diagram
[bookmark: _Toc133775739]Wallace Tree Timing
The Wallace tree multiplier unconstrained critical path is given as 17.071ns total delay, which as shown on the schematic in Figure 26, is from input B5 to output P13.

[image: Table
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[bookmark: _Toc133775777]Figure 25 - Wallace Tree Unconstrained Critical Path

[image: Diagram, schematic

Description automatically generated]
[bookmark: _Ref133505228][bookmark: _Toc133775778]Figure 26 - Wallace Tree Schematic Unconstrained Critical Path
[bookmark: _Toc133775740]Minimum Delay
The minimum delay in the Wallace tree circuit is 2.915ns as shown in Figure 27.
[image: Table
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[bookmark: _Ref133764113][bookmark: _Toc133775779]Figure 27 – Wallace Tree Multiplier Minimum Delay













[bookmark: _Toc133775741]Simulation Results
A test bench was used to test the actions of each multiplier. A test bench provides a simulation environment to test the functionality and performance of the design behavioural module. It provides input stimulus to the design entity and captures its output responses. The test bench applies the same ten 8 bit samples to both multipliers as a control variable, after each set of input values are applied to the ‘a’ and ‘b’ signals, the test bench waits for 10ns, allowing the design to perform the multiplication operation and update the output ‘p,’ before moving on to the next sample. 
[bookmark: _Toc133775742]Braun’s Multiplier 
Shown in Figure 28 below is the test bench results of the 8x8 Braun’s multiplier. The test bench uses inputs ‘a’ and ‘b’ and outputs the 16-bit vector output ‘p,’ representing the product. A clock signal is used to generate a clock with a period of 10ns (5ns high and 5ns low), the rising edge from logic low (0) to logic (1) and falling edge from logic (1) to logic (0) help to synchronise the stimulus inputs applied to ‘a’ and ‘b.’ See test bench code in appendices Figure 34
[image: ]
[bookmark: _Ref133255185][bookmark: _Toc133775780]Figure 28 - Braun's Simulation Results
[bookmark: _Toc133775743]Wallace Tree Multiplier
Shown in Figure 29 are the test bench simulation results for the Wallace tree multiplier. The component declaration defines the ‘wallace8’ component and its inputs and outputs. In this case, like the Braun’s, it has two input ports ‘A’ and ‘B’ and one output port ‘prod.’ The stimulus process defines the ten 8-bit test cases for the ‘wallace8’ component, each test case sets the input signal to specific values and waits for 10ns before continuing to the next set of test cases. See test bench code in appendices Figure 35.
[image: Graphical user interface

Description automatically generated]
[bookmark: _Ref133758724][bookmark: _Toc133775781]Figure 29 - Wallace Tree Simulation Results
[bookmark: _Toc133775744]Power Consumption 
Xilinx Vivado software allows the power usage of each multiplier to be analysed. This provides total on-chip power which is made up of signals, logic and I/O power usage, while also providing junction temperature which is directly affected by the power consumption, a high-power consumption could make the circuit overheat, leading to decreased performance and reliability.
The total power consumption of the Braun’s multiplier was measured at 9.279W, with a junction temperature of 67.3°C, the summary shown in Figure 30.
[image: Chart, waterfall chart
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[bookmark: _Ref133765988][bookmark: _Toc133775782]Figure 30 - Braun's Multiplier Power Summary
The total power consumption of the Wallace tree multiplier was measured at 13.758W, with a junction temperature of 87.8°C, the summary shown in Figure 31.
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[bookmark: _Ref133766031][bookmark: _Toc133775783]Figure 31 - Wallace Tree Multiplier Power Summary
[bookmark: _Toc133775745]Comparison between the multipliers
The Braun’s and Wallace tree multipliers are both very efficient binary multipliers, although this design and simulation has shown that the Braun’s design is the faster and more efficient of the two. The total delay of the Braun’s is 4.572ns quicker than that of the Wallace tree, while also using less power at 9.279W compared to 13.758W. 
The Braun’s multiplier has a regular logic structure that makes it much easier to layout and it is also small in size, making the overall design time less when compared to a Wallace tree multiplier.
[bookmark: _Toc133775746]Conclusion, recommendations on future work
This paper showed that the Braun’s 8-bit multiplier designed in Xilinx Vivado software was in fact more efficient than the 8-bit Wallace tree design with a total delay that is 4.572ns quicker and uses 4.299W less energy. This wasn’t the expected result but is more than likely due to the added complexity of the Wallace tree design due to the way in which the VHDL code is written to implement the algorithm.
A Wallace tree multiplier is intended to reduce the number of partial products required and thus should provide a faster multiplication algorithm when compared to the Braun’s design, however the Wallace tree design does require additional hardware to generate the partial products, which has led to the more complex design.
The Wallace tree logic design uses five layers of addition containing 47 full adders and 17 half adders, whereas the Braun’s logic design uses 56 full adders. The Wallace tree design uses more adders in parallel to reduce the overall delay, whereas the Braun’s design uses a more sequential approach with fewer adders.
Unconstrained timing paths and combination delays were used for the multiplier timing summary’s, unconstrained paths are those that do not have any timing constraints imposed on them by the designer and thus can be slower than the true critical path, the critical path in the system must be shorter than the maximum unconstrained delay to ensure proper operation of the system. The reason for including the unconstrained paths in this paper is due to issues with propagating timing constraints and is something that would definitely be included in any future work.
Although these multipliers are very efficient, there are some techniques that can be used in future work to improve their speed and power. Some examples include:
· Pipelining – This is a method that breaks down the multiplier into smaller stages by inserting registers between them, which reduces the critical path and enables faster clock speeds.
· Low-power design techniques – By reducing the number of logic gates and adders as much as possible and by selecting low-power logic families. 












[bookmark: _Toc133775747]Appendices
[bookmark: _Toc133775748]Braun’s Multiplier VHDL Code
[image: A picture containing text
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[bookmark: _Ref133415426][bookmark: _Toc133775784]Figure 32 - Braun's 8x8 Multiplier VHDL

[bookmark: _Toc133775749]Wallace Tree Multiplier
[image: ]
[bookmark: _Ref133759305][bookmark: _Toc133775785]Figure 33 - Wallace Tree 8x8 Multiplier VHDL
[bookmark: _Toc133775750]Braun’s Multiplier Test Bench
[image: Graphical user interface
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[bookmark: _Ref133256404][bookmark: _Toc133775786]Figure 34 - Braun’s Multiplier Test Bench




[bookmark: _Toc133775751]Wallace Tree Multiplier Test Bench
[image: Text
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[bookmark: _Ref133758528][bookmark: _Toc133775787]Figure 35 - Wallace Tree Multiplier Test Bench
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library IEEE;
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25 | - arithmetic funotions with Signed or Unsigned values
26 | --use IEEE.NUMERIC 5TD.ALL;
27!
28 | - Uncomment the following library declaration if instantiating
29 | -- any Xilinx primitives in this code.
30 | --library UNISTM;
310) ——use UNISIM.VComponents.all;
32!
330 entity wallaces is
34 Port (A& : in STD_LOGIC VECTOR (7 downto 0);
35 B : in STD_LOGIC_VECTOR (7 downto 0);
36 ! prod : out STD_LOGIC VECTOR (15 downto 0));
370 end wallaces;
38
390 architecture Behavioral of wallace8 is
40 |
410 component full adder is I
a2 Bort (a : in STD_LOGIC;
43| b : in STD_LOGIC;
2e c : in sTD_rocIc; I
45 | sum : out STD_LOGIC; I
46 | cout : out STD_LOGIC);
176 end conpononmy ]
!
45 |
50 component half adder is ]
51! Bort (a : in STD_LOGIC;
52 1 b : in STD_LOGIC;
531 sum : out STD_LOGIC; ]
54! cout : out STD_LOGIC);
550) end component;
s6 | ]
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58 | signal k01,k02,k03,k04,k05,k06,k07,k08,k09,k10,k11,k12,k13,k14,k15,k16,k17,k18,k19,k20, k21, k22, k23, k24, k25, k26, k27, k28, k29, k30, k31, k32, k33, k34, k35, k36, k37, k38,k39,k
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204 |
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214 | prod(s) <= x61;
215 | prod(s) <= k62 l.
216 | prod(10) <= k6
217 | prod(11) <= ke4;
218 | prod(12) x6 ]
215 | prod(13) <= k6
220 | prod(14) <= ke
221 | prod(15) <= k€8 or c68; ]
222 |
223 () end Behavioral
224 |

: v
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library iese;

lse ieee.std logic 1164.all;

luse icec.numeric std.all;

lentity braun_mult_8x8_tb is

lend entity;

larchitecturs sim of braun mult_8x8_tb is

signal a, b : std_logic vector(7 downto 0);

signal p : std logic_vector(l5 downto 0);

signal clk : std logic := '0';
wut : entity work.braun mult_8x8
port map (
a =

b=
p =

clk_gen : process

begin

while now < 1000 ns loop
clk <= not clk;

wait for 5 ns;
end loop;
wait;

end proces:

stimuli : process
begin
wait for 5 ns; -

-- Test sample 1
01010101
00110011

wait for 10 ns;

- Test sample 2
a <= "00000110"

a <=
b

wait for 10 ns;

-- Test sample 5
10000000
00000001

b <=

wait for 10 ns;

- Test sample €
a <= "11110000"

wait for 10 ns;

-- Test sample 9
00110101
00000001

wait for 10 ns;

- Test sample 10
a <= "11111111"

wait;

half period

wait for initial clock

( oEmmm—— e
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22 1 use IEEE.STD_LOGIC_1164.AIL;

23] :
240 lentity wallace8_tb is

258 lend wallace8_tb;

26 :

279 larchitecture Behavioral of wallace8_tb is
28 :

259 | component wallace8 is
30 | Port (A& : in STD_LOGIC VECTOR (7 downto 0);
a1 : B : in STD_LOGIC_VECTOR (7 downto O
22 : prod : out STD_LOGIC_VECTOR (15 downto 0));
234 ! end component;

3 :

EEN | signal A : STD_LOGIC_VECTOR(7 downto 0);
36 1 | signal B : STD_LOGIC_VECTOR(7 downto 0);
L ! signal prod : STD_LOGIC_VECTOR(1S downto 0);
EC :

EEN begin

0} :

a9 | uut: wallace8 port map (
42 | | a =2,

a3 : B =3,

ae ) : prod => prod

50 [

€ :

279 | stimulus: process

43 | ! begin

a9 : -~ Test sample 1
so; O !

51 O

s2: O wait for 10 ns;

s3] :

54 : —— fest sample 2
ssi O a <= 00000110

sl O} b <= 11100110

57 O wait for 10 ns;

se :

59 : -~ Test sample 3

e O a <= 00101011

! O b <= 10101010

e O wait for 10 ns;

63 |

e : Test sample 4
es; O

6. O .

67 O wait for 10 ns;

e | :

€5 : —— Test sample 5
700 O

71, O

720 O wait for 10 ns;

7 :

7e : —- Test sample €
750 O a 11110000

7! O b <= 00001111

771 O wait for 10 ns;

78 | |

79 1 : -~ Test sample 7
0! O a <= 10101010

81 O b 01010101

82 O wait for 10 ns;

3] :

8e ) : Test sample &
esi O

g6, O !

87 O wait for 10 ns;

88 :

EEl : -~ Test sample ©
s0o. O

51 O

921 O ! wait for 10 ns;

93 1 |

5e : -~ Test sample 10
951 O ! a 11111111

se . O b <= "00000001

97 O wait for 10 ns;

58 :

s O wai

1008 ! end process stimalu:

101 | :

1020 lend Behavioral;

103 ! :

<

{ s aams =
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