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Abstract

Multiplication forms the foundation of many digital computations and is widely used in processors, DSP
architectures, image-processing units, and embedded systems. The efficiency of a hardware multiplier greatly
affects the speed and power consumption of the entire system. This work presents the design and
implementation of an optimized 16-bit Wallace Tree Multiplier that incorporates exact 5:2 compressors along
with a 32-bit Han-Carlson Parallel Prefix Adder for the final addition phase. The use of 5:2 compressors
significantly decreases the number of intermediate reduction levels, helping to shorten the critical path and
improve computational throughput. To further enhance hardware efficiency, MUX-based Half and Full
Adders are integrated within the reduction layers to lower switching activity and area utilization.

The proposed architecture is described in Verilog HDL, synthesized and analyzed using Xilinx Vivado, and
deployed on a Basys-3 FPGA board to validate its real-time functionality. Experimental results reveal that
the developed multiplier achieves superior performance compared to traditional designs that rely on 4:2
compressors or larger prefix adders. Considerable improvements were observed in delay, power consumption,
and LUT utilization. These results highlight the suitability of the architecture for high-speed and power-
constrained digital applications. Overall, the study demonstrates that carefully combining compressor-based
reduction stages with an efficient prefix adder can offer a well-balanced and high-performance hardware
multiplier design.

Keywords: Wallace Tree Multiplier, 5:2 Compressor, Han-Carlson Adder, Parallel Prefix Adder, MUX-based
Adders, FPGA Implementation, High-Speed Arithmetic, Low-Power Design, Verilog HDL, Digital Signal
Processing.

I. Introduction

Arithmetic circuits form an essential part of modern computing hardware, and their performance strongly
influences the efficiency of digital systems. Among various arithmetic operations, multiplication is among the
highly prominent demanded and computationally intensive tasks, especially applied in areas including signal-
processing systems and dynamic image improvement, machine learning accelerators, cryptographic engines, and
embedded controllers. As technology continues to scale, there is an increasing demand across various sectors for
multipliers that deliver high speed while minimizing power usage and hardware area.

Traditional multiplier architectures, although straightforward to implement, tend to become inefficient at higher
operand widths. Traditional array-based multipliers experience extended carry propagation, which leads to slower
operation and increased switching-related power usage. These drawbacks limit their applicability in modern high-
speed digital circuits. To overcome such limitations, Wallace introduced a tree-structured multiplier that compresses
partial products in parallel and significantly lowers the overall computation time. The Wallace Tree structure
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reduces arithmetic depth by performing simultaneous bit reduction, making it considerably faster than classical
implementations.

The effectiveness of a Wallace Tree multiplier largely depends on the compressors used in its reduction layers. Early
works focused on 3:2 and 4:2 compressors to reduce partial product height, but these designs required multiple
layers as operand width increased, resulting in additional routing complexity and hardware overhead. Later studies
introduced variations of low-power and high-speed compressors optimized for specific applications, yet the
challenge of reducing both delay and circuit complexity remained.

Recent advancements have explored using 5:2 compressors for wider multipliers, as they can combine more input
bits per reduction stage. By reducing the number of intermediate layers, 5:2 compressors significantly alleviate long
carry propagation delays and contribute to improved speed and energy efficiency. Similarly, progress in parallel
prefix adders has influenced multiplier design, with adders like Kogge-Stone and Brent-Kung offering different
trade-offs in wiring complexity, area, and delay.

In this context, the Han-Carlson Adder has emerged as a well-balanced option, combining features from both
Kogge-Stone and Brent-Kung adders to achieve a practical compromise between speed and hardware utilization.
Integrating such an adder into a multiplier enhances the performance of the final addition stage, which often
dominates the critical path in high-speed multipliers.

This paper focuses on developing a 16-bit Wallace Tree Multiplier strengthened with 5:2 compressors and a 32-bit
Han-Carlson Adder to achieve lower delay, improved power efficiency, and reduced logical complexity.
Additionally, the use of MUX-based adders within the reduction layers contributes to lower area usage and
optimized switching activity. The proposed design is implemented in Verilog HDL, evaluated through Xilinx
Vivado tools, and realized on a Basys-3 FPGA to confirm real-time operational accuracy.

II. Literature Review
Multiplication is one of the most essential arithmetic operations in digital computing, and extensive research has
focused on improving its speed, power efficiency, and hardware utilization. Among various multiplier architectures,
the Wallace Tree structure has gained significant attention due to its ability to perform fast partial product reduction.
In the past decades, several research groups have developed different improvements to this architecture by
integrating more efficient compressor circuits and advanced high-speed adders to further boost its performance.

Hsiao et al. (1998) introduced an advanced design for 3:2 counters and 4:2 compressors aimed at improving
multiplier performance in terms of speed and energy efficiency. Their work demonstrated that compressing bits
effectively at lower levels helps minimize logic depth and reduce unnecessary signal transitions, which ultimately
boosts the overall speed of arithmetic circuits. This made the architecture suitable for demanding digital domains
like real-time operations and rapid DSP computations. The limitation of their approach was that, when applied to
wider multipliers, additional compression layers became necessary, resulting in increased hardware requirements
and a more complex structural layout.

Gu et al. (2003) proposed an ultra-low-voltage and low-power 4:2 compressor architecture to enhance the
performance of a multipliers operating in energy-constrained environments. Their design focused on reducing
transistor count and improving operational speed under low-voltage conditions. The architecture proved to be
efficient in portable and battery-powered systems but still required multiple levels of compression for large
multipliers, which restricted scalability.

Reddy et al. (2019) developed a 16-bit Wallace Tree Multiplier using 4:2 compressors and a Kogge-Stone Adder
for the final addition stage. Their design achieved a noticeable improvement in speed compared to traditional
multiplier architectures. However, it consumed more power and occupied larger chip area due to complex routing in
the Kogge-Stone Adder. This limitation indicated the need for a design that could balance speed and power without
sacrificing area efficiency.
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Singh and Kumar (2020) presented a modified multiplier using 5:2 compressors, which effectively reduced the
number of layers in partial product compression. Their architecture achieved lower delay and power consumption
compared to existing 4:2 compressor-based designs. This work demonstrated that using higher-order compressors
can significantly enhance performance for large bit-width multipliers, making the design more suitable for high-
speed and low-power applications.

Mishra et al. (2021) proposed a hybrid multiplier that combined a 5:2 compressor with a Brent-Kung Adder. Their
research focused on optimizing area and the power consumption while maintaining acceptable speed. Although their
results showed a considerable reduction in hardware utilization, the design experienced slightly higher latency due
to the longer carry propagation path in the adder.

Patel et al. (2022) proposed an enhanced multiplier architecture where a Han-Carlson Adder was combined with the
Wallace Tree reduction stage. Their design demonstrated improved addition speed while maintaining a reasonable
hardware footprint compared to other prefix adders. The study highlighted that the Han-Carlson Adder achieves an
effective balance between propagation delay and interconnect complexity, making it a suitable option for
implementing high-performance multiplier systems.

A Surveying earlier studies indicates that several improvements have been explored for Wallace Tree multipliers by
redesigning the compressor stages and incorporating more efficient adders. Even with these developments,
achieving the ideal balance between operational speed, minimal power usage, and compact hardware remains
difficult. Motivated by this gap, the present work develops a 16-bit multiplier architecture built with precise 5:2
compressors, MUX-based adders, and a Han-Carlson prefix adder, aiming to deliver an optimized combination of
reduced delay, lower energy consumption, and improved area efficiency.

I11. Problem Statement

Traditional multiplier architectures—including array multipliers and Wallace Tree implementations built
with 4:2 compressors—often encounter limitations in terms of propagation delay, power usage, and silicon area.
While parallel prefix adders like the Kogge-Stone Adder offer very fast computation, they introduce significant
wiring overhead and increased circuit complexity, which restricts their suitability for compact and energy-efficient
VLSI systems. To address these drawbacks, the present work introduces a redesigned 16-bit Wallace-Tree-based
multiplication unit that incorporates precise 5:2 compression elements, lightweight MUX-driven adders, and a Han-
Carlson Prefix Adder. This combination aims to deliver a more balanced solution that enhances speed while
reducing power consumption and area requirements.

IV. Methodology

The proposed work focuses on developing an optimized high-speed multiplication architecture using a
redesigned 16-bit parallel reduction structure. The objective is to lower computational delay, area usage, and power
consumption by refining each stage of the multiplication process. The proposed approach is structured into three
primary stages, starting with the generation of partial products, compressing these intermediate values, and finally
performing the summation through an efficient prefix adder. To achieve this, the system incorporates exact 5:2
compressors for faster reduction, MUX-based adders to minimize transistor activity, and a Han-Carlson Adder to
accelerate the final addition stage.
A. Overview of Wallace Tree Architecture
The Wallace Tree approach relies on a hierarchical reduction mechanism that groups and compresses partial product
bits in parallel rather than accumulating them sequentially. This strategy significantly decreases the number of carry-
propagation steps, thereby improving operational speed when compared to classical array multipliers. In this
structure, partial products generated from AND gates are organized into a grid and then combined using
compressors and adders across multiple layers. Each layer reduces the height of the partial product matrix, and this
process continues until only two rows remain. These final rows are then passed to a high-performance adder,
completing the multiplication process with reduced delay and improved hardware efficiency.
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Fig.1.16-bit Wallace tree multiplier

The cumulative timing delay of the Wallace Tree structure can be approximated by:
= + +

where Tppg is the delay for partial product generation, T reductionis the delay during compressor reduction, and
T adder represents the delay of the final adder stage.

This approach minimizes carry propagation delay, as carries are generated and propagated in parallel across
different levels of the tree.

B. Partial Product Generation
Partial product generation is the initial stage of multiplication involves generating partial products by ANDing every
bit of the multiplicand with each corresponding bit of the multiplier ( ) using AND gates to produce partial

products:

For a 16-bit operation, a total of 16 % 16 = 256 partial products are produced. These products are arranged
according to their binary significance in a matrix form for further reduction.

C. Partial Product Reduction Using 5:2 Compressors
After generating the partial products, the next stage involves reducing them using exact 5:2 compressors. A 5:2
compressor efficiently reduces the no. of bits in each column from seven inputs to three outputs in a single stage,
thereby minimizing the no. of reduction layers required.
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Fig.2 .5:2 Compressor

The main logic equations governing the 5:2 compressor are:

1 2 3 4 5 1 2
=(12+(3ad+(s )+ 201 2))

Here, S- represents the sum output, while C_out and C_next-represent carry outputs at different levels of the tree
The 5:2 compressor thus reduces the number of addition stages and ensures faster partial product summation
compared to conventional 4:2 compressor-based designs.

D. Integration of MUX-Based Adders

To further optimize the power and area, MUX-based Half and Full Adders are utilized within the reduction network
instead of traditional logic gate-based designs. A multiplexer-based approach reduces transistor count and switching
activity, improving energy efficiency.

B0 0—0 Cit={0 D—1D
S C % 1 S c—Jd1 co
1 B—1 2 U
3 1—3
A A A
Fig.3. MUX based of Half Adder Fig 4. MUX based Full Adder

MUX-Based Half Adder:
The Half Adder performs addition of two inputs ( and ):

SUM =
CARRY =

In the MUX-based version, the XOR and AND operations are implemented using 2:1 multiplexers, reducing the
overall gate count and interconnection complexity.
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MUX-Based Full Adder:

The Full Adder performs addition of three inputs ( , , ) using the following logic:
SUM =
CARRY = ( )+ ( )+ ( )

In the MUX-based design, a 2:1 multiplexer is utilized to derive the carry output by selecting between signals based
on the propagate and generate conditions of the input bits:
CARRY = ( )?

It reduces the power & transistor count compared to standard CMOS logic implementations.

E. Final Addition Using Han-Carlson Adder

After reduction, For the last stage of computation, the remaining two partial product rows are combined using a 32-
bit Han-Carlson Adder, which efficiently generates the final product. The Han-Carlson Adder is a type of Parallel
Prefix Adder that merges beneficial features from both the Kogge-Stone and Brent-Kung structures to balance speed
and hardware usage, offering high speed with reduced area and wiring complexity.

o]

i3]
L=

-
2

-_—

A Y B
1 Ul o Y

NP L

ARV L A !

L U
LLLLL B LY B A B B
LA AL T

b A '

AV L L e B
LR I L i U i
ALV Ly

L ) Y i

L s 1 e R e !
TURAAR L Y i

L gt

mg=

N
P ULV ey ey
u

AL L Py !

i
RN

T
g

Fig 5. Han Carlson Adder

The Han-Carlson Adder performs three main operations:
1. Pre-Processing: Generate and propagate signals are calculated:

2. Prefix Computation: In this stage, the black and gray prefix cells collaboratively update the combined
generate and propagate terms using the relations
= + ( -1 )u L= -1

3. Post Processing: The final sum bits are produced using:

= -1
This design ensures efficient carry propagation with fewer logic levels, resulting in reduced delay & area.
Implementing this approach Han-Carlson Adder ensures fast carry propagation and efficient summation with fewer
logic levels than traditional adders. This makes it suitable for large-bit multipliers implemented on FPGA platforms.

V. RESULTS

This section outlines the outcomes obtained from simulation, synthesis, and hardware testing of the designed 16-bit
Wallace Tree Multiplier that incorporates 5:2 compressors along with a Han-Carlson Adder. The entire architecture
was modeled and validated using Verilog HDL within the Xilinx Vivado environment, followed by real-time
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evaluation on the Basys3 FPGA development board. The system’s behavior is analyzed in terms of timing
performance and signal delay, power consumption, and area usage, and these results are compared against those of
the earlier design that utilized a 4:2 compressor-based reduction structure.

A. Simulation Result

The behavior of the proposed multiplier was evaluated in the Vivado simulation environment by applying multiple
input patterns to verify the correctness of its operation.

top_behav.wcfg

QW & Q|23 = [ 14 vl | = 2|+ -]

1.000000 us

!
¥ sw(15:0]

# bin_a

# btn_b
¥ led[15:0]
W a[15:0]
W D[15:0]
W s[31:0]

Fig.6 Simulation waveform of the proposed 16-bit Wallace Tree Multiplier.

In fig.6 shows the simulated output of the proposed multiplier design. For instance, when inputs A = 10 and B = 30
were provided, the resulting 32-bit product matched the expected output i,e 300. The simulated output traces verified
that the multiplier produced accurate results for every input combination examined during testing.

The output signals, carry propagation, and sum bits were observed to switch accurately, validating that the 5:2
compressor structure and Han-Carlson Adder work cohesively for high-speed multiplication.

B. RTL Schematic

The Register Transfer Level (RTL) schematic produced in Vivado provides a visual representation of how the
internal modules are structured and interconnected within the design.
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Fig. 7 RTL representation of the implemented 16-bit Wallace Tree Multiplier
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It illustrates how different modules such as partial product generation, 5:2 compressors, MUX-based adders, and the
Han-Carlson Adder are interconnected to form the complete multiplier.

The schematic confirms proper modular design and hierarchical connectivity between arithmetic components. Each
module is synthesized into basic logic gates & interconnected through internal signals.

C. FPGA Implementation

The verified design was synthesized and implemented on the Basys3 FPGA board for real-time testing.
The FPGA implementation validates the simulation by displaying the 32-bit multiplication output using the on-
board LEDs.

Fig.8 FPGA Implementation of the proposed Wallace Tree Multiplier on Basys3 board

In this setup:
e Ul isused to load input A
e Ul7is used to load input B
e TI8 acts as a selection line to toggle between the lower and upper 16 bits of the 32-bit product output.

When both inputs (A = 10, B = 30) are loaded, the LEDs display the binary form of the final product, proving that
the implemented design performs reliably on hardware, delivering correct output values during real-time operation.

D. Synthesis Results

Once the functional behavior was validated, the architecture was synthesized within the Vivado Design Suite to
analyze resource usage, power requirements, and timing performance.

A

, SliceLUTs Bonded I0B

Name (3035000 (600)

top_16 387 64

Fig.9 Area Utilization Report
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The area utilization summary (Fig. 9) shows that the architecture occupies 387 Slice LUTs and 64 bonded I/O pins.

This relatively low resource usage highlights the efficiency of incorporating MUX-based adder structures and 5:2
compressors, which help minimize unnecessary logic and reduce routing overhead.

Power estimation fram Synthesized netlist. Activity derived from constraints | On-Chip Power
files, simulation files or vectorless analysis. Mote: these early estimates

can change after implementation. Dynamic: 40258 W  (98%)
Total On-Chip Power: 41.114 W {Junction temp exceeded!) 12:: Signals:  7.209W  (18%)
Design Power Budget Not Specified 98% Logic.  BO5EW  (15%)
Power Budget Margin: NIA 2 0Q: 7003w (67%)
Junction Temperature: 101.9°C H—

Thermal Margin: A69°C (86 W) D il DanW i
Effective $JA 19°Cw

Power supplied to off-chip devices: 0W

Confidence level: Low

Launch Power Censtraint Advisor to find and fix
invalid switching activity

Fig.10.Power Report

The fig.10 power report revealed that the implemented design consumed a total on-chip power of 41.114 W, with
dynamic power contributing 98% of the total. The major portion of power was distributed across 1/0O operations
(67%), signals (18%), and logic (15%), indicating active data transitions during multiplication. Despite the high
dynamic activity, the power efficiency improved compared to traditional 4:2 compressor-based designs, due to
optimized logic depth and reduced.

The fig.11 timing report showed a minimum delay of 10.506 ns, proving that the implemented design achieves faster
computation. The infinite slack reported by the tool signifies that all timing constraints were met successfully
without any setup or hold time violations. The reduction in delay mainly results from the faster carry-generation
mechanism of the Han-Carlson Adder and the fewer compression levels required when using 5:2 compressors,
which streamline the overall partial-product reduction process.

MName Slack ™' Levels Routes HighFanout From To Total Delay
Path 1 0 12 13 35 a[4] s3] 10.506
Path 2 0 12 13 33 b[] s[24] 10.409
Path 3 0 12 13 33 bl s[29] 10.409
Path 4 o 12 13 33 o] 5[28] 10.409
Path 5 o 12 13 33 bl 5[29] 10.409
Path & o0 11 12 35  a[14]  s[23] 10.312
Path 7 o0 G i 12 35 a[14]  s[22] 10.309
Path 8 0 11 12 35 a[4] s[26] 10.309
Path 9 0 11 12 35 a[4]  s27] 10.309
Path 10 0 1 12 35 a[4]  s[30] 10.309

Fig.11. Timing Report
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E. Performance Analysis

A comparative study was carried out between the earlier Wallace Tree architecture that uses 4:2 compressors and the
proposed multiplier design featuring 5:2 compressors. The synthesized circuits were evaluated in Vivado using
detailed reports on power usage, timing behavior, and hardware resource consumption.

The main performance parameters considered were delay, power consumption, and area utilization. The delay
measures the total propagation time from input to output, while power represents the total dynamic and static
consumption of the FPGA device. Area refers to the total number of logic cells utilized during the synthesis.

The obtained results clearly indicate that the new architecture outperforms the existing design across all key metrics,
offering noticeable improvements in overall efficiency.

AREA(LUT’s) POWER(W) DELAY (ns)
Existing Method 432 43.27 11.203
Proposed Method 387 41.114 10.506

Table.1. Performance Comparison between Existing and Proposed Design

The comparison indicates that the improved architecture provides noticeable gains in all key metrics. The optimized
design shows a reduction of roughly 10% in power usage, close to a 5% improvement in delay, and around a 6%
decrease in area when compared with the earlier implementation. These enhancements collectively reflect a more
efficient hardware structure with better operational speed and reduced resource requirements.

With these benefits, the proposed multiplier configuration proves to be more effective than traditional Wallace Tree
designs and is well suited for modern VLSI applications that demand efficient operation with reduced energy
demand, particularly in digital signal processing and embedded hardware platforms.

VI. CONCLUSION

This work presents an enhanced 16-bit Wallace Tree Multiplier that incorporates exact 5:2 compressors, MUX-
based adders, and a Han-Carlson parallel prefix adder to achieve a more efficient multiplication architecture. By
restructuring the partial product reduction process and employing a faster final addition stage, the proposed design
delivers improvements in speed, energy efficiency and silicon resource usage when compared with conventional
approaches. Incorporating MUX-oriented arithmetic components helps reduce switching activity and logic
complexity, contributing further to the overall gains.

The complete multiplier was described in Verilog, synthesized through the Xilinx Vivado environment, and
implemented on the Basys-3 FPGA board, where hardware testing verified its correct functionality. The evaluated
parameters show that the design offers a dependable and well-optimized solution for high-speed arithmetic
processing. With lower delay and better resource utilization, the proposed multiplier is highly suitable for advanced
VLSI applications, including embedded systems, DSP operations, and real-time computational platforms.
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