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Abstract—Gray codes are extensively used in modern digital
systems to reduce errors occurring due to the sensitivity of binary
transitions in communication and arithmetic circuits. This project
discusses the design and implementation of a binary-to-Gray code
converter using different XOR gate realizations and reversible
logic gates to study performance and efficiency. Implementation
of the converter using conventional XOR gates, XOR made from
transmission gates (TG), Pass Transistor Logic (PTL) XOR,
Feynman gate, Toffoli gate, and their PTL-based counterparts is
presented. Synthesis and simulation for all designs are done using
Cadence tools on 90 nm CMOS technology. Through comparative
analysis, the implementations show that PTL-based Feynman
gate implementation results in the least power dissipation, which
is up to 90.15% lesser power consumption compared with the
conventional XOR-based binary-to-gray code converter. The
result implies that PTL and reversible logic represent an efficient
alternative for low power and area-optimized design of digital
circuits, suitable for modern VLSI applications.

Keywords—Pass Transistor Logic (PTL); Transmission Gate;
Reversible Logic; Feynman Gate; Toffoli Gate; Low-Power Code
Converter

I. INTRODUCTION

IGITAL systems represent data using binary numbers, but

many bits can change simultaneously while transiting
from one binary value to another, sometimes causing
transitional errors/glitches. Gray codes are used to overcome
this problem because in Gray codes, only one bit changes at a
time between
successive codes. Gray codes find wide applications in digital
communication systems, rotary encoders, arithmetic circuits,
and error correction due to this property.

The binary-to-Gray code conversion is done with XOR logic
gates. Much of the efficiency of the conversion depends on the
design and implementation of the XOR gates since they are
those that determine the performance of the whole circuit in
terms of power, speed, and area. Therefore, the optimization of
XOR gate design is one of the major steps toward low-power
and high-performance digital circuits.

This paper is on the design and implementation of a Binary
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to Gray Code Converter using different XOR gate realizations
and reversible logic gates.

The designs include conventional XOR gates, XOR using
transmission gates (TG), Pass Transistor Logic (PTL) XOR,
Feynman gate, Toffoli gate, and Feynman and Toffoli gates
using PTL based 3T XORs. Designs have been synthesized
and simulated using Cadence tools with 90 nm CMOS
technology in order to estimate their performance. The
parameter-based power consumption, delay, and transistor
count are compared for different implementations. The
potential for reversible logic and PTL-based designs is
explored in this work for the development of energy-efficient,
compact circuits suitable for future applications in VLSI. The
obtained design has significant power savings but with a slight
increase in delay and transistor count, which makes it suitable
for low-power 10T and portable devices.

Il. LITERATURE REVIEW

The optimization of logic conversion and computation
efficiency has been the main focus of recent developments in
low-power digital circuit design. In contrast to traditional
CMOS-based designs, Varshini and Siddeshwara Prasad [1]
proposed a Binary to Gray code converter based on NAND-
based XOR logic implemented in Cadence 180 nm CMOS
technology, achieving better layout density and lower power
consumption. Sharmila Devi [2] created a reversible carry-
select adder based on MCML that showed notable power
dissipation reductions while retaining a high processing speed,
making it appropriate for DSP applications. Neeraja Bandi et
al. [3] investigated a variety of logic-based gates and adders
based on pass transistors, demonstrating better power and
delay characteristics than their conventional CMOS
counterparts. By demonstrating the viability of photonic logic
circuits through temperature-dependent optical phase
modulation at 10 kbps, Tian et al. [7] demonstrated an optical
implementation of a Feynman gate using silicon micro ring
resonators, achieving logic functionality. In order to determine
the best gate structures, Batish et al. [8] examined reversible
logic full adders and contrasted their hardware efficiency,
garbage output, and quantum cost. Fault-tolerant CMOS logic
circuits using preservative reversible gates were introduced by
Parvin and Altun [9], improving fault detection and design
testability. Khakpour et al. [10] developed compact, high-
speed parity generators and code converters using Quantum-
dot Cellular Automata (QCA) technology, achieving low-
energy operation suitable for nanoscale systems. Tomar et al.
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[11] proposed a reversible D flip-flop that minimized garbage
outputs and propagation delay, improving circuit efficiency.
Sangeetha et al. [12] designed a reconfigurable reversible
adder using Toffoli and BJN gates in Cadence with VHDL,
resulting in a power reduction of approximately 2005 nW. Bari
et al. [13] implemented a 4-bit binary-to-Gray converter
integrated with an 8x4 barrel shifter using nanoscale MOS
transistors, demonstrating high-speed and energy-efficient
performance for communication and arithmetic operations.
Haghparast and Navi [14] introduced a nanotechnology-based
reversible full adder design optimized for minimal transistor
count and low power consumption. Chiwande and Dakhole
[15] proposed an efficient reversible logic multiplier aimed at
reducing switching power in arithmetic circuits. Morrison et al.
[4] extended reversible design principles to memory structures
by developing static and dynamic RAM arrays that use
reversible gates and decoders which significantly improved
energy efficiency. Hirayama et al. [5] established theoretical
limits for Toffoli-based reversible circuits. Their findings
offered insights for optimizing gates. Thapliyal and
Ranganathan [6] proposed efficient reversible sequential
circuits that reduce quantum costs and garbage outputs.
Finally, Landauer [16] laid the theoretical foundation for
reversible computing proving that the loss of information in
irreversible circuits results in heat generation, emphasizing the
importance of energy preserving logic design.

This work develops a binary to gray code converter using 90
nm CMOS technology and reversible logic based on PTL
implementation. The design aims to reduce power
consumption, delay, and the number of transistors. It clearly
shows the trend toward reversible and nanoscale logic for
better circuit efficiency. The proposed model performs better
than traditional CMOS methods and is well-suited for small,
low-power VLSI systems.

I11. OBJECTIVES

The main objectives of this project are:

e To design and implement a Binary to Gray Code
Converter using various XOR logic styles.

« To realize XOR gates using Transmission Gate Logic and
Pass Transistor Logic.

e To implement Binary to Gray Code Converter using
Reversible logic gates.

« To simulate all designs using Cadence tools with 90 nm
CMOS technology.

« Compare and analyze designs based on power, delay, and
transistor count.

« To find the most efficient design for digital low-power
applications.

IV. CoDE CONVERTER
A. Binary to Gray Code Converter

A Binary to Gray Code Converter is a digital circuit that
converts a binary number to its Gray code representation. In
Gray code, consecutive numbers only differ by one bit. By
having only one bit change between consecutive values, the
Gray code resolves errors from multiple bits changing in a
sequence and reduces error in applications such as mechanical
encoders, analog to digital conversion (ADC), and
communication systems, where minimizing the amount of
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errors due to changing bits is imperative for accurate
application performance.
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Fig.1. Binary to Gray Code converter using XOR gates

The Gray code of a binary number is generated by taking the
most significant bit (MSB) of the Gray code to be the same the
MSB of the binary number. Then, subsequent bits of the Gray
code are generated using an XOR function as shown in Fig.1,
between the current bit of the binary number and the previous
bit of the binary number. This process ensures that adjacent
values of the Gray code only differ by one bit, which
minimizes errors in digital systems by decreasing the
possibility of multiple bit transitions at once as shown in
TABLE I.
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V. TRANSMISSION GATE, REVERSIBLE LOGIC GATES & PTL

A. Transmission Gate

A Transmission Gate is a CMOS-based switch that allows the
input signal to pass through to the output when the control
signal is high, and blocks the signal when the control signal is
low.

In the previous stage, a Binary to Gray code converter was
designed using standard XOR gates. In this stage, the same
converter is re-implemented using XOR gates constructed with
transmission gate logic. The XOR gate built using this logic
plays a crucial role in this implementation, and the circuit
diagram is shown in Fig. 2.

B
L

»|

st

T

B
Fig.2. XOR gate using Transmission Gate Logic.
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B. Reversible logic

Reversible logic refers to a type of digital circuit or logic gate
with k-inputs and k-outputs, where the output uniquely
determines the input, ensuring no information is lost. The
unused output in such a gate is referred to as a "garbage
output." These outputs, which are required solely to maintain
the reversibility of the gate, are known as garbage outputs.

A Feynman gate is a 2x2 reversible logic gate that takes two
inputs (A and B) and produces two outputs (P and Q), as
illustrated in Fig. 3(a) and Fig. 3(b). The truth table for this
gate is presented in TABLE II. It is also commonly referred to
as the Controlled-NOT (CNOT) gate in the context of quantum
computing.

A P=A A P=h
FEYNMAN Q= AxorB
: GATE  |a-awrs b J%
@) (b)
Fig.3. Feynman Gate (a) Block Diagram (b) Schematic Representation
TABLE 11
Truth table of Feynman Gate
Input Output
A B p 0
0 0 0 0
0 1 0 1
1 0 l 1
1 1 1 0

A Toffoli gate is a 3x3 reversible logic gate.lt takes 3 inputs
(A, B, C) and produces 3 outputs (P, Q,R ) as in Fig.4(a) and
4(b) and outputs represented in TABLE Ill. Also called the
Controlled-Controlled-NOT (CCNOT) gate.
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Fig.4 Toffoli Gate (a) Block Diagram (b) Schematic Diagram

TABLE 111
Truth table of Toffoli Gate

Input Output

C. Pass Transistor Logic(PTL)

The XOR gate can be implemented efficiently using PTL,
which includes employing both NMOS and PMOS transistors
as controlled switches to realize the logic. In this
configuration, the logic levels are passed by the transistors
directly from input to output with a minimum requirement of
additional pull-up or pull-down networks ,hence the transistor
count reduces, resulting in lower power consumption and
faster switching speed compared to conventional CMOS
implementations as shown in Fig.5 PTL circuit is designed.

Fig.5. Circuit Diagram of XOR Gate Using Pass Transistor Logic (PTL)

V1. DESIGN OF BINARY TO GRAY CODE CONVERTERS
REVERSIBLE LOGIC GATES

A. Binary to gray code convertor using Feynman Gate

The implementation of a Binary to Gray code converter using
Feynman gates, which are 2x2 reversible logic gates, is shown
in Fig. 6. The Feynman gate is particularly effective for
performing the XOR operation, which is crucial in the process
of generating Gray code. The most significant bit (MSB) of
the Gray code is identical to the MSB of the binary input. Each
subsequent Gray bit is generated by performing an XOR
operation between two adjacent binary bits.
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Fig.6. Design of Binary to Gray Code Converter using Feynman Gate

B. Binary to gray code convertor using Toffoli Gate

The given circuit diagram represents a 4-bit Binary to Gray
code converter implemented using Toffoli Gates (TG) as
shown in Fig.7

Fig.7. Design of Binary to Gray Code Converter using Toffoli Gate.
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Fig.8. Schematic of Feynman Gate

The schematic of a Feynman gate (also known as a Controlled
NOT gate or CNOT gate) as shown in Fig.8 is a 2x2 reversible
logic gate with two inputs (A, B) and two outputs (P, Q)
definedas: P=A, Q=A@ B.

In the design of the Feynman gate, input A is directly
transferred to the output without any logic modification.
However, in Cadence Virtuoso, direct connections may cause
floating nodes or unstable outputs. To ensure proper signal
drive and stable simulation, an inverter pair (buffer) is used to
pass A while maintaining its original logic level, thereby
preserving circuit functionality and improving simulation
accuracy. While the second output performs an XOR operation
between A and B. The Feynman gate is widely used for fan-
out operations in reversible circuits, serving as a building
block for reversible computing and quantum logic systems.
It helps minimize energy loss as it adheres to reversible logic
principles.

A. Toffoli Gate

Fig .9. Schematic of Toffoli Gate

The schematic of a Toffoli gate as shown in Fig.9 is a 3x3
reversible logic gate with inputs A, B, and C, and outputs P, Q,
and R, definedas:P=A,Q=B,R=AB @ C.
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The circuit is built using a combination of logic gates such as
AND & XOR. The Toffoli gate acts as a universal reversible
gate, capable of implementing any Boolean function without
loss of information. In this schematic, NOT gates are used to
generate signal inversions, while AND & XOR gates generate
the required output function.

B. 3T XOR Using PTL Logic

Fig.10. Schematic of XOR gate using 3T

The given schematic in Fig.10. shows a 3-transistor XOR gate
implemented using Pass Transistor Logic (PTL). It realizes the
XOR operation equation 1.

Vout=A®B=A-B+A-B (1)

The PMOS transistor connects between VDD and the output
and is controlled by B, while the NMOS transistors act as
switches driven by A and B to transfer the required logic
levels. When B is low, the PMOS conducts, and the output
follows A; when B is high, the NMOS path conducts, and the
output becomes the inverse of A. This behavior ensures that
the output is logic high when A and B are different and logic
low when they are the same, which defines XOR. The design
is highly efficient in terms of transistor count, power, and
delay, making it suitable for compact and low-power circuits,
though it can experience minor voltage loss when NMOS
transmits logic ‘1°.

VIIl. PROPOSED METHODOLOGY OF CIRCUIT

A. Design of Binary to Gray Code Converter using
Conventional XOR gates

In the theoretical design of the Binary to Gray Code Converter,
the most significant bit (MSB) of the binary input is directly
passed to the corresponding MSB of the Gray code output, as
no logic operation is required for this bit. However, in practical
implementation using Cadence Virtuoso, directly connecting
the input to the output without a driving element can cause
simulation issues, such as floating nodes or improper
waveform behavior. This is because Virtuoso requires all
output nodes to be explicitly driven to ensure proper signal
integrity and drive strength. To address this, an inverter pair
(i.e., a buffer) as shown in Fig.11 was introduced to pass the
MSB without altering its logic level. This ensures accurate
simulation results while preserving the intended functionality
of the circuit.
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Fig.11. Schematic Representation of Binary to Gray Code Converter
implemented using Conventional XOR gates.

o

1
1
g1
s

B
D8 K 9 WA G

e (o

Fig.12. Transient response of Binary to Gray Code Converter implemented
using conventional XOR gate.

The waveform as shown in Fig.12 confirms the correct
operation of the design, with each binary input accurately
converted into its corresponding Gray code. The transitions
observed in the output waveform match the expected behavior,
validating both the functionality and correctness of the
implemented logic circuit.

B. Design of Binary to Gray Code Converter by Replacing
Conventional XOR gates with Transmission XOR gates

This design uses complementary transmission gates (PMOS
and NMOS transistors) to create a transmission gate-based
XOR (TXOR) gate in place of each conventional XOR gate.
To guarantee appropriate drive strength and signal integrity
during simulation in Cadence Virtuoso, the MSB is routed to
the output via a buffer. TXOR gates are used between
neighboring binary input bits to generate the remaining Gray
code bits. In comparison to conventional CMOS-based XOR
gates, this implementation optimizes transistor-level design by
lowering power consumption and area while maintaining the
same logical functionality.

Fig.13. Schematic Representation of Binary to Gray Code Converter using
Transmission XOR gates.
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Fig.14. Transient response of Binary to Gray Code Converter implemented
using Transmission XOR gate.

The circuit, as implemented in Fig. 13, demonstrates correct
functionality, as evident from the waveform output in Fig. 14.
For each binary input, the corresponding Gray code output is
accurately generated, and the signal transitions in the
waveform align with the expected behavior.This confirms that
the transmission gate-based XOR implementation operates
reliably and accurately within the Binary to Gray Code
Converter design.

C. Design of Binary to Gray Code Converter with Toffoli
Gates

The design employs multiple Toffoli gates, known as universal
gates in reversible logic, to perform the XOR operations
necessary for Gray code generation. The implementation is
shown in Fig.15. A buffer is used to directly pass the most
significant bit (MSB) from the input to the output without
alteration. The 4-bit binary inputs are processed through the
Toffoli gates, which, by leveraging a constant logic high
control line, function effectively as controlled-NOT gates to
realize XOR operations. This implementation highlights the
versatility of Toffoli gates in constructing reversible logic
circuits for efficient binary to Gray code conversion.



Fig.15. Schematic Representation of Binary to Gray Code Converter using
Toffoli gates.

Fig.16. Transient response of Binary to Gray code converter implemented
using Toffoli gate.

The transient response simulation output of the 4-bit Binary to
Gray code converter, implemented using Toffoli gates as
shown in Fig. 16, was evaluated and yielded accurate results,
as presented above.

D. Design of Binary to Gray Code Converter with Feynman
Gates

Fig.17. Schematic Representation of Binary to Gray Code Converter using
Feynman gates.
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The design utilizes three Feynman gates to perform the XOR
operations required for Gray code generation. Additionally, a
buffer is employed to directly transfer the most significant bit
(MSB) without modification as shown in Fig.17. The input
lines represent the 4-bit binary number, while the output lines
produce the corresponding Gray code.

Fig.18. Transient response of Binary to Gray code converter implemented
using Feynman gates.

The simulation confirms that the circuit accurately performs
the intended Binary to Gray code conversion as shown in
Fig.18. The design ensures efficient hardware utilization while
maintaining reversibility. The wuse of Feynman gates
contributes to low quantum cost, minimizes unnecessary
garbage outputs, and makes the design well-suited for low-
power and quantum-based systems.

These logical transformations are achieved using Feynman
gates, which are reversible and capable of executing XOR
operations with minimal hardware and energy consumption.
Their reversible nature ensures no loss of information during
computation a critical requirement in reversible logic and
quantum computing.

IX. IMPLEMENTATION USING PASS TRANSISTOR LoGIC (PTL)

Pass Transistor Logic (PTL) is an efficient design technique
used to reduce the number of transistors and overall power
consumption in digital circuits. Unlike conventional CMOS
logic, PTL uses the capability of transistors to pass logic levels
directly between nodes, thereby minimizing switching activity
and reducing area. In this project, PTL is employed to redesign
the XOR gate and further used to implement Feynman and
Toffoli gates for the Binary to Gray Code Converter.

Since the schematic structure of the Binary to Gray Code
Converter remains the same as in the non-PTL
implementations, the key difference lies in the internal
transistor-level realization of XOR gates. Hence, this section
focuses on the simulation results and transient responses
obtained from PTL-based implementations.
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A. Binary to Gray Code Converter Using PTL XOR Gate

In this design, the XOR gates within the converter are replaced
by PTL-based XOR circuits. The PTL XOR design uses fewer
transistors compared to conventional CMOS or transmission
gate logic, which leads to lower power dissipation and faster
switching. The functional correctness of the converter is
verified using transient analysis in Cadence under 90 nm
CMOS technology.

Fig.19. Transient response of Binary to 6ray Code Converter implemented
using PTL XOR gate.

The transient waveform as shown in Fig.19 confirms accurate
Binary to Gray code conversion while exhibiting reduced
propagation delay and power consumption compared to the
conventional XOR-based design.

B. Binary to Gray Code Converter Using Toffoli Gate with
PTL based XOR

The Toffoli gate is a 3x3 reversible logic gate used to realize
complex logic functions. Replacing its internal XOR logic with
PTL-based XOR gates reduces both transistor count and
energy consumption while maintaining logical accuracy.
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Fig.20. Transient response of Binary to Gray Code Converter implemented
using Toffoli gate with PTL-based XOR.

The transient waveform as shown in Fig.20 verifies proper
operation of the converter and shows improved performance in
terms of power efficiency compared to the non-PTL Toffoli
implementation.

C. Binary to Gray Code Converter Using Feynman Gate
with PTL based XOR

The Feynman gate is a 2x2 reversible gate whose functionality
depends on XOR operations. By replacing the conventional

XOR with a PTL XOR, the overall transistor count of the
Feynman gate and consequently the converter is significantly
reduced. This PTL-based Feynman gate retains reversibility
while improving energy efficiency.
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Fig.21. Transient response of a Binary-to-G‘réy code converter implemented
using Feynman gates with PTL-based XOR

The transient response Fig.21 shows correct gray code
generation with lower power dissipation. This implementation
achieves the best power efficiency among all the tested
designs, reducing power consumption by up to 90.15%
compared to the conventional XOR-based converter.

X. RESULTS AND DISCUSSION

Various XOR gate implementations were designed for a 4-bit
Binary to Gray Code converter and analyzed for their
performance in terms of power consumption, delay, and
transistor count, as summarized in Table IV. The conventional
XOR gate consumes 32.98 uW of power, with a delay of 12.65
ps and 40 transistors, serves as the baseline for comparison.

The XOR gate implemented with Transmission Gate Logic
architecture illustrates better power efficiency, consuming
31.30 uW, which corresponds to a 5.09% reduction in power
consumption with respect to the traditional design. This
implementation maintains a similar delay of 12.65 ps while
reducing the transistor count by about 30%, offering a more
compact and balanced solution in terms of power, speed, and
layout simplicity.Reversible logic gates such as the Toffoli and
Feynman gates offer significant improvements in energy
efficiency, albeit with increased circuit complexity. The
Toffoli gate has a power consumption of 4.937 uW, providing
an 84.91% reduction over the conventional XOR gate. It uses
82 transistors with a delay slightly higher at 39.51 ps, thus
providing excellent power saving without significant
degradation in timing.The Feynman gate results in the least
power dissipation among all the conventional reversible
designs, with a power of only 3.247 uW, representing a
90.15% power reduction compared to the conventional XOR
implementation. However, this improvement in energy
efficiency is made at the expense of higher delay, 39.11 ps,
and increased transistor count, limiting the suitability of this
approach for high-speed applications or area-limited
designs.Further, power optimization was achieved when the
designs based on PTL were considered. The Feynman gate
with the XOR implemented using PTL logic showed
outstanding power efficiency, saving about 98.7% power
compared to the conventional XOR gate while improving the
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delay by about 14% and bringing down the transistor count to
25. Similarly, the conventional XOR implemented in PTL
logic required 141.8 pW of power with a delay of 12.67 ps and
12 transistors, showing outstanding power-delay-area
characteristics. However, the Toffoli gate implemented using
the PTL logic showed a higher power dissipation of 14.53
mW, probably due to greater switching activity and internal
node loading during its operation. Although with a heightened
power consumption, Toffoli gate was functionally correct and
gave insight into the trade-offs involved with the integration of
PTLs and reversible gate complexity.

TABLE IV
COMPARISON TABLE FOR PROPOSED METHODOLOGIES
. Parameters
Binary to Gray
S.No. | code convertor
using Power | Delay Numt_)er of
transistors
1. Conventional XOR | 20.24 56.8 ps | 48 [12]
gates in 180nm pw
2. Conventional XOR | 32.98 12.65 40
gates in 90nm pw ps
3. Conventional XOR | 141.8 12.67 12

gates using PTL uw ps

logic
4. Transmission 31.30 12.65 28
Logic pWw ps
5. Toffoli Gate 4.937 39.51 82
pw ps
6. Toffoli Gate using | 14.53 2.184 61 \Ij’vr(())rFI)(osed
PTL logic mw ns
7. Feynman Gate 3.247 39.11 52
pw ps
8. Feynman Gate 421.2 10.90 25
using PTL logic nw ps

XI1. CONCLUSION

A highly efficient approach for the conversion of 4-bit Binary
to Gray code was developed using a variety of design
methodologies, such as conventional, transmission gate, and
Pass Transistor Logic (PTL) implementations of XOR gates,
and some reversible logic gates like Feynman and Toffoli
gates. All the designs are implemented and simulated on
Cadence 90 nm CMOS technology for their power, delay, and
transistor count.Among all the designs, the Feynman gate
implemented using the PTL-based XOR has the lowest power
dissipation, which is around 98.7% less as compared with a
conventional XOR-based converter, with an approximately
14% improvement in delay. The Toffoli gate exhibited an 85%
reduction in power, relative to the conventional XOR design,
although with higher delay and transistor usage. Meanwhile,
the transmission gate-based converter has a modest 5%
reduction in power dissipation, with negligible variation in
terms of delay, using a 30% lower number of transistors.
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In contrast, the PTL-based XOR Toffoli gate showed a much
higher power consumption, probably because of greater
switching activity and internal loading during simulation,
although it also provided the right functional behavior.
However, both Feynman- and Toffoli-based designs
demonstrated the potential of reversible logic in reducing
energy dissipation by preserving information during
computation.

The Feynman gate with PTL-based XOR outperformed all
other implementations in terms of both power and area, while
the Toffoli gate provided a reasonable trade-off between
design complexity and performance. These results confirm that
the application of PTL principles to the field of reversible
computing logic allows for a significant reduction in energy
dissipation within VLSI circuit designs, thus making them
highly appropriate for 10T, embedded, and portable electronic
applications that require minimum power consumption.
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