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Abstract

The proliferation of Internet of Things (IoT) devices in smart home environments has introduced significant
security challenges, particularly for resource-constrained devices operating under strict power and
computational limitations. This paper presents NexCrypt, a novel symmetric cryptographic algorithm
specifically designed for low-power smart home IoT devices. This solution addresses the critical need for
lightweight yet secure encryption that maintains acceptable performance levels while minimizing energy
consumption. Through comprehensive analysis, this paper demonstrate that NexCrypt achieves a 34%
reduction in gate equivalence (GE) compared to existing lightweight ciphers, requires only 1.2KB of
memory, and consumes 23% less power while maintaining throughput rates of 156 Mbps. The algorithm
employs a hybrid approach combining substitution-permutation networks with dynamic key scheduling to
ensure robust security against common cryptographic attacks. Experimental results on ARM Cortex-M0+
microcontrollers show significant improvements in energy efficiency and computational overhead compared
to AES-128, PRESENT, and other state-of-the-art lightweight cryptographic solutions. Our findings indicate
that NexCrypt provides an optimal balance between security strength and resource efficiency, making it
particularly suitable for battery-powered smart home devices such as wireless sensors, smart locks, and
environmental monitoring systems.

Keywords: IoT security, lightweight cryptography, symmetric encryption, smart home devices, low-power
computing, resource-constrained systems.

1. Introduction

The Internet of Things (IoT) ecosystem has experienced unprecedented growth, with projections
indicating over 75 billion connected devices by 2025. Smart home environments represent a
significant portion of this expansion, incorporating diverse devices ranging from simple
temperature sensors to complex home automation systems. However, this proliferation has
introduced substantial security vulnerabilities, particularly in resource-constrained devices that lack
the computational power and energy resources necessary for traditional cryptographic
implementations.

Current cryptographic solutions face three primary challenges in smart home IoT deployments: (1)
excessive computational overhead that drains battery life in wireless devices, (2) memory
requirements that exceed the capabilities of low-cost microcontrollers, and (3) inadequate
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throughput performance that creates bottlenecks in real-time applications. Traditional encryption
algorithms such as AES, while secure, require significant computational resources that are often
unavailable in IoT devices operating on coin-cell batteries or energy harvesting systems.

The security landscape for smart home devices is further complicated by the heterogeneous nature
of IoT networks, where devices with varying computational capabilities must communicate
securely. Existing lightweight cryptographic solutions, including PRESENT, CLEFIA, and
Simon/Speck, while addressing some resource constraints, often compromise either security
strength or performance efficiency.

This paper presents several key contributions to the field. First, it introduces NexCrypt, a novel
symmetric block cipher specifically designed and implemented for resource-constrained smart
home 10T devices. The paper provides a comprehensive performance analysis that demonstrates
superior efficiency in terms of gate equivalence, memory utilization, and power consumption.
Additionally, it includes a thorough security analysis that proves the cipher's resistance against
differential, linear, and algebraic cryptanalytic attacks. The research also offers a comparative
evaluation of NexCrypt against existing lightweight cryptographic solutions using standardized
benchmarks. Finally, the paper provides detailed implementation guidelines for deploying
NexCrypt across common loT hardware platforms.

The remainder of this paper is organized as follows: Section 2 reviews related work in lightweight
cryptography for IoT systems. Section 3 presents the detailed methodology and design of the
NexCrypt algorithm. Section 4 provides comprehensive experimental results and performance
analysis. Section 5 discusses the implications of our findings and compares them with existing
solutions. Section 6 concludes the paper and outlines future research directions.

2. Literature Review

The field of lightweight cryptography has evolved significantly in response to the growing demands
of resource-constrained computing environments. This section examines existing approaches and
identifies gaps that our proposed solution addresses.

2.1 Lightweight Block Ciphers

Several lightweight block ciphers have been proposed to address the computational limitations of
IoT devices. PRESENT, introduced in 2007, was among the first ciphers specifically designed for
hardware efficiency, achieving implementation in approximately 1570 gate equivalents. The cipher
employs a 64-bit block size with 80-bit or 128-bit keys, utilizing a substitution-permutation
network structure optimized for hardware implementation.

CLEFIA represents another significant contribution, offering 128-bit block encryption with support
for 128, 192, and 256-bit keys. The algorithm demonstrates excellent software performance while
maintaining reasonable hardware efficiency. However, its memory requirements of approximately
3.2KB make it less suitable for the most resource-constrained devices.

The Simon and Speck cipher families, developed by the NSA, provide flexible block and key sizes
optimized for both hardware and software implementations. Simon prioritizes hardware efficiency,
while Speck focuses on software performance. Despite their efficiency, concerns regarding their
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cryptographic strength and the lack of transparent design rationale have limited their adoption in
security-critical applications.

2.2 Hardware-Oriented Approaches

Recent research has emphasized hardware-specific optimizations for IoT cryptography. PHOTON
introduces a lightweight hash function family designed for extremely constrained environments,
achieving implementations as small as 865 gate equivalents. Similarly, SPONGENT provides a
family of lightweight hash functions based on the sponge construction, offering various security
levels with corresponding resource requirements.

The PRINCE cipher targets applications requiring low-latency encryption, achieving single-cycle
encryption through unrolled implementations. While effective for specific use cases, its area
requirements of approximately 8400 gate equivalents limit its applicability in the most constrained
scenarios.

2.3 Software-Oriented Solutions

Software-optimized lightweight ciphers have focused on minimizing code size and execution time
on microcontrollers commonly used in IoT devices. The Chaskey algorithm provides message
authentication with minimal memory requirements, requiring only 16 bytes of RAM for operation.
However, its focus on authentication rather than encryption limits its applicability for
comprehensive data protection.

TEA (Tiny Encryption Algorithm) and its variants, including XTEA and XXTEA, offer simple
implementations suitable for resource-constrained environments. Despite their simplicity, these
algorithms have demonstrated vulnerabilities to various cryptanalytic attacks, raising concerns
about their long-term security.

2.4 IoT-Specific Security Frameworks

Several comprehensive security frameworks have been proposed for IoT environments. The
OSCAR framework provides end-to-end security for IoT communications, incorporating
lightweight cryptographic primitives with key management protocols. However, the framework's
complexity and resource requirements limit its deployment in the most constrained devices.

Similarly, the DTLS-based approaches adapt existing security protocols for IoT environments
through optimization and compression techniques. While effective for devices with moderate
computational capabilities, these solutions remain too resource-intensive for ultra-low-power
applications.

2.5 Research Gaps and Motivation

A review of existing literature reveals several significant gaps in current lightweight cryptographic
solutions. Most notably, there is limited optimization specifically tailored for smart home IoT
devices, which typically need to operate on battery power for long periods. The research also shows
insufficient consideration of the practical trade-offs between security strength and energy
consumption in real-world deployment scenarios. Furthermore, there is a noticeable lack of
comprehensive performance analysis across the diverse range of hardware platforms commonly
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employed in smart home applications. The review also highlights inadequate attention to the
dynamic security requirements of smart home networks, where both device capabilities and threat
models can vary significantly. These identified gaps serve as the primary motivation for the
development of NexCrypt, which has been specifically designed to address the unique requirements
of smart home IoT environments through targeted optimization and comprehensive security
analysis.

3. Methodology

This section presents the detailed design and implementation of NexCrypt, our proposed symmetric
cryptographic algorithm optimized for resource-constrained smart home loT devices.

3.1 Design Principles
NexCrypt is designed based on four fundamental principles:

1. Energy Efficiency: Minimize power consumption through reduced computational
complexity and optimized instruction sequences

2. Hardware Minimalism: Achieve compact hardware implementations with minimal gate
count and memory requirements

3. Security Robustness: Maintain cryptographic strength against known attack vectors while
operating under resource constraints

4. Implementation Flexibility: Support both hardware and software implementations across
diverse [oT platforms

3.2 Algorithm Structure

NexCrypt employs a 64-bit block cipher with 128-bit keys, utilizing a hybrid substitution-
permutation network (SPN) structure enhanced with dynamic key scheduling. The algorithm
consists of 20 rounds, each incorporating four main operations: SubBytes, ShiftRows,
MixColumns, and AddRoundKey.

3.2.1 SubBytes Transformation

The SubBytes operation utilizes a custom 4-bit S-box designed for optimal hardware efficiency.
Unlike traditional 8-bit S-boxes that require significant memory resources, our 4-bit approach
reduces memory requirements by 75% while maintaining cryptographic properties essential for
confusion and diffusion.

The S-box design ensures:

Bijective mapping with maximum differential uniformity of 4
Nonlinearity coefficient of 4 for all non-zero linear combinations
Absence of fixed points and opposite fixed points

Optimal algebraic immunity against algebraic attacks
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3.2.2 ShiftRows Operation

The ShiftRows transformation applies a lightweight permutation to the 64-bit state, organized as a
4x4 matrix of 4-bit nibbles. The operation performs cyclic left shifts on each row:

Row 0: No shift

Row 1: Left shift by 1 position
Row 2: Left shift by 2 positions
Row 3: Left shift by 3 positions

This design ensures optimal diffusion while requiring minimal computational overhead, as shifts
can be implemented through simple wire routing in hardware or efficient bit manipulation in
software.

3.2.3 MixColumns Transformation

The MixColumns operation employs a lightweight linear transformation based on a 4x4 Maximum
Distance Separable (MDS) matrix over GF(24). The matrix is specifically chosen to:

e Provide optimal branch number of 5 for maximum diffusion
e Enable efficient implementation using only XOR operations and table lookups
e Minimize the number of non-zero elements to reduce computational complexity

3.2.4 Dynamic Key Scheduling
NexCrypt incorporates a novel dynamic key scheduling algorithm that adapts the round key
generation based on the current device state and available computational resources. The key

schedule operates in two modes:

Standard Mode: Utilizes the full 128-bit master key with traditional linear feedback shift register
(LFSR) based expansion, generating 20 round keys of 64 bits each.

Low-Power Mode: Employs a simplified key schedule that reduces computational overhead by
40% while maintaining security through increased round count (24 rounds instead of 20).

The mode selection is determined by real-time power monitoring, allowing devices to automatically
adapt their cryptographic operations based on available energy resources.

3.3 Security Analysis Framework

We conducted comprehensive security analysis using established cryptanalytic techniques:

3.3.1 Differential Cryptanalysis

Differential cryptanalysis resistance was evaluated through exhaustive search for high-probability
differential characteristics. Our analysis examined all possible input differences and their

corresponding output differences across multiple rounds, confirming that the maximum differential
probability remains below 2732 for any 8-round characteristic.
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3.3.2 Linear Cryptanalysis

Linear cryptanalysis resistance was assessed by analyzing the correlation between input and output
bits through linear approximations. The analysis revealed that the maximum linear probability bias
is bounded by 27'¢ for any 10-round linear approximation, providing adequate security margins.

3.3.3 Algebraic Attacks

Resistance against algebraic attacks was evaluated by analyzing the algebraic degree and
complexity of the cipher's Boolean functions. The S-box design ensures optimal algebraic
immunity, with the algebraic degree reaching maximum values after 4 rounds.

3.4 Implementation Methodology
3.4.1 Hardware Implementation

The hardware implementation targets ASIC and FPGA platforms commonly used in IoT devices.
The design employs:

Combinational logic for S-box implementation using optimized Boolean functions
Shift register chains for efficient ShiftRows operation

Parallel multipliers in GF(2*) for MixColumns transformation

Dedicated key scheduling unit with power gating capabilities

3.4.2 Software Implementation
The software implementation is optimized for ARM Cortex-M series microcontrollers, utilizing:

Lookup table-based S-box implementation for speed optimization
Bit manipulation instructions for efficient ShiftRows operation
Precomputed multiplication tables for MixColumns transformation
Inline assembly optimizations for critical path operations

3.5 Performance Evaluation Metrics
Our evaluation framework incorporates multiple metrics relevant to IoT deployment:

1. Gate Equivalence (GE): Total hardware area measured in NAND gate equivalents

2. Memory Requirements: RAM and ROM usage for software implementations

3. Power Consumption: Dynamic and static power consumption under various operating
conditions

4. Throughput: Encryption/decryption speed measured in Mbps

Energy per Bit: Total energy consumption per encrypted bit

6. Latency: Time required for single block encryption/decryption

e
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4. Results

This section presents comprehensive experimental results demonstrating the performance
characteristics of NexCrypt across multiple evaluation metrics and comparison with existing
lightweight cryptographic solutions.

4.1 Experimental Setup

Experiments were conducted on multiple hardware platforms representative of smart home IoT
devices:

ARM Cortex-M0+ (48 MHz, 32KB Flash, 8KB RAM)
ARM Cortex-M4F (168 MHz, IMB Flash, 192KB RAM)
Xilinx Spartan-6 FPGA (XC6SLX45)

ASIC synthesis using 90nm CMOS technology

bl

All measurements were performed under controlled conditions with temperature maintained at
25°C and supply voltage at 3.3V. Power consumption was measured using precision current
measurement techniques with 1pA resolution.

4.2 Hardware Implementation Results

NexCrypt demonstrates a 34% reduction in gate count compared to PRESENT and an 18%
improvement over Simon64/128, making it the most compact solution among evaluated ciphers.

Table 1: Gate Equivalence Analysis

Cipher Block Size Key Size | Gate Equivalence
NexCrypt 64 128 1,034
PRESENT 64 80/128 1,570
CLEFIA 128 128 2,488
Simon64/128 64 128 1,267
AES-128 128 128 3,400

NexCrypt requires only 1.2KB total memory, representing a 14% reduction compared to PRESENT
and remaining competitive with Simon64/128 while providing superior security analysis
transparency.
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Table 2: Memory Requirements

Cipher ROM (Bytes) RAM (Bytes) Total (Bytes)
NexCrypt 896 320 1,216
PRESENT 1,024 384 1,408
CLEFIA 2,816 512 3,328
Simon64/128 768 256 1,024
AES-128 4,096 768 4,864

Power consumption measurements were conducted across different operating frequencies and
voltage levels to assess energy efficiency under various deployment scenarios.

Table 3: Dynamic Power Consumption

Cipher Active (W) Idle (W) Efficiency (Mbps/mW)
NexCrypt 2,340 45 156

PRESENT 3,040 52 118

CLEFIA 4,180 68 &9

Simon64/128 2,890 48 134

AES-128 5,670 78 67

NexCrypt achieves 23% lower power consumption compared to PRESENT and demonstrates the
highest energy efficiency at 156 Mbps/mW. Analysis of battery life impact using a typical 220mAh
coin cell battery shows significant improvements:

1. NexCrypt: 847 hours of continuous operation

2. PRESENT: 652 hours of continuous operation

3. Simon64/128: 698 hours of continuous operation
4. AES-128: 356 hours of continuous operation

This represents a 30% improvement in battery life compared to PRESENT and 138% improvement
over AES-128.
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NexCrypt achieves competitive throughput performance while maintaining superior energy
efficiency, making it particularly suitable for battery-powered applications requiring sustained
operation.

Table 4: Throughput Performance

Cipher Cortex-M0+ (Mbps) Cortex-M4F (Mbps) FPGA (Mbps)
NexCrypt 156 624 1,248
PRESENT 142 568 1,136
CLEFIA 198 792 1,584
Simon64/128 178 712 1,424
AES-128 89 356 712

NexCrypt demonstrates low-latency performance suitable for real-time applications while
maintaining energy efficiency advantages.

Table 5: Latency Analysis

Cipher Software (us) Hardware (us) Improvement
NexCrypt 12.8 0.41 31x
PRESENT 14.2 0.45 32x
CLEFIA 10.1 0.32 32x
Simon64/128 11.3 0.36 31x
AES-128 22.5 0.71 32x

4.3 Security Evaluation Results

Comprehensive cryptanalytic evaluation confirms the security strength of NexCrypt against
established attack vectors:

4.3.1 Differential Cryptanalysis

Exhaustive analysis of differential characteristics reveals:
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1. Maximum 8-round differential probability: 273*
2. Security margin: 12 rounds beyond the attack threshold
3. No high-probability differentials found for the full 20-round cipher
4.3.2 Linear Cryptanalysis
Linear approximation analysis demonstrates:
1. Maximum 10-round linear bias: 277
2. Security margin: 10 rounds beyond the attack threshold
3. Optimal resistance across all linear hull combinations
4.3.3 Algebraic Attack Resistance
Algebraic analysis confirms:
1. Algebraic degree reaches maximum after 4 rounds
2. System complexity exceeds practical attack thresholds
3. Optimal algebraic immunity maintained throughout all rounds

4.4 Comparative Analysis Summary

Table 6: Comparative Analysis

Metric NexCrypt PRESENT Simon64 AES-128
Area (GE) 1,034 1,570 1,267 3,400
Memory (KB) 1.2 1.4 1.0 4.9
Power (uW) 2,340 3,040 2,890 5,670
Throughput (Mbps) 156 142 178 89
Energy/bit (pJ) 15.0 214 16.2 63.7

NexCrypt achieves optimal balance across all evaluation metrics, providing the best energy

efficiency while maintaining competitive performance and superior area utilization.

5. Discussion

The experimental results demonstrate that NexCrypt successfully addresses the key challenges
facing cryptographic implementations in resource-constrained smart home IoT devices. This
section analyzes the implications of our findings and discusses the practical deployment

considerations.
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5.1 Performance Analysis

The 34% reduction in gate equivalence compared to PRESENT represents a significant
advancement in hardware efficiency for lightweight cryptography. This improvement stems from
our optimized S-box design and streamlined round function architecture. The use of 4-bit S-boxes
instead of traditional 8-bit implementations reduces memory requirements while maintaining
cryptographic strength through careful algebraic construction.

The power consumption reduction of 23% compared to existing solutions directly translates to
extended battery life in smart home devices. Our analysis shows that devices using NexCrypt can
operate 30% longer on the same battery capacity, which is crucial for applications such as wireless
door sensors, environmental monitors, and security cameras that must function reliably for months
or years without battery replacement.

The throughput performance of 156 Mbps on ARM Cortex-MO+ processors exceeds the
requirements of most smart home applications, which typically involve small data packets for
sensor readings, control commands, and status updates. This performance headroom ensures that
NexCrypt can handle burst communications and multiple concurrent encryption operations without
creating bottlenecks.

5.2 Security Implications

The comprehensive security analysis confirms that NexCrypt maintains robust cryptographic
strength despite its optimization for resource efficiency. The differential and linear cryptanalysis
results demonstrate security margins that exceed industry standards for lightweight ciphers. The
maximum differential probability of 2734 for 8-round characteristics and linear bias of 277 for 10-
round approximations provide substantial security margins against these fundamental attack
vectors.

The algebraic attack resistance analysis reveals that NexCrypt achieves optimal algebraic
immunity, with the algebraic degree reaching maximum values after only 4 rounds. This rapid
growth in algebraic complexity ensures protection against sophisticated algebraic attacks that have
proven effective against some lightweight ciphers.

Our dynamic key scheduling approach introduces an additional layer of security by adapting the
cryptographic operations based on available resources. This adaptive mechanism not only improves
energy efficiency but also complicates potential attacks by introducing variability in the cipher's
operation that depends on the device's current state.

5.3 Deployment Considerations

The practical deployment of NexCrypt in smart home environments requires consideration of
several factors:

5.3.1 Interoperability

NexCrypt's 64-bit block size and 128-bit key size align with existing loT communication protocols
and key management systems. The algorithm can be integrated into popular IoT frameworks such
as Thread, Zigbee, and Matter without requiring significant protocol modifications.

NexCrypt: A Novel Symmetric Cryptographic Solution for Resource-Constrained Smart Home IoT Devices pg. 61



5.3.2 Key Management

The 128-bit key size provides adequate security for smart home applications while remaining
compatible with existing key distribution mechanisms. The dynamic key scheduling feature allows
devices to adapt their cryptographic operations based on available computational resources,
enabling graceful degradation during low-power conditions.

5.3.3 Implementation Flexibility

NexCrypt's design supports both hardware and software implementations, allowing manufacturers
to choose the most appropriate approach based on their specific requirements and constraints. The
hardware implementation provides optimal performance and energy efficiency, while the software
implementation offers flexibility and easier updates.

5.4 Limitations and Future Work

While NexCrypt demonstrates significant improvements over existing solutions, several limitations
and opportunities for future research should be acknowledged:

5.4.1 Block Size Considerations

The 64-bit block size, while optimal for resource efficiency, may require careful consideration in
applications processing large amounts of data. Future work could explore variable block size
implementations that adapt based on the data characteristics and available resources.

5.4.2 Quantum Resistance

Like all symmetric ciphers, NexCrypt's security against quantum attacks is limited by Grover's
algorithm, which effectively halves the key strength. Future research should investigate post-
quantum lightweight cryptographic solutions for long-term security.

5.4.3 Side-Channel Resistance

While our analysis focuses on mathematical cryptanalytic attacks, practical implementations must
also consider side-channel vulnerabilities. Future work should include comprehensive side-channel
analysis and the development of countermeasures for power analysis and electromagnetic attacks.

5.5 Broader Impact

The development of NexCrypt contributes to the broader goal of securing the IoT ecosystem by
providing a practical, efficient cryptographic solution for resource-constrained devices. The
algorithm's energy efficiency improvements directly support the sustainability goals of loT
deployments by extending device lifetimes and reducing battery waste.

The open design and comprehensive security analysis of NexCrypt also contribute to the
transparency and trustworthiness of cryptographic solutions for IoT applications, addressing
concerns about proprietary algorithms with undisclosed design rationales.
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6. Conclusion

This paper presents NexCrypt, a novel symmetric cryptographic algorithm specifically designed
for resource-constrained smart home loT devices. Through comprehensive analysis and evaluation,
we demonstrate significant improvements in energy efficiency, hardware area utilization, and
computational performance compared to existing lightweight cryptographic solutions.

6.1 Key Achievements
Our research achieves several important milestones:

1. Hardware Efficiency: 34% reduction in gate equivalence compared to PRESENT,
achieving implementation in only 1,034 gate equivalents

2. Energy Optimization: 23% reduction in power consumption, extending battery life by
30% in typical smart home applications

3. Memory Efficiency: Total memory requirement of only 1.2KB, making it suitable for the
most resource-constrained microcontrollers

4. Performance: Competitive throughput of 156 Mbps on ARM Cortex-MO0+ processors with
low latency of 12.8us per block

5. Security Strength: Robust resistance against differential, linear, and algebraic
cryptanalytic attacks with substantial security margins

6.2 Practical Impact

NexCrypt addresses the critical need for efficient cryptographic solutions in the rapidly expanding
smart home IoT market. The algorithm's energy efficiency improvements directly translate to
longer device lifetimes, reduced maintenance costs, and improved user experience. The compact
hardware implementation enables secure cryptography in cost-sensitive applications where
traditional solutions are impractical.

The comprehensive security analysis and open design methodology contribute to the
trustworthiness and transparency essential for widespread adoption in security-critical applications.
The algorithm's flexibility supports both hardware and software implementations, enabling
deployment across diverse loT platforms and use cases.

6.3 Future Directions
Several avenues for future research emerge from this work:

Investigation of variable block size implementations for improved flexibility
Development of post-quantum resistant variants for long-term security
Comprehensive side-channel analysis and countermeasure development
Integration with emerging loT security frameworks and protocols
Exploration of machine learning-based adaptive cryptographic parameters

kW=

The continued evolution of IoT technology and the increasing sophistication of cyber threats
necessitate ongoing research in lightweight cryptography. NexCrypt provides a solid foundation
for secure, efficient cryptographic operations in resource-constrained environments while pointing
toward future innovations in adaptive and intelligent security systems.
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As smart home ecosystems continue to expand and evolve, the need for efficient, secure, and
practical cryptographic solutions becomes increasingly critical. NexCrypt represents a significant
step forward in addressing these challenges, providing a robust foundation for securing the next
generation of IoT devices and applications.
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