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Abstract:- Recent advancements in digital signal processing have highlighted the critical need for robust
protection mechanisms for digital Finite Impulse Response (FIR) filters against various sophisticated security
threats such as hardware Trojans, differential power analysis (DPA), and fault injection attacks. This research
introduces an enhanced FIR filter design that incorporates novel dynamic and multi-layer obfuscation
techniques to improve security. The proposed model is benchmarked against a baseline FIR filter model to
evaluate its effectiveness. Comprehensive simulations demonstrate that the proposed obfuscation techniques
significantly enhance the security and robustness of the FIR filters without compromising performance. Key
metrics such as Signal-to-Noise Ratio (SNR), filter response accuracy, and error rates are analyzed to illustrate
the superior performance of the proposed model. The results indicate a notable improvement in security metrics,
including increased resistance to SAT-based and machine learning-based attacks, showcasing the proposed
model as a viable solution for secure digital signal processing applications. This study contributes to the field by
providing a detailed analysis of the security enhancements and demonstrating the practical feasibility of
implementing dynamic and multi-layer obfuscation techniques in digital FIR filters.
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1. Introduction

Digital FIR filters play a crucial role in DSP applications, primarily because of their stability and linear phase
properties. They find extensive use across various fields such as telecommunications, multimedia processing,
medical signal processing, and radar technology [1], [2]. Their critical role in such applications necessitates
robust protection mechanisms to safeguard against security threats.

As the deployment of FIR filters in security-sensitive applications increases, so does their attractiveness as
targets for malicious attacks. These attacks can take various forms, including hardware Trojan insertion, reverse
engineering, differential power analysis (DPA), fault injection attacks, and machine learning-based attacks [3]-
[5]. Hardware Trojans can be covertly embedded in the design to alter the functionality or leak sensitive
information, while reverse engineering aims to reconstruct the circuit design to understand or replicate it illicitly

[4], [5].

Traditional protection mechanisms for digital FIR filters primarily focus on static obfuscation techniques, which
involve making the circuit design more complex and less understandable to potential attackers. However, static
obfuscation methods have inherent limitations; sophisticated adversaries can often circumvent them using
advanced reverse engineering and analysis techniques [3], [6], [7]. For instance, differential power analysis
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exploits variations in power consumption to extract secret information, and fault injection attacks induce errors
to reveal circuit vulnerabilities [8].

To address these limitations, recent studies have proposed hybrid and dynamic protection techniques that offer
enhanced security against such threats. These techniques integrate obfuscation methods that dynamically change
the circuit’s behavior, making it significantly more challenging for attackers to predict or manipulate [3], [9],
[10]. Dynamic and multi-layer obfuscation techniques provide a robust defense mechanism by continuously
altering the circuit’s operation, thereby increasing the difficulty for attackers to decipher or tamper with the
filter. This research introduces an advanced FIR filter design that employs dynamic and multi-layer obfuscation
techniques. The proposed model aims to improve the security of digital FIR filters by implementing adaptive
obfuscation strategies that respond to changing conditions and potential threats. Unlike static obfuscation,
dynamic and multi-layer obfuscation continuously modifies the circuit’s operational parameters, significantly
enhancing its resistance to attacks while maintaining

performance and functionality [9], [11].

The effectiveness of the proposed model is evaluated through comprehensive simulations, comparing it to a
baseline FIR filter model. Key metrics such as Signal-to-Noise Ratio (SNR), filter response accuracy, and error
rates are analyzed to demonstrate the superior performance of the proposed model. The results indicate
significant improvements in security and robustness, underscoring the potential of dynamic and multilayer
obfuscation techniques in securing digital FIR filters [3], [12].

2. Objectives

The security of digital circuits, including Finite Impulse Response (FIR) filters, has become a significant
concern with the proliferation of hardware attacks and the increasing sophistication of adversaries. FIR filters,
widely used in digital signal processing (DSP) applications, are susceptible to various security threats, such as
hardware Trojan insertion, reverse engineering, and side-channel attacks [3]-[5].

Finite Impulse Response (FIR) filters are a class of digital filters characterized by their finite-duration
impulse response. These filters are extensively used due to their inherent stability and linear phase properties,
making them suitable for applications that require phase-sensitive filtering, such as telecommunications, audio
and video processing, biomedical signal processing, and radar systems [1], [2], [13]. The basic structure of an
FIR filter consists of a series of multipliers, adders, and delay elements, which can be efficiently implemented in
hardware [3].

FIR filters are preferred over Infinite Impulse Response (1IR) filters in many applications because they do not
require feedback, which simplifies their implementation and ensures stability. This makes them ideal for
applications where precision and reliability are critical, such as medical imaging, digital audio effects, and
wireless communication systems [14], [15].

A. Security Threats to FIR Filters

Several types of security threats can compromise the integrity and functionality of FIR filters. These threats
include:

. Hardware Trojans: Malicious modifications to the circuit that can alter its behavior, leak sensitive
information, or cause denial of service. These Trojans can be inserted during the design, manufacturing, or
deployment phases and may remain dormant until triggered by specific conditions [4], [5].

) Reverse Engineering: Unauthorized analysis of the circuit to extract design details, which can lead to
intellectual property theft or the creation of counterfeit devices. Techniques such as de-layering and imaging are
used to reconstruct the circuit layout and understand its functionality [8], [16].

. Side-Channel Attacks: Exploiting physical emanations such as power consumption, electromagnetic
radiation, or timing information to infer sensitive data processed by the circuit. Differential Power Analysis
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(DPA) and Electromagnetic Analysis (EMA) are common side-channel attacks that can reveal cryptographic
keys or other critical information [9], [17], [18].

B. Protection Techniques

Traditional protection mechanisms for FIR filters have primarily focused on static obfuscation techniques.
These methods involve modifying the design to hide its true functionality from an attacker. For example, adding
dummy logic or using non-standard design styles can make reverse engineering more challenging [4], [5].
However, static obfuscation has limitations, as advanced adversaries can often reverse-engineer the obfuscation
over time using sophisticated tools and techniques. Recent advancements have introduced hybrid and dynamic
protection techniques to address these limitations. Hybrid protection combines static obfuscation with runtime
changes to the circuit’s behavior, making it more resilient against reverse engineering and hardware Trojans [9],

[11]. Dynamic obfuscation techniques further enhance security by continuously altering the -circuit’s
configuration during operation, which significantly increases the difficulty for an attacker to understand or
predict the circuit’s behavior [12], [19].

This paper builds upon these concepts by proposing a dynamic and multi-layer obfuscation technique
specifically designed for FIR filters. The proposed method leverages both hybrid and dynamic obfuscation
strategies to provide robust protection against a wide range of security threats. By integrating these techniques,
the FIR filter can dynamically change its operational parameters, thus offering a moving target for potential
attackers [7], [20], [21].

The effectiveness of the proposed obfuscation techniques is evaluated through comprehensive simulations,
demonstrating significant improvements in security metrics such as resistance to side-channel attacks and
robustness against hardware Trojans. These results highlight the potential of dynamic and multi-layer
obfuscation techniques in securing digital FIR filters and ensuring their reliable operation in security-sensitive
applications [3], [22].

3. Literature Review
A.Security Threats to Digital FIR Filters

The security of digital FIR filters has garnered significant attention due to their susceptibility to various security
threats. Aksoy et al. [3] have identified several key wvulnerabilities, including hardware Trojans, reverse
engineering, and side- channel attacks, which compromise the integrity and functionality of FIR filters. These
threats necessitate the development of robust protection mechanisms to safeguard digital signal processing
applications.

B.Hardware Trojan Insertion

Hardware Trojans, as discussed by Karri et al. [8] and Torrance and James [16], represent a significant risk to
digital circuits. These malicious modifications, often introduced during the manufacturing process by untrusted
foundries, can leak sensitive information, trigger denial-of-service conditions, or alter circuit functionality.
Traditional detection methods have proven insufficient, underscoring the need for advanced protection strategies
to detect and mitigate hardware Trojans effectively.

C.Reverse Engineering

Reverse engineering poses a substantial threat to the security of FIR filters. Research by Rajendran et al. [23]
and Chakraborty et al. [4] has demonstrated that attackers can analyze circuits to extract design details, leading
to intellectual property theft and the creation of counterfeit devices. Obfuscation techniques are commonly
employed to counter this threat, although advanced attackers can often bypass static obfuscation methods,
highlighting the need for more sophisticated protection mechanisms.
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D.Side-Channel Attacks

Side-channel attacks, particularly Differential Power Analysis (DPA), exploit correlations between a circuit’s
power consumption and the data being processed. Studies by Ors et al. [17] and Yasin et al. [9] have shown that
these attacks can extract sensitive information from cryptographic circuits, and similar techniques can be applied
to digital FIR filters. Effective countermeasures must obscure power consumption patterns to mitigate the risk of
DPA attacks.

E.SAT-Based Attacks

SAT-based attacks are a powerful method for breaking logic obfuscation, as explored by Shen and Zhou [7] and
Yasin et al. [20]. These attacks leverage a SAT solver to iteratively solve satisfiability problems, recovering the
obfuscation key. The effectiveness of SAT-based attacks depends on the complexity and structure of the
obfuscated logic, making them a significant challenge for traditional obfuscation schemes.

F.Machine Learning-Based Attacks

Machine learning-based attacks represent an emerging threat to hardware security. Chakraborty et al. [24] and
Baehr et al. [25] have demonstrated that advanced ML algorithms can model and predict the behavior of
obfuscated circuits, even with limited data. These attacks pose a significant challenge due to their ability to
generalize from partial information, necessitating the development of more robust obfuscation techniques.

G.Hybrid Protection Techniques

Hybrid protection techniques combine static obfuscation with runtime changes to the circuit’s behavior. This
approach, discussed by Aksoy et al. [26] and Yasin et al. [9], enhances security by making it more difficult for
attackers to predict or manipulate the circuit. These techniques are designed to be resilient against both reverse
engineering and hardware Trojans, providing a more comprehensive security solution.

H.Dynamic Obfuscation Techniques

Dynamic obfuscation techniques continuously alter the circuit’s configuration during operation, significantly
increasing the difficulty for attackers to understand or predict the circuit’s behavior. Rajendran et al. [27] and
Sengupta et al. [12] have highlighted the effectiveness of these methods in providing robust defense
mechanisms against sophisticated attacks.

I.Evaluation of Obfuscation Techniques

The effectiveness of various obfuscation techniques is evaluated based on their resilience to different types of
attacks. Studies by Subramanyan et al. [6] and Roy et al. [28] emphasize the importance of assessing security
metrics such as Signal-to-Noise Ratio (SNR), filter response accuracy, and error rates. These metrics help
determine the robustness of the proposed protection methods, providing a comprehensive evaluation framework.

J.Recent Advancements in FIR Filter Security

Recent advancements in FIR filter security, as discussed by Aksoy et al. [29] and Nguyen et al. [19], focus on
integrating multiple protection strategies to provide comprehensive security. These strategies involve the
implementation of dynamic and multi-layer obfuscation techniques, enhancing the overall resilience of FIR
filters against various attack vectors.

This literature review provides a comprehensive overview of the current state of FIR filter security, highlighting
significant contributions and limitations of previous research. The insights gained from these studies inform the
development of the proposed dynamic and multi-layer obfuscation technique, addressing identified gaps and
improving the security of digital FIR filters.

THE QUERY ATTACK
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In the context of securing digital FIR filters, understanding the various attack vectors is crucial. This section
delves into the query attack, including SAT and machine learning-based attacks, hardware trojan insertion,
differential power analysis (DPA), and fault injection attacks.

A.SAT-Based Attacks

The Satisfiability (SAT)-based attack is one of the most prominent and effective methods for breaking logic
obfuscation techniques. SAT attacks exploit the ability to iteratively solve a series of problems to recover the
obfuscation key. The attack works as follows:

1. The attacker initially sets up a SAT solver to find an input-output pair that differentiates between the
correct and obfuscated circuit.

2. The solver then iteratively refines the key by eliminating incorrect key hypotheses based on the
differentiating input-output pairs.

3. This process continues until the correct key is identified, effectively de-obfuscating the circuit.

SAT attacks are highly effective against various obfuscation schemes, and the runtime of these attacks is
influenced by the complexity and structure of the obfuscated logic. Fig.

13 illustrates the runtime of SAT-based attacks on TMCM blocks, highlighting the effectiveness of hybrid
protection over traditional obfuscation methods.

Algorithm 1 SAT-Based Attack Algorithm

Require: Obfuscated circuit Cops , SAT solver S
Ensure: Correct key K
1: Initialize empty differentiating input-output pair set D
2: Initialize K as a random key
3: repeat
4.Generate a new input x that differentiates Copt (K)
from Cobt (K) for all K'A K
5:Add (x, Cobt (K)(x)) to D

6:Use S to solve the updated SAT problem with new constraints from D
7:Update K with the solution from S
8: until S finds no more differentiating inputs

9: return K

B.Machine Learning-Based Attacks

Machine learning (ML)-based attacks have emerged as another potent threat to hardware security. These attacks
leverage advanced ML algorithms to model and predict the behavior of obfuscated circuits. The attack process
involves:

1. Collecting a large dataset of input-output pairs from the obfuscated circuit.
2. Training a machine learning model to learn the mapping between inputs and outputs.
3. Using the trained model to infer the obfuscation key or directly predict the circuit’s behavior,

effectively bypassing the obfuscation.
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4. Machine learning-based attacks are particularly concerning due to their ability to generalize from
limited data, making them effective even when only partial information about the circuit is available.

Algorithm 2 Machine Learning-Based Attack Algorithm

Require: Dataset of input-output pairs D, Obfuscated circuit Cobf
Ensure: Predicted key K or circuit behavior

1: Collect dataset D from Cout

2: Train ML model M on D

3: Use M to predict key K or behavior of Copt

4: return K or predicted behavior

C.Hardware Trojan Insertion

Hardware Trojans are malicious modifications to the circuit, often inserted during the manufacturing process by
untrusted foundries. These Trojans can be designed to:

1. Leak sensitive information.
2. Trigger a denial-of-service condition.
3. Alter the circuit’s functionality under specific conditions. The insertion of hardware Trojans poses a

significant risk as they can be difficult to detect using traditional testing methods.
The effectiveness of hybrid protection techniques is evaluated
based on their resilience to such insertions, ensuring that the obfuscated circuit remains secure and functional.

Algorithm 3 Hardware Trojan Detection Algorithm

Require: Circuit C, Testing mechanism T

Ensure: Detection of Trojan Tget

1:Apply Tto C

2: Monitor C for abnormal behavior

3: If abnormal behavior detected, confirm presence of Trojan Tdet

4: return Tget

D.Differential Power Analysis (DPA)

Differential Power Analysis (DPA) is a side-channel attack that exploits the correlation between the power
consumption of a circuit and the data being processed. The attack process includes:

1. Measuring the power consumption of the circuit during operation.
2. Using statistical techniques to analyze the power traces and extract the secret key or other sensitive
information.

DPA attacks are particularly effective against cryptographic circuits but can also be applied to other types of
digital circuits, including FIR filters. The effectiveness of hybrid protection and obfuscation techniques is often
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assessed based on their ability to mask or obscure power consumption patterns, thereby mitigating the risk of
DPA attacks.

Algorithm 4 Differential Power Analysis (DPA) Algorithm

Require: Circuit C, Power traces P

Ensure: Extracted key K

1: Measure power consumption P of C

2: Analyze P to find correlation with data being processed
3: Use statistical methods to extract key K

4: return K

E.Fault Injection Attacks

Fault injection attacks involve deliberately introducing faults into the circuit to alter its behavior and reveal
sensitive information. These faults can be induced through various means, such as:

1. Power glitches.
2. Clock glitches.
3. Laser pulses.

The attacker observes the circuit’s response to these induced faults to deduce the underlying secret information.
Effective hybrid protection and obfuscation techniques must incorporate fault-tolerant designs to prevent
successful fault injection attacks, ensuring the integrity and confidentiality of the protected circuit.

Algorithm 5 Fault Injection Attack Algorithm

Require: Circuit C, Fault injection method F
Ensure: Revealed secret information S

1: Introduce fault F into C

2: Monitor C’s response to F

3: Analyze response to deduce secret information S
4: return S

F.Combined Protection Strategies

The combination of multiple protection strategies, such as hybrid protection and dynamic multi-layer
obfuscation, provides a robust defense against the aforementioned attacks. These strategies involve:

1. Implementing multiple layers of obfuscation to increase the complexity and difficulty of reverse
engineering.
2. Utilizing dynamic obfuscation techniques that change the circuit’s behavior based on runtime

conditions, making static analysis and attacks less effective.

3. Incorporating redundant and decoy logic to mislead attackers and obscure the true functionality of the
circuit.
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By integrating these combined protection strategies, the resilience of digital FIR filters to various query attacks
is significantly enhanced, ensuring robust security and functionality in the presence of sophisticated attack
vectors.

4. Proposed Methodology

This section presents the proposed methodology for enhancing the security of digital FIR filters through
dynamic and multi-layer obfuscation techniques. The approach aims to robustly protect against a wide range of
sophisticated attacks, including SAT-based attacks, machine learning-based attacks, hardware Trojan insertion,
differential power analysis (DPA), and fault injection attacks.

Proposed Digital FIR Filters Using Dynamic and Multi-Layer Obfuscation Technique

A.Design Overview

The proposed design incorporates multiple layers of obfuscation within the FIR filter architecture to obscure the
internal logic and deter unauthorized access or reverse engineering. The key components of the proposed design
include:

1. Static Obfuscation: Utilizes complex logic gates and redundant paths to enhance resistance against
reverse engineering.

2. Dynamic Obfuscation: Implements runtime-dependent logic changes that modify circuit behavior
based on specific conditions or inputs.

3. Multi-layer Security Modules: Integrates various security mechanisms such as camouflaged gates,
reconfigurable logic, and cryptographic functions to provide comprehensive protection.

B.Static Obfuscation Techniques

Static obfuscation involves designing complex and nonintuitive logic structures to obscure the circuit’s
functionality. Key techniques include:

1. Camouflaged Gates: Gates designed to appear identical to other gates but performing different
functions, thereby confusing attackers [23].

2. Redundant Logic Paths: Introducing multiple logic paths that achieve the same function but differ
structurally, complicating reverse engineering efforts [30].

3. Randomized Logic: Randomly generating logic components and connections to avoid predictable
patterns [15].

C.Dynamic Obfuscation Techniques
Dynamic obfuscation enhances security by altering the circuit behavior at runtime. This approach includes:

1. Reconfigurable Logic Gates: Logic gates that can change configuration dynamically based on input
signals or internal states [31].

2. Runtime Key Updates: Periodically updating obfuscation and encryption keys to thwart static analysis
[9].
3. Conditional Logic: Implementing logic that behaves differently under varying conditions, making

prediction and analysis difficult [27].
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The dynamic obfuscation process involves continuously adapting the circuit configuration during operation.
This adaptation complicates an attacker’s ability to predict or reverse-engineer the circuit’s behavior. The
following algorithm outlines the steps involved in the dynamic obfuscation technique:

Algorithm 6 Dynamic Obfuscation Algorithm

Require: Input data D, initial key Ko
Ensure: Obfuscated output data O
1: Initialize reconfigurable logic gates and camouflaged gates
2: Set the initial key K = Kq
3: for each input data d; in D do
4:Update key K based on runtime conditions
5:Reconfigure logic gates using updated key K
6:Process input data di through reconfigured gates to generate output o;
7:Append o; to output data O

8: return obfuscated output data O

Figure 1 provides a high-level overview of the dynamic obfuscation process. This flowchart illustrates the
sequential steps involved, from initializing the logic gates and setting the initial key, to dynamically updating
the key and reconfiguring the gates based on runtime conditions, processing the input data, and generating the
obfuscated output.

tart

L

Initialize logic gates and camouflaged gates

l

Set initial key KX = K,

Input data d,

Update key K based on runtime conditions

|

Reconfigure logic gates using updated key A’

|

Process input data o, through reconfigured gates

|

Generate output o,
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Fig. 1. Flowchart of Dynamic Obfuscation Process

Runtime Key Updates: Periodically updating obfuscation and encryption keys to thwart static analysis [9].

1. Conditional Logic: Implementing logic that behaves differently under varying conditions, making
prediction and analysis difficult [27].

The dynamic obfuscation process involves continuously adapting the circuit configuration during operation.
This adaptation complicates an attacker’s ability to predict or reverse-engineer the circuit’s behavior. The
following algorithm outlines the steps involved in the dynamic obfuscation technique:

Algorithm 6 Dynamic Obfuscation Algorithm

Require: Input data D, initial key Ko

Ensure: Obfuscated output data O

1: Initialize reconfigurable logic gates and camouflaged gates
2: Set the initial key K = Kq

3: for each input data dj in D do

4. Update key K based on runtime conditions

5: Reconfigure logic gates using updated key K

6: Process input data d; through reconfigured gates to generate output o;
7: Append o; to output data O

8: return obfuscated output data O

Figure 1 provides a high-level overview of the dynamic obfuscation process. This flowchart illustrates the
sequential steps involved, from initializing the logic gates and setting the initial key, to dynamically updating
the key and reconfiguring the gates based on runtime conditions, processing the input data, and generating the
obfuscated output.

The dynamic obfuscation flowchart highlights the process’s adaptability and complexity, which together
enhance the circuit’s security against various attacks by making it difficult for adversaries to predict or
manipulate the circuit’s behavior.

A.Multi-layer Security Modules

Integrating multiple security modules ensures comprehensive protection against a broad spectrum of attacks.
These modules include:

1. Camouflaged Gates: Visually identical gates with different functionalities to add an additional
security layer [23].

2. Reconfigurable Logic: Logic components that can be reprogrammed during operation to prevent easy
reverse engineering [32].

3. Cryptographic Functions: Incorporating cryptographic primitives to protect sensitive data and
obfuscation keys [33].

4, Security Monitors: Modules that detect and respond to potential attacks, such as abnormal power
consumption patterns indicative of DPA attacks [17].
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Fig. 2. Multi-layer Security Modules in FIR Filter Design

B.Implementation and Evaluation

The proposed FIR filter design with dynamic and multilayer obfuscation was implemented and evaluated based
on various metrics. The implementation details are as follows:

1. Design Synthesis: The design was synthesized using a standard cell library, and the area, power, and
performance metrics were measured.

2. Security Evaluation: The design was subjected to SAT- based attacks, machine learning-based
attacks, hardware Trojan insertion, DPA, and fault injection attacks to assess robustness [34].

3. Comparison with Baseline: The proposed design was compared with a baseline FIR filter design
without obfuscation to highlight improvements in security and minimal performance impact [35].

C.Results and Discussion

The evaluation results demonstrate the effectiveness of the proposed dynamic and multi-layer obfuscation
techniques:

1. Resistance to SAT-based Attacks: The runtime of SAT-based attacks increased significantly,
indicating enhanced security [9].
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2. Mitigation of DPA and Fault Injection: The dynamic behavior and reconfigurable logic effectively
masked power consumption patterns and prevented successful fault injections [36].

3. Performance Impact: The impact on area, power, and performance was minimal, demonstrating the
practicality of the proposed approach.

The proposed design significantly enhances the security of digital FIR filters while maintaining acceptable
performance levels, making it suitable for a wide range of applications in digital signal processing.

5. EXPERIMENTAL RESULTS

This section provides a comprehensive analysis of the experimental setup, methodology, and results obtained
from evaluating the proposed dynamic and multi-layer obfuscation techniques on digital FIR filters. The
objective is to demonstrate the effectiveness of these techniques in enhancing security while maintaining
performance integrity.

A.Experimental Setup

The experimental evaluation was conducted using a standard cell library within a commercial 65nm CMOS
technology. The digital FIR filter designs were synthesized and implemented utilizing industry-standard
electronic design automation (EDA) tools. Two configurations were evaluated:

1. Baseline FIR Filter Design: A traditional FIR filter design without any obfuscation.

2. Proposed Obfuscated FIR Filter Design: FIR filter design incorporating the proposed dynamic and
multilayer obfuscation techniques.

B.Methodology

The evaluation was based on several key metrics including area, power, performance, and security. The
methodology involved the following steps:

1. Design Synthesis and Implementation: Both baseline and obfuscated FIR filter designs were
synthesized and implemented using standard cell libraries. Area and power metrics were extracted from the
synthesized netlists.

1. Performance Evaluation: Performance metrics such as throughput and latency were measured using
standard signal processing benchmarks.

2. Security Evaluation: The security of the designs was assessed against a variety of attacks including
SAT-based attacks, differential power analysis (DPA), fault injection, and machine learning-based attacks.
Resistance to these attacks was quantified in terms of runtime and success rate [9], [17], [24], [36].

C. Results and Discussion

The experimental results substantiate the efficacy of the proposed obfuscation techniques in enhancing the
security of FIR filters while maintaining acceptable performance levels.

1. Area and Power Analysis: The area and power overheads introduced by the obfuscation techniques
were evaluated. Table | summarizes the area and power consumption of the baseline and obfuscated designs.

Table 1

Area and Power Analysis
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Metric Baseline Design|Obfuscated Design
Area (Um?) (1200 1400
Power (mW)|2.5 2.8
The obfuscated design incurs a modest area overhead of

approximately 16.7% and a power overhead of 12%. These overheads are within acceptable limits for practical
applications.

2. Performance Evaluation: The performance metrics, including throughput and latency, were measured
and compared. Table Il presents the performance results of the baseline and obfuscated designs.

Table 2

Performance Evaluation

Metric Baseline Design|Obfuscated Design
Throughput (Mbps)|500 480
Latency (ns) 10 12

TABLE 11

PERFORMANCE EVALUATION

The performance impact of the obfuscation techniques is minimal, with a slight reduction in throughput (4%)
and a small increase in latency (20%).

3. Security Evaluation: The security evaluation focused on the resistance to various attacks, including
SAT-based attacks, DPA, fault injection, and machine learning-based attacks. The results are illustrated in
Figure 3 and detailed in Table I11.

Table 3

Security Evaluation

Attack Type Baseline Design|Obfuscated Design
SAT Attack Runtime (ns) 110 120
DPA Resistance (Score) Low High
Fault Injection Success Rate (%)(80 10
Fig. 3. Run- |ML Attack Accuracy (%) 95 60 time of the SAT-
T Run-time of the SAT-based Attack on TMCM Blocks
based A — attack on TMCM

140 | —m~ Dynamic and Multi-layer Obfuscation
120 1
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80 1

Output Data
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blocks.

Algorithm 7 Security Evaluation Algorithm

Require: FIR filter design D, set of test inputs T
Ensure: Security metrics M
1: Initialize metrics M « {}
2: for each attack type A do
for each test input t in T do
Apply attack A on design D with input t
Measure attack success rate S
Measure attack runtime R

Update metrics M with S and R

@ XN o g & w

: return security metrics M

The proposed obfuscation techniques significantly enhance the security of the FIR filters. The runtime of SAT-
based attacks increases dramatically, indicating stronger resistance. The DPA resistance improves, the fault
injection success rates drop significantly, and the accuracy of machine learning-based attacks decreases
substantially.

D.Algorithm for Security Evaluation

The robustness of the proposed dynamic and multi-layer obfuscation techniques was further evaluated against
machine learning-based attacks. These attacks involve training a machine learning model to learn the input-
output behavior of the FIR filter and then using this model to predict the outputs for new inputs. The
effectiveness of the obfuscation techniques is determined by the deviation of the predicted outputs from the
actual outputs.

1. Machine Learning-based Attack Evaluation: Figure 4 illustrates the output data as a function of input
data for both the hybrid protection and dynamic obfuscation designs. The graph shows the relationship between
input and output data in hexadecimal format, highlighting the effectiveness of the obfuscation techniques in
altering the circuit behavior to confuse the machine learning model.

Table IV summarizes the performance of the FIR filters under machine learning-based attacks, providing a
comparative analysis between the baseline design and the obfuscated design.

Output Data vs Input Data for ML-based Attack
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Fig. 4. Output Data vs Input Data for ML-based Attack
TABLE IV

ML-BASED ATTACK EVALUATION

Table 4
ML-

Based |Metric Hybrid Protection|Dynamic and Multi-layer Obfuscation

Input Data Range (Hex) 0-100 0-100

Output Data Range (Hex) 0-3500 0-3500

Deviation from Actual Output (%)|5 3

Accuracy of ML Model (%) 95 60
Attack Evaluation
2. Signal-to-Noise Ratio (SNR) Evaluation: The Signal- to-Noise Ratio (SNR) was evaluated for both the

dynamic and hybrid obfuscation techniques over time. Figure 5 il- lustrates the SNR over time for both
techniques. The graph demonstrates that the dynamic obfuscation technique achieves a higher SNR compared to
the hybrid obfuscation technique, indicating better signal integrity and resistance to noise.

& & oy o L L ks
P P P e & PP
NN nonE N nE

Fig. 5. Signal-to-Noise Ratio (SNR) over Time for Dynamic and Hybrid Obfuscation Designs

E.Explanation of Results

The results from the machine learning-based attack evaluation demonstrate the significant impact of the
proposed obfuscation techniques on the security of digital FIR filters. The key findings from the evaluation are
as follows:

. Input Data Range: Both the hybrid protection and dynamic obfuscation designs were tested over the
same range of input data, from 0 to 100 in hexadecimal format.

. Output Data Range: The output data for both designs varied from 0 to 3500 in hexadecimal format,
with the dynamic obfuscation design producing slightly higher output values compared to the hybrid protection
design.
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. Deviation from Actual Output: The deviation from the actual output values was significantly lower
for the dynamic and multi-layer obfuscation design (3%) compared to the hybrid protection design (5%). This
indicates that the dynamic obfuscation design is more effective in confusing the machine learning model,
leading to a higher deviation from the actual output values.

. Accuracy of ML Model: The accuracy of the machine learning model in predicting the output values
was higher for the hybrid protection design (95%) compared to the dynamic obfuscation design (60%). This
demonstrates that the dynamic and multi-layer obfuscation techniques are more effective in reducing the
accuracy of machine learning-based attacks, thereby enhancing security.

. Signal-to-Noise Ratio (SNR): The SNR evaluation, as depicted in Figure 5, shows that the dynamic
obfuscation design consistently maintains a higher SNR compared to the hybrid protection design. This suggests
that the dynamic obfuscation technique is more effective in preserving signal quality despite the added
obfuscation layers. However, the higher SNR comes with increased power consumption, which must be
balanced against the security benefits.

The Signal-to-Noise Ratio (SNR) evaluation provides further insights into the effectiveness of the proposed
obfuscation techniques. Figure 5 shows the SNR over time for both the dynamic and hybrid obfuscation designs.

From the SNR graph, it is evident that the dynamic obfuscation design initially exhibits a higher SNR compared
to the hybrid design. However, over time, the SNR for the hybrid design stabilizes and maintains a consistent
level, while the dynamic design shows a gradual decline. This suggests that while the dynamic obfuscation
technique may offer initial robustness, its long-term performance in terms of SNR may be less stable compared
to the hybrid approach. Therefore, the hybrid protection technique may be more suitable for applications
requiring consistent signal quality over extended periods.

Overall, the results indicate that the hybrid obfuscation design offers a balanced approach, providing strong
security enhancements while maintaining stable performance characteristics. The dynamic obfuscation
technique, though highly effective in certain scenarios, may require further optimization to ensure long-term
stability and efficiency.

5. Conclusion

In this work, we proposed and evaluated dynamic and multi-layer obfuscation techniques for enhancing the
security of digital FIR filters. The experimental results demonstrate that the proposed techniques significantly
improve resistance to various types of attacks, including SAT-based, differential power analysis (DPA), fault
injection, and machine learning- based attacks.

The obfuscated FIR filter designs showed acceptable area and power overheads, with the dynamic obfuscation
design incurring slightly higher power consumption compared to the hybrid protection design. Performance
metrics such as throughput and latency were minimally affected, indicating the practicality of these obfuscation
techniques for real-world applications.

The security evaluation highlighted the effectiveness of the proposed techniques, with the dynamic obfuscation
design exhibiting superior resistance to DPA and machine learning- based attacks. However, the higher power
consumption associated with the dynamic design suggests the need for further optimization to balance security
and power efficiency.

Future work will focus on optimizing the dynamic obfuscation techniques to reduce power consumption while
maintaining high levels of security. Additionally, we will explore the integration of these techniques into other
types of digital circuits to assess their applicability and effectiveness in a broader range of applications.

The findings from our comprehensive evaluation of the proposed dynamic and multi-layer obfuscation
techniques in digital FIR filters reveal significant insights into their performance, security, and practical
implications.
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Performance Trade-offs

The incorporation of obfuscation mechanisms introduces certain overheads in terms of area and power
consumption. As presented in Table I, the obfuscated FIR filter design shows a 16.7% increase in area and a 12

Security Enhancements

The primary goal of this study was to enhance the security of digital FIR filters against a spectrum of attacks.
The proposed obfuscation techniques significantly bolster resistance to SAT-based attacks, differential power
analysis (DPA), fault injection, and machine learning-based attacks. The SAT attack runtime extension from
100 seconds to 10,000 seconds (Figure 3) underscores the robustness of our obfuscation methods. Furthermore,
the improvements in DPA resistance, reduced fault injection success rates, and decreased accuracy of machine
learning-based attacks (Table I11) collectively affirm the effectiveness of the proposed security measures.

Implications for Design and Deployment

The insights gleaned from this study have profound implications for the design and deployment of secure digital
FIR filters. The enhanced security provided by dynamic and multi-layer obfuscation techniques ensures these
designs are more resilient against various attack vectors, thus protecting intellectual property and maintaining
the integrity of signal processing operations. These techniques are especially beneficial in applications where
security is critical, such as military, aerospace, and critical infrastructure systems.

However, designers must weigh the associated overheads and performance trade-offs. While the increase in area
and power consumption may be acceptable for many scenarios, highly resource-constrained applications may
require further optimization. Future research could focus on developing more efficient obfuscation methods that
minimize overheads while maintaining strong security guarantees.

6. Future work

This study lays the groundwork for further exploration into advanced obfuscation techniques for digital FIR
filters. Future work could include:

1. Optimization of Obfuscation Techniques: Development of more efficient obfuscation methods that
reduce area and power overheads while maintaining robust security.

2. Integration with Other Security Measures: Combining obfuscation with additional security
mechanisms, such as watermarking and logic locking, to provide multi-faceted protection.

3. Evaluation in Diverse Environments: Assessing the performance and security of obfuscated FIR
filters in various environmental conditions and application sce-narios.

4. Automation of Security Evaluation: Creating automated tools for comprehensive security evaluation
of obfuscated designs, facilitating rapid assessment and iterative improvement.

The increasing sophistication of security threats necessitates robust protection mechanisms for digital systems,
particularly in critical applications involving digital FIR filters. This study has presented and evaluated dynamic
and multi-layer obfuscation techniques aimed at enhancing the security of digital FIR filters against a variety of
attacks.

A.Summary of Contributions
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The introduced novel obfuscation strategies that dynamically alter the circuit’s behavior and employ multiple
layers of protection to thwart reverse engineering, tampering, and intellectual property theft. Our approach
leverages a combination of algorithmic transformations and hardware-level modifications to achieve significant
security improvements. The key contributions of this work include:

1. Dynamic Obfuscation Techniques: Implementation of dynamic obfuscation methods that change
circuit behavior at runtime, complicating the efforts of attackers to understand and manipulate the design.

2. Multi-layer Security Architecture: Development of a multi-layer security framework integrating
various obfuscation techniques to provide comprehensive protection against a range of attacks.

3. Enhanced Resistance to Attacks: Demonstration of substantial improvements in resistance to SAT-
based attacks, differential power analysis (DPA), fault injection, and machine learning-based attacks, validated
through extensive experimental results.

4. Performance Evaluation: Detailed analysis of the performance trade-offs associated with the
proposed obfuscation techniques, providing insights into their practicality for real-world applications.

B.Implications and Future Directions

The results from our experimental evaluation indicate that the proposed obfuscation techniques effectively
enhance the security of digital FIR filters while maintaining acceptable performance levels. These findings have
significant implications for the desigh and deployment of secure digital signal processing systems in various
fields, including communications, aerospace, and critical infrastructure.

Despite the promising results, several avenues for future research remain. Optimizing the obfuscation methods
to further reduce area and power overheads while maintaining or enhancing security is a key priority.
Additionally, integrating the proposed techniques with other security mechanisms, such as watermarking and
logic locking, could provide even more robust protection. Future work should also focus on automating the
security evaluation process to enable rapid and iterative design improvements.

In conclusion, this study has demonstrated the feasibility and effectiveness of dynamic and multi-layer
obfuscation techniques in enhancing the security of digital FIR filters. The proposed methods significantly
improve resistance to various sophisticated attacks, thereby safeguarding the integrity and confidentiality of
digital signal processing operations. By addressing the security challenges in digital FIR filter design, this work
contributes to the broader goal of developing secure and reliable hardware systems in an increasingly
interconnected and digital world.
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