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[footnoteRef:1]Abstract— Accurate detection and tracking of low-altitude targets, such as drones, is a cornerstone of security in smart cities but is profoundly challenged by multipath propagation and atmospheric distortions in low-angle scenarios. This paper introduces a novel radar waveform design to overcome these limitations. Our method focuses on optimizing an Orthogonal Frequency Division Multiplexing (OFDM) waveform by shaping its Wideband Ambiguity Function (WAF) to approach an ideal, high-resolution profile. The optimization is driven by a Genetic Algorithm (GA) that efficiently navigates the complex parameter space to minimize a defined cost function. Simulation results demonstrate that our designed waveform achieves a significant performance leap over existing techniques. Key improvements include a 22 dB suppression of the first ambiguity sidelobe and a dramatic reduction in tracking error. Quantitative analysis shows our method achieves a 41.66% greater improvement in RMSE versus SNR and a 66.66% greater improvement in RMSE versus Range compared to a leading benchmark. This work establishes that GA-optimized OFDM waveforms are a powerful tool for enhancing radar resolution and tracking precision, directly addressing critical safety needs in modern urban surveillance systems. [1: 
online at http://ieeexplore.ieee.org] 

Index Terms— low-angle scenarios, OFDM signal, wideband ambiguity function, Genetic Algorithm, multipath effects. 
I. INTRODUCTION
T
he low-angle target Tracking (LATT), such as unauthorized drones near airports, is essential for smart cities. However, this task is hindered in urban environments by multipath propagation, clutter, and atmospheric effects, which degrade radar performance and compromise tracking accuracy. This paper investigates a multi-frequency radar system based on Orthogonal Frequency Division Multiplexing (OFDM). The OFDM signal's multicarrier structure offers improved delay resolution and enables detailed analysis of the Wideband Ambiguity Function  (WAF), incorporating the target's complex scattering response [1]. While OFDM radar has shown benefits in remote sensing [2], its application to LATT remains underexplored[3]. The primary contribution of this work is a novel method for optimizing the transmitting OFDM waveform to shape its ambiguity function. Our approach addresses key LATT propagation challenges, including:
Multipath Reflection: Mitigating errors from ground and surface reflections. Atmospheric Effects: Accounting for signal attenuation and tropospheric refraction. 
Diffraction: Addressing signal distortion around urban obstacles. By optimizing the WAF, we aim to achieve superior resolution and tracking precision, enhancing the resilience of urban surveillance systems[4]. 
Outline
Related work is in Section II. Section III presents the signal models, a custom LATT ambiguity function, and a new OFDM optimization technique. Section IV shows the advantages of the proposed waveform numerically. Section V concludes, emphasizing the contribution to robust sensing for smarter cities. 
II. Background & Related Works
A. From Narrowband to Wideband Ambiguity Functions
 The concept of the radar ambiguity function, central to assessing resolution in delay and Doppler, was pioneered by Ville but is widely credited to Woodward [5-7]. It represents the 2D correlation between a signal and its time- and Doppler-shifted version. High-resolution sensing requires a "thumbtack" profile—a sharp peak with minimal sidelobes [8, 9]. However, Woodward's model is inherently narrowband and does not account for the wideband effects present in modern signals like OFDM, where target motion causes time-scaling, not just a frequency shift [10]. Therefore, our work adopts the WAF formulation [11], which is suitable for OFDM signals and can incorporate the target's frequency-dependent scattering response. An ideal ambiguity function (in Fig. 1(a)), allowing it to distinguish any two targets. However, this is impractical for real estimation. (In Fig. 1(b)) The "thumbtack" model is a more viable approximation, possessing a narrow mainlobe but unavoidable sidelobes.
[image: ]
Fig. 1. Ambiguity function concepts: (a) Idealized vs. (b) Thumbtack.
B. OFDM Waveform Properties and Ambiguity Function
The OFDM waveform is well-suited for radar due to its time-frequency grid. Orthogonal subcarriers function as discrete sensing probes, where target delay (τ) causes a phase shift across subcarriers, and Doppler shift (fD) induces a phase shift over time. The Cyclic Prefix reduces multipath effects, maintaining range resolution [13]. This structure produces a WAF with a near "thumbtack" shape, offering better resolution for distinguishing multiple targets compared to pulsed radar [11]. OFDM also enables dual functionality, allowing the same waveform to perform radar sensing and communication simultaneously [14].
III. Proposed Method
Our method derives the transmitted and received OFDM signal models, incorporating the target's frequency-dependent scattering coefficients, τ and fD. We formulate the WAF to analyze the waveform's resolution capabilities. The core of our approach is optimizing the OFDM waveform to shape its WAF. The objective is to minimize the difference between the achieved WAF and a desired ideal "thumbtack" function, which has a sharp mainlobe for high resolution and low sidelobes for clutter suppression. This optimization is formalized as a Least Squares Error (LSE) problem, efficiently solved using a Genetic Algorithm (GA) to find the optimal phase and amplitude coding for the subcarriers. This optimized waveform addresses the LATT challenge. The high-resolution WAF allows the radar to distinguish the direct target path from ground-reflected multipath components, essential for accurate angle estimation and tracking in urban environments [13]. The matched filter output using our designed signal provides a clear peak for the main target, mitigating errors caused by multipath interference.
A. Signal Framework 
A monostatic OFDM radar utilizes M active subcarriers spanning B Hz over a pulse duration of T seconds [15]. Let |wm| and φm denote the amplitude and phase of subcarrier n, respectively, with ∑|wm|² = 1. The baseband signal is:


where Δf is subcarrier spacing and fm = fc + mΔf.

For a far-field target at range r with relative velocity , the received signal (ignoring noise) becomes [27]: 

 

Where, : Time scaling factor for the echo signal.

 Round-trip time delay to target.

 Magnitude of ground reflection coefficient.

 Phase of ground reflection coefficient.

 Path length difference between signal routes. 

: Doppler frequency shift. 

: Complex target scattering coefficients across subcarriers.
This formulation captures both time scaling and Doppler effects in the received signal. The ground reflection coefficient is defined as:


where for horizontal polarization:




Here, ψ is the incidence angle, and  is the complex permittivity: 




Typical material properties are listed (e.g., dry soil, ). 
	Material
	
	

	Good soil(wet)
	25     
	0.02

	Average soil
	15
	0.005

	Poor soil(dry)
	3
	0.001

	Snow, ice
	3
	0.001

	Freshwater (λ =1m)
	81
	0.7

	Freshwater (λ =0.03m)
	65
	15

	salt water (λ =1m)
	75
	5

	salt water (λ =0.03m)
	60
	15


Table (1): Electrical Properties of Common Surfaces[12].


Furthermore, we have:


Where:

: Surface height standard deviation.

: Specific reflection coefficient.

: Target height.

: Radar-to-ground distance.

: Target-to-radar distance.
B. Single-Pulse Ambiguity Analysis
Based on the Kelly-Wishner formulation [16, 17], the wideband ambiguity function is: 

 

where is the analytic signal. This simplifies to [18]: 


At zero Doppler and delay, this represents the matched filter's peak output. The final expression becomes: 



Where;  .

Where  ensures proper domain coding. Optimizing the OFDM waveform's ambiguity function requires careful parameterization of χMF (.).
C. Ambiguity Function for Coherent Pulse Trains
Coherent pulse trains improve Doppler resolution but introduce a trade-off: time and Doppler resolution become waveform-dependent. A significant drawback is the emergence of repeated sidelobes, which can degrade resolution [20, 22]. The composite envelope for an N-pulse train is given by (11):


The pulse repetition interval is denoted by Tp. The transmitted signal uses the pulse train WAF in (11) incorporates the target response. So, we have:


III. WAVEFORM DESIGN
This section presents an optimized OFDM waveform for LATT by shaping its ambiguity function to match desired characteristics. While prior research has addressed waveform design for specific ambiguity functions [19-22], the proposed method uniquely concentrates on optimizing the mainlobe region R through LSE minimization [22]. This focused approach improves multipath resolution in LATT applications while remaining computationally feasible. The optimization problem can be formulated as follows, with χ_opt(τ, υ) representing the desired ambiguity function for LATT:



, which depends on the target scattering coefficients, is optimized using numerical methods. 
The target-dependent function is optimized numerically using a GA, with the desired solution serving as the initial value. Offline computations of (13) are performed across multiple levels corresponding to the shape of χ_opt(.). The algorithm optimizes both amplitude and phase variables while maintaining constant range parameters, effectively minimizing the discrepancy between desired and achieved ambiguity functions [26]. A small constant ε guarantees full-frequency channel utilization throughout the numerical optimization process. This approach represents an efficient technique for enhancing radar services in smart city applications [23,24].
IV. NUMERICAL RESULTS
Waveform Parameters: fc=10GHz, B=250MHz, M=32, Δf=7.57MHz, T=0.13μs, PRI=10μs, N=3,10
Scenario Settings: ρv=0.2, hᵣ=20m, hₜ=200m, polarization = Horizontal, σh=0.03, εᵣ=25, σₑ=0.02, ψ=-5° to +5°.
The optimized waveform w(opt) was evaluated using its ambiguity function χopt(τ,υ). Fig. 2 compares its performance against a fixed waveform, showing significant improvement in the WAF (Fig. 2b) over the conventional approach (Fig. 2a). The optimized design exhibits reduced sidelobe levels and lower normalized values. Similar enhancement trends are observed with different pulse counts in Figs. 2c and 2d.
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Fig. 2. (a,c) Fixed (b,d) Optimized waveform ambiguity functions
Fig. 3 displays zero-delay and zero-Doppler cuts of the ambiguity function. The optimized waveform (Fig. 3a) shows improved correlation properties. While the zero-delay cut (Fig. 3c) maintains Doppler resolution, increasing pulse counts enhances Doppler domain performance. Overall, waveform optimization improves zero-Doppler characteristics, and additional pulses further improve zero-delay performance. 
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Fig. 3. (a,b) Zero-Doppler cuts (c,d) Zero-delay cuts for fixed and optimized waveforms
Fig. 4 confirms the efficacy of the proposed LATT technique, showing substantial performance gains: an 18 dB RMSE improvement at 22 dB SNR (Fig. 4a) and 15 dB RMSE enhancement at specific ranges (Fig. 4b). Additional achievements include 20% better angle estimation precision, 80% narrower mainlobe bandwidth, and 7 dB sidelobe suppression in the ambiguity function.
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(b) 
Fig. 4. a) RMSE-SNR b) RMSE-Range: multi-waveform comparison.
Fig. 5 demonstrates the performance advantage of our proposed method over Sen's approach [25, 26]. Unlike prior work that relied on approximations, our method employs exact LSE minimization specifically derived for low-angle targets, resulting in superior angle estimation accuracy.
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Fig. 5. a) RMSE-SNR b) RMSE-Range: multi-method comparison.
V. Conclusion
This paper has introduced a novel OFDM waveform design optimized for the critical challenge of  LATT in smart cities. By leveraging a GA to minimize the Least Squares Error between the achieved and a desired WAF, our method effectively counteracts the degrading effects of multipath propagation. The results demonstrate a consistently superior performance: the optimized waveform achieves an 80% reduction in the mainlobe's 3dB bandwidth and a 7dB suppression of sidelobes, leading to a 20% improvement in target angle measurement accuracy and a 5.5dB improvement in estimation quality. In tracking scenarios, our method yields an 18dB reduction in RMSE at 22dB SNR and a 15dB reduction at a specific range, equating to a 4x and 7x improvement, respectively. A direct comparison with Sen's method further validates our approach, showing a 10dB lower first sidelobe and near-perfect improvement ratios of 99.99% against low-resolution signals, significantly outperforming the 58.33% and 33.33% achieved by the benchmark. Collectively, these advancements substantiate the method's potential to significantly enhance urban airspace safety and infrastructure resilience, paving the way for future work on real-time adaptive tracking and multi-target discrimination.
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