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ABSTRACT

Traditional radar systems use fixed waveform parameters, degrading performance for targets at extreme angular positions.
This study analyses angle-dependent waveform design for 3D radar, dynamically adjusting parameters with target position.
Modulation functions for bandwidth and pulse duration are introduced, and their effects on key performance metrics are
evaluated. Mathematical analysis and simulations show marked gains in range resolution and estimation accuracy, with up to 75%
improvement for high-elevation targets. Results validate the theoretical benefits of this adaptive approach over fixed-parameter
waveforms, offering a practical enhancement for modern phased array radars engaging targets across diverse angular positions.

1 | Introduction etry introduces angle-dependent effects, such as off-boresight

Modern radar systems face increasing demands for wide-field per-
formance in 3D surveillance and tracking. Conventional designs
often employ fixed waveform parameters, such as bandwidth
(BW) and pulse duration, irrespective of target angle relative to
boresight; while simplifying implementation, this often degrades
performance at extreme angles [1]. Although recent advances in
cognitive and adaptive radar demonstrate the value of dynami-
cally tuning parameters to environmental conditions [2, 3], most
efforts focus on transmit waveform adaptation for detection
under interference [4], EMI mitigation [5] or target classification
[6]. Exploiting waveform adaptation specifically regarding target
angular position remains largely unexplored. Note that certain
adaptation objectives are inherently contradictory: extending
pulse duration for SNR and Doppler discrimination increases sus-
ceptibility to repeater jamming, while wide-bandwidth operation
for high-elevation coverage complicates partial-band interference
mitigation. Such trade-offs are acknowledged herein as open
challenges for future robust design. Because radar-target geom-

range resolution degradation and varying SNR due to antenna
patterns [7], wide-coverage phased arrays are affected. Leveraging
adaptive waveform design [8, 9], this work investigates tuning
parameters based on estimated target angles.

Recent advances in phased array radar enable feasible angle-
dependent optimization. Digital beamforming arrays can trans-
mit distinct waveforms in multiple directions simultaneously
[10], facilitating such designs without major hardware changes,
while real-time processing supports rapid computation of optimal
parameters [11, 12]. Using the Cramér-Rao bound (CRB) frame-
work, this work quantitatively evaluates parameter-estimation
accuracy gains of the angle-dependent approach over fixed-
parameter waveforms. The main contributions include: (i) an
angle-dependent waveform framework for 3D radar using mod-
ulation functions to adapt bandwidth and pulse duration to
target angular position; (ii) a CRB analysis quantifying gains
in range resolution, SNR and estimation accuracy; and (iii)
extensive simulations demonstrating up to 75% improvement in
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range estimation for high-elevation targets without significant
hardware modifications.

2 | Radar Performance Metrics

This section details the mathematical framework and the key
metrics affected by waveform parameters.

2.1 | Mathematical Framework

The framework is established by defining angle-dependent
waveform functions and their modulation forms.

2.1.1 | Angle-Dependent Waveform Functions

The angle-dependent functions for the key waveform parameters
are defined as:

B(e’ ¢) = BUfB(es ¢)’ T(e’ ¢) = TOfT(e’ ¢) (1)

where B, and T, are default parameters, and f; and f, are
modulation functions dependent on the elevation angle 8 and
azimuth angle ¢.

2.1.2 | Specific Modulation Functions

For practical implementation, we propose the following modula-
tion functions.

f5(6,9) = ﬁ, fr(6,4)=1+sin’06 )

where f(6,¢) extends pulse duration at angles with lower
expected SNR while satisfying operational constraints. The
modulation functions in Equation (2) apply adaptation in the ele-
vation dimension only. This choice is motivated by the assumed
antenna layout: a planar phased array with a wide horizontal
aperture and a narrow vertical aperture, typical of ground-based
3D surveillance radars. The resulting narrow azimuth beamwidth
limits the useful dwell time at each azimuth position, making
azimuth-dependent pulse extension impractical without causing
beam overlap. In elevation, the wider beamwidth and cosecant-
squared scan pattern create a strong SNR gradient that f(6, ¢) is
designed to compensate. At large azimuth scan angles, the pro-
jected aperture provides a partial cos ¢ bandwidth reduction that
limits azimuth range-resolution degradation without additional
time extension.

2.2 | Radar Performance Metrics

The key performance metrics affected by waveform parameters
include:

2.2.1 | Range/Angular Resolution

The range/angular resolutions are given by

AR = =, A

2B A0~ Dcosf’ ®

where B is the bandwidth, 4 is the wavelength, c is the light speed,
D is the aperture width and 6 is the elevation angle.

2.2.2 | Signal-to-Noise Ratio (SNR)

From the standard radar range equation [7, 13], the matched-filter
output SNR for a pulsed waveform of duration T and bandwidth
Bis:

P,G**c

SNRx — 227 |
* (4n)’R*KT,BF,

(C))

where P, is transmit power, G is antenna gain, o is target radar
cross-section, R isrange, k is Boltzmann’s constant, T, is reference
temperature, F, is receiver noise figure and T is pulse duration.
The product T - B is the waveform’s time-bandwidth product;
linearly increasing T at fixed B improves SNR, a principle
exploited by f(6, ¢).

3 | Theoretical Analysis of Improvement
3.1 | Angular-Dependent Range Resolution

For targets at non-zero elevation angles, the effective range
resolution is:
c _ ccosf

ARCD=She.) ~ 2B,

©)

When projected along the line-of-sight (LoS), the effective range
resolution becomes:

c
AR fpeciive = AR(D, @) - cos 0 = (6)
2B,

This compensates for the geometric projection that would
otherwise degrade resolution at extreme angles.
3.2 | Pulse Duration Optimization

By setting f(6,¢) > 1 for angles with lower expected SNR, this
achieves an SNR improvement of:

ASNR(8, $) = 10log,,(f1(6,¢)) dB )

3.3 | Ambiguity Function Analysis

The radar ambiguity function for the angle-dependent waveform
is:

x(T, f:6,0) = / s(t;0,9)s*(t +1;0, p)el>faldt 8
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where s(t; 6, ¢) is the transmitted waveform at angles (6, ¢):

t jn%tz 9
T(6.¢
T(e,¢)>e ©)

s(t;6,¢) = rect<
The matched filter output becomes:

Iyl = ‘/ r(0)s"(t = 1,6, ¢)dr (10)

This achieves optimal processing gain for targets at the spe-
cific angles.

4 | Cramér-Rao Bound Analysis

Consider a target at position p = [r, 8, ¢]”. The received signal
after demodulation can be modelled as:

r(t) = as(t — ;p) + n(t) (11)

where « is the complex amplitude, 7 = 2 is the time delay, and
c
n(t) is complex Gaussian noise with PSD N,,.

4.1 | Fisher Information Matrix

For parameter estimation, the Fisher information matrix (FIM)
elements for parameters 4; and 4; are given by:

2 “ 9s*(t; 1) 9s(t; 1)
[I(/l)]i’j = ﬁom{/_oo G—/La—ﬂ.jdt} (12)

4.2 | CRB for Classical Waveform

For the classical approach with fixed parameters B, and T, the
transmitted waveform is:

B
=22

L\
sclassical(t) = rect ( T_ > e T (13)
0

Following the CRB formalism of [14], for a linear frequency
modulation (LFM) waveform with rectangular envelope, the
mean-square frequency of the waveform &= (27)*8*T;/12
yields the CRB for range (time-delay) estimation as:

CZ

CRBclassical — 14
" 872B2T, - SNR (14)

where 3 = B, /T, is the chirp rate [15]. For angular parameters,
the CRBs depend on the antenna pattern derivatives. For a
directive antenna with BW ©, we have approximately:
o’ i o’

, CRBclassmal ~ 15
SNR b 15)

CRB;lassical ~ —
SNR - sin” 6

4.3 | CRB for Angle-Dependent Waveform

Applying the same CRB derivation [14] to the angle-dependent
LFM waveform with parameters B(6, ¢) and T(6, ¢), the range

ALGORITHM 1 | Angle-dependent waveform optimization.

Input: Default parameters B, T; initial target detections from
surveillance scan
Output: Optimized waveform parameters B(8, ¢), T(8, ) per
target

Initialize radar with default waveform parameters
(By, Ty);Perform initial scan using default parameters;

for each detected target do

Estimate target angles (é, ¢3) from initial returns;“Compute
B, ) = — and T(8,$) = Ty(1 + sin’ O);

Generate and transmit optimized LFM waveform;

Process received signal using matched filtering;

Update target angle estimates (é, 43);

Repeat these steps for tracking;”

estimation bound becomes:

adaptive __ Cz
K = sepepre. g sw@p (0

where B(6,¢) = :Ez:; is the angle-dependent chirp rate.

Substituting the modulation functions from Equation (2)
directly into the Fisher information matrix entry I, =
(872 /c*) B2(6, ) T(6, ) SNR(6, ¢) yields the CRB ratio derived
in Equations (17) and (18) below. Algorithm 1 summarizes the
angle-dependent waveform optimization.

4.4 | CRB Comparison

For range estimation, the ratio of CRBs is:

CRB?daptivc ﬁSTO . SNRO (17)
CRB;‘lassical - BB, $)°T (B, ¢) - SNR(B, ¢)
Substituting our modulation functions:
CRBadaplive
r =cos?0 (18)

classical
CRB¢

For elevation angles 6 # 0, we have CRB****'"* < CRBZssi@!, This
proves that the angle-dependent waveform provides better range
estimation performance for off-boresight targets.

4.5 | BW Modulation Analysis

Figure 1 shows angle-dependent BW modulation over elevation
and azimuth. BW scales with elevation as 1/ cos 8, independent
of azimuth. At high elevations (~80°), it increases nearly tenfold,
significantly improving range resolution along the radar LoS.

5 | Simulation Analysis

Simulations used default bandwidth (B, = 10 MHz) and pulse
duration (T, =1 ps) across 0°-80° elevation for 3D analysis.
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FIGURE 1 | Angle-dependent BW  modulation
normalized bandwidth B(6, ¢)/B, versus elevation/azimuth. Bandwidth

illustrating

increases with elevation via 1/cos(6) to compensate for geometric
projection effects at high angles.

Range Resolution Comparison: Classical vs. Adaptive

&0 === Classical Range Resolution
--- Adaptive Range Resolution
= Classical Effective Range Resolution
50 4 —— Adaptive Fffective Range Resolution
----- Ideal Range Resolution (c/2Bo)
é 40
[
S
B
E;
o 30
v
[
o
Q
22
©
[+4
10
o
0 10 20 30 40 50 60 70
Elevation Angle 6 (degrees)
FIGURE 2 | Range resolution comparison: classical (blue) degrades

with elevation, adaptive (red) maintains near-ideal performance (green)
versus angles.

Figure 2 compares range resolution: classical resolution degrades
with elevation, whereas the adaptive approach remains nearly
constant. At 60°, the classical method performs ~4x worse
than boresight, while the adaptive approach preserves optimal
resolution. Figure 3 presents the CRB ratio for range estimation,
matching the theoretical cos? 6 trend and confirming gains: equal
at 0°, and improvements of 25% at 30°, 50% at 45° and 75% at 60°.

5.1 | 3D Target Scenario Analysis

To assess realistic performance, we simulated multiple targets at
random 3D positions. Figure 4 shows results with targets coloured
by CRB improvement. Improvements grow with elevation, reach-
ing up to 95% better parameter estimation at high angles. We
evaluated five scenarios with distinct elevation profiles: boresight
(0°-10°), low (15°-25°), mid (30°~40°), high (50°~60°) and mixed
(5°,25°,45°, and 65°). Table 1 summarizes results: the high-
angle case yields the largest gains with ~67% CRB, 82% range
resolution and 2.2 dB SNR improvement. Even in the mixed

o

o 0% immRORERERao Bound Improvement for Range Estimation

—— CRB Ratio (yr(8) = CRB_adaptive/CRB_classical)

30°: 25% improvement

2
3

45°:50% Improvement

2
3
Improvement (%)

CRB Ratio

60°: 75% improveAtent

[ 10 20 30 40 50 60 70
Elevation Angle 8 (degrees)

FIGURE 3 | CRB improvement for range estimation, with 7,(6)
(blue) as the CRB ratio and improvement percentage (green), versus
angles.

scenario, notable benefits remain of 38% CRB and 61% range
resolution improvement.

5.2 | Impact on Doppler Velocity Estimation

The angle-dependent pulse duration T(6,¢) directly affects
Doppler frequency resolution. The minimum resolvable Doppler
frequency shift is:

1 1

0) = = 5
AL(6) T6,¢) T,(1+sin’6)

19)

which is narrower (finer resolution) than the fixed-parameter
baseline Af,, = 1/T, by a factor of (1 + sin’ 6). The correspond-
ing minimum resolvable radial velocity step is:

A A

Av,(6) = = ~
> (©) 2T(6.¢)  2T,(1 +sin’6)

(20)

At 6 =60°, for example, T(6,¢)=1.75T,, yielding a 43%
improvement in Doppler resolution. This finer discrimination
is beneficial for target classification, enabling better separation
of targets with closely spaced radial velocities at high elevation
angles. The unambiguous Doppler range is unaffected since the
PRF is held constant, so the gain is purely in Doppler frequency
resolution. This improved Doppler discrimination complements
the enhanced range resolution provided by the bandwidth adap-
tation f5(6, ¢), together supporting more reliable target detection
and classification across the full angular coverage.

5.3 | Impacton Scan Time and Update Rate

The angle-dependent pulse extension increases the per-dwell
time at each beam position, directly affecting the total scan time
and measurement update rate. For a beam at elevation 6, the
dwell time becomes:

Lawen(6x) = T(6y, ) (1 + PRI overhead)

(21
. 1
~ To(l + Sln2 Gk) . m
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FIGURE 4 | Classical versus adaptive range resolution (Ist), CRB
improvement versus elevation (2nd) and resolution improvement versus
elevation (3rd).

where DC = T(6,, ¢) - PRF is the duty cycle. Summing over all
N, beam positions confirms that the total scan time exceeds the
fixed-parameter baseline:

Np

Tyean = Z Lawel(B1) > N Lawelro- (22)
P

For a typical surveillance configuration with N, = 48 beams
spanning 0°-80° uniformly, the mean value of f; across all
beams is approximately 1.33, increasing total scan time by 33%

TABLE 1 | Improvement metrics across operational scenarios.

CRBimprov. Rangeres. SNRimprov.

Scenario (%) improv. (%) (dB)
Boresight 1.3 1.9 0.1
Low-angle 12.1 17.7 0.5
Mid-angle 33.1 45.6 1.2
High-angle 66.9 81.5 2.2
Mixed 37.7 61.0 13

relative to the baseline. This reduces the measurement update
rate from =1.0 Hz to %0.75 Hz. For slow-moving or high-elevation
targets (e.g., hovering UAVs, ballistic targets near apogee), this
trade-off is acceptable given the substantial estimation accuracy
gains. For fast-manoeuvring targets requiring frequent updates,
a hybrid strategy, applying pulse extension only for beams at
6 > 30°, limits the scan time penalty to =%15% while retaining
more than 85% of the CRB improvement for high-elevation
targets. System designers should select the adaptation strategy
based on the predominant target kinematics in the intended
operational scenario.

6 | Conclusion

This paper analyses angle-dependent waveform design for 3D
radar, demonstrating that parameter adaptation yields signifi-
cant gains. Bandwidth modulation compensates for geometric
projection, maintaining uniform range resolution, while pulse-
duration modulation enhances SNR. Results show range esti-
mation CRB follows a cos?0 trend, improving up to 75% at
60° elevation. Multi-target tests confirm these benefits. Utilizing
digital generators and advanced processing, this method inte-
grates into phased arrays without hardware changes. Future
research will address dynamic targets and joint adaptation.
Additionally, interference-robust design, balancing wide-angle
coverage with interference mitigation, remains a critical open
challenge.
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