Research

Investigation of hybrid detector structures for surveillance radar
with correlated target fluctuations

Nguyen Hoang Nguyen, Pham Viet Anh”, Hoang Minh Thien, Tran Viet Hung

Institute of System Integration, Le Quy Don Technical University, 236 Hoang Quoc Viet, Nghia Do, Hanoi,
Vietnam.

*Corresponding author: anhpv.isi@lgdtu.edu.vn

Received 14 Jul. 2025, Revised 23 Sep. 2025, Accepted 10 Oct. 2025; Published 30 Oct. 2025.

DOI: https://doi.org/10.54939/1859-1043.j.mst.IITE.2025.83-90

ABSTRACT

This paper investigates the effect of temporally correlated target fluctuations on pulse-train
integration efficiency in surveillance radar. A proper complex Gaussian signal model in white
noise is assumed. Two hybrid detector structures are synthesized using principal component
analysis, where coherent integration is limited to selected subspaces and the remaining
components are processed noncoherently. Hybrid-1 restricts coherent integration to the dominant
eigen-direction, whereas Hybrid-90 extends it to the subspace capturing 90% of the signal energy.
Their performance, measured in terms of detection probability and computational complexity, is
evaluated against two widely used reference classes in radar detection: noncoherent energy
detection and matched-filter—based coherent integration schemes. The maximum-likelihood
detector serves as the optimal benchmark. Monte Carlo simulations across different target
Sfluctuation characteristics and signal-to-noise ratios show that the proposed hybrids achieve a
more stable detection probability than conventional schemes while approaching the optimal
bound. Hybrid-1, in particular, offers a favorable trade-off between detection reliability and
algorithmic complexity. The results provide practical guidelines for surveillance radar design and
suggest directions for further research.

Keywords: Surveillance radar; Target detection; Correlated target fluctuations; Coherent integration; Noncoherent
integration; Hybrid detector structures.

1. INTRODUCTION

Detection of weak targets in surveillance radar critically depends on the efficiency of signal
integration across multiple pulses. Classical approaches fall into two categories: coherent
integration, typically implemented by matched filtering, and noncoherent energy detection [1-5].
Coherent integration achieves near-optimal performance when the target return remains phase-
stable over the observation interval, but it is sensitive to temporal fluctuations. Noncoherent
integration is less efficient but offers robustness under rapid target variations.

Legacy surveillance radars generally employed either fully coherent or fully noncoherent
processing, with the operating mode selected according to tactical conditions [1, 3]. Modern
systems, however, often extend the integration interval to improve detection sensitivity. In this
regime, recent research has emphasized compensation for target motion effects such as Doppler
shift, acceleration, and range migration [6-10], whereas the impact of temporally correlated target
fluctuations has received comparatively less attention. A limited number of studies have
considered combining coherent and noncoherent integration through conventional subaperture
processing, where the pulse train is partitioned into temporal segments, coherently integrated
within each segment, and then combined noncoherently [11-13]. While effective in mitigating
decorrelation over long intervals, this approach relies on a rigid time-domain partition and offers
limited adaptability. To address this gap, we investigate hybrid detector structures that combine
coherent and noncoherent integration in a principled way. The central idea is to exploit dominant
signal components through coherent processing while treating residual components noncoherently,
thereby balancing detection performance and computational complexity.
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Based on the theory of principal component analysis (PCA) [14, 15], two representative hybrid
structures are synthesized: Hybrid-1, which performs coherent integration only along the dominant
eigen-direction, and Hybrid-90, which extends coherent integration to the subspace capturing 90%
of the signal energy, with the remainder processed noncoherently.

The proposed hybrid structures are evaluated against two reference classes widely used in radar
detection: noncoherent energy detector and matched-filter—based coherent integration schemes.
The maximum-likelihood detector serves as the theoretical performance upper bound. Performance
is assessed in terms of detection probability and computational complexity through Monte Carlo
simulations across different models of target fluctuations and signal-to-noise ratios (SNR). Our
main contributions are twofold: (i) a PCA-based synthesis of hybrid detector structures combining
coherent and noncoherent integration; and (ii) a performance study against classical detectors,
highlighting trade-offs between detection reliability, implementation complexity, and the influence
of target correlation in surveillance radar.

The remainder of this paper is organized as follows. Section 2 presents the problem formulation
and detector design. Section 3 reports simulation results and discussion. Section 4 concludes.

2. PROBLEM FORMULATION AND DETECTOR DESIGN

2.1. Problem formulation

Let y € C" denote the complex baseband observation vector collected by the radar receiver.
Each element of y corresponds to the output of an optimal (or near-optimal) pulse-by-pulse
processor, so that n corresponds to the number of pulses collected in a single resolution cell during
one antenna scan in surveillance radar. Assuming front-end filtering and interference suppression
have been performed, the detection problem can be expressed as a binary hypothesis test:

Hy:y ~CN'(0,Ry), (noise only) 1
{Hl:y ~CN(0,R;), (target+ noise) M

Under H,, the observation consists solely of proper complex Gaussian (PCG) white noise with
covariance R, = ¢21,,, representing an uncorrelated thermal or clutter background. Under H,, the
observation includes both noise, n ~ CN(0, ¢%1,,), and a target return, s ~ CN(0, R,), where R €
C™™ is a Hermitian positive semi-definite covariance matrix characterizing the temporal
correlation of target fluctuations across pulses. Assuming independence between signal and noise,
the total covariance becomes R; = R, + ¢21,,. This statistical model serves as the foundation for
the detector structures developed in the next section.

2.2. Detector design

This section develops and compares six detector structures for the problem formulated in
section 2.1. We begin with the optimal maximum likelihood detector, then introduce practical
benchmark detectors commonly used in surveillance radar, and finally present the proposed hybrid
detectors that combine coherent and noncoherent processing.

2.2.1. Optimal maximum likelihood detector
For Hy:y ~ CN'(0,Ry) and Hy: y ~ CINV'(0, R;), the maximum-likelihood test is [3]:

InA(Y) = y" (Ry* — R7 )y — [Indet(R,) — Indet(Ry)] Z}i! 0 2
Thus, the equivalent quadratic form can be written as
T() =y"(Rg" = Ry 2y} v = Indet(R,) — Indet(Ro) 3)

For Ry = 0%I, and R; = R, + 021, consider the eigen-decomposition Ry = U AU, were A =
diag(1;,i = 1,...,n) is diagonal with ordered eigenvalues A; > A, >-> 1, >0 and U =
[u;, i = 1,...,n] is the corresponding eigenvector matrix [14, 15]. Then
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R, = Ry + 0%l = U (A + o%1,)U"; R{1=Udiag(m,i= 1, n) Ut 4
Since Ryt = éln, it follows that
-1 -1 _ . i . H
RO —R1 —Udlag(m,l—l,...,n)l] (5)
Hence, the test statistic reduces to a weighted sum of projected energies:
n n
A Ho 2 H A
T(Y):Zmluiyl%HOVZZIH(I-I_;) (6)
L= L=

This detector, denoted FullMLD, is optimal under the Gaussian model but requires complete
knowledge of the eigenstructure of R; and becomes computationally intensive for large n.

2.2.2. Classical benchmark detectors

To provide a baseline for evaluating the hybrid approaches, we describe several benchmark
detectors commonly adopted in radar systems.

(a) Noncoherent energy detector

Assuming uncorrelated target samples with covariance R = I,,, the eigenvalues satisfy 4; =
1,i=1,..,n,and V = [,,. The quadratic form reduces to

1 oy H; 1
T(y) = 202+ 1) Iy I°=2y, v = nln (1 + ;) (7)

This detector, denoted NC-Energy, is the classical noncoherent energy detector. It is
computationally simple and robust to target fluctuations but suffers an SNR loss compared with
coherent integration.

(b) Fully coherent integration
Assuming perfect correlation across pulses (t = 0), the covariance reduces to R = 117, which

is rank-1 with eigenvalue @; = n and eigenvector u; = % 1. The test statistic in (6) becomes

— Hy 125H o 1
TO) = sz | 1Y PRI Y In(1+—) 8)

This detector, denoted CMFO0, corresponds to a coherent matched filter under the assumption
of perfect phase stability.

(c) Matched filter with true correlation
If the target exhibits partial correlation, performance can be improved by aligning with the

principal eigenvector of R;. Assuming R; is rank-1 with eigenvalue A; = tr(Rs) and
decomposition Rg = A;u,ull, the statistic in (6) becomes

/‘Ll H. 12<H /11
== >, A
TO) = ryy | WY PRy In(1+3) )

This detector, denoted CMFtrue, adapts to the actual correlation structure but ignores weaker
eigenmodes, which may still contain useful signal energy in practice.

2.2.3. Proposed hybrid detectors

The hybrid approach aims to coherently exploit the dominant eigenmodes of the target
covariance while processing the remaining energy noncoherently. This synthesis preserves most
of the performance benefits of coherent integration while mitigating sensitivity to fluctuations and
limiting computational cost. Starting from the general MLT form in (3), each hybrid detector is
derived by partitioning the signal covariance matrix R, and applying selective coherent integration.
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The hybrid approach seeks to coherently exploit the dominant eigenmodes of the target
covariance while processing the residual energy noncoherently. This design preserves most of the
gain from coherent processing while reducing sensitivity to fluctuations and limiting
computational cost. Starting from the general maximum-likelihood statistic in (3), each hybrid
detector is obtained by partitioning the signal covariance matrix Ry and applying selective coherent
integration.

(a) Hybrid-rl
Assume the target covariance is approximated by the dominant rank-1 term plus an
isotropic residual:

Ry ~ Lyuquft + A9 1, (10)
Equivalently, define the residual scalar a; = tr(is:ll’ and approximate
Ry = qugui + AL (I, — uquf) (11)
Setting b = 02 + A, we obtain
Ry = Rs + %I, = bl + Ljuquf (12)
Applying the Sherman—Morrison identity yields
1 A
Rit~—1,— ————u ul! 13
1 b n b(b +A1)u1u1 ( )
Substitution into (3) gives the Hybrid-r1 statistic
1 1 M luffy 12 Ty 12 =lufly 1> _y
T =(———) 2 ————ully 1)) = =M 14
) o2 b Iy b(b+/11)|u1y| ) o2+ o2 <Ho ¥ (14)

with threshold y = In(b + 4;) + (n — 1)Inb — nino2.
This isotropic residual approximation trades model fidelity for analytic and implementational
simplicity. The resulting test requires only the leading eigenpair and one residual scalar A(ll)
(b) Hybrid-r90
Let 14 denote the smallest integer such that 2:9:01 Ai = 0.9tr(Ry). Partition the covariance as
Ry = Uy, Ay, UH 4+ 271, — v, UH) (15)
r(R9)~2129 A

where U,
Nn—7ryg

.= [”raoi'i =1, _,_,rgo], Ary, = diag(Ay, i = 1, ..., Tog), and A° =
Deﬁne = 0'2 + ){YgO). Then
R1 = RS + GZITI = bITl + Uan AanUgo (16)

Applying the Woodbury identity for a rank-ryy update yields

Rt~ 1y ——u, (At 421 B Ul 17)
1 NE n_ﬁ T9o T90+E T90 T90
Thus,
1 1 1 1\
-1 -1 -1 H
Ry'—Ri' = (ﬁ - E) In + 55 Uy, (ATQO + Elrgo) ull, (18)
Substitution into (3) gives the Hybrid-r90 test statistic
11 ooy E L1 N
T(y) = (;_E) Iy I°+ (UT9oy) ﬁ(AT% +EI7”90) (UT90y)
T 1
o ully i LR e K2 (1)
- Lio%(o2+ 4) g? <t ¥

i=1
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+ bl

T90

with threshold y = In det(A ) + (n — 190)Inb — nlna2.

Too
This detector requires the 79 leading eigenvectors and the residual scalar AYQO). It reduces to
Hybrid-r1 for rgq = 1.
3. SIMULATION RESULTS AND DISCUSSION

3.1. Simulation setup and results
To evaluate the six detectors introduced in section 2, two target fluctuation models widely used
in the radar literature [1, 3, 5], are considered: (Rg);; = exp(—|i —j|/7) - The exponential
Toeplitz model, which captures correlated Swerling-type fluctuations; and (Rg);; =
exp(— (i — j)?/27?) - The Gaussian model, which represents smoothly decaying correlations.
The simulation parameters are:
+ Signal dimension: n = 32.
+ Target fluctuation times: T € {0,10,20,100}.
+ SNR values: {0,10,15,20} dB.
+ Monte Carlo trials: Ny;c = 50,000 per hypothesis.
The following performance metrics are estimated: False alarm probability Pr4, miss detection

rate probability Py,s, and the total error probability P,,.,. = % (Ppa + Pys).

Performance is summarized by plots of P,,.,. versus SNR for the six detectors: FullMLD, NC-
Energy, CMF0, CMFtrue, Hybrid-1, and Hybrid-90. Results are presented separately for the
Toeplitz model (figure 1) and the Gaussian model (figure 2).
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Figure 1. Detection performance under the Toeplitz fluctuation model.
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Figure 2. Detection performance under the Gaussian fluctuation model.
3.2. Detection performance evaluation
From figures 1 and 2, several key observations emerge:

General trends: The dependence of error probability P,,.- on SNR follows similar patterns for
both Toeplitz and Gaussian fluctuation models. Differences are primarily quantitative, reflecting
the distinct 7-dependence of Rs in the two correlation structures.

Coherent integration (CMF0 and CMFtrue): Both detectors yield nearly identical performance
since only the dominant signal component is exploited. Coherent integration approaches the Full-
MLD bound when T >> n, but performance degrades rapidly as 7 decreases.

Noncoherent integration (NC-Energy): Superior when T << n, as fast decorrelation favors
energy accumulation. Performance collapses in highly correlated regimes.

Hybrid detectors (Hybrid-1 and Hybrid-90): These schemes interpolate between coherent and
noncoherent extremes. For T << n, Hybrid-1 and Hybrid-90 perform similarly; as 7 grows,
Hybrid-90 gains an advantage by leveraging a larger coherent subspace. The relative improvement,
however, remains modest compared to the gap between pure coherent and noncoherent schemes.
3.3. Complexity considerations and operational recommendations
Complexity Considerations

Two implementation scenarios are distinguished:

Case 1: Precomputed eigen-system (offline)

When eigenvalues and eigenvectors of the covariance matrix are precomputed and stored, all
detectors become feasible in real time. The FullMLD requires full matrix—vector multiplications
and quadratic forms with complexity 0(n?), which is manageable for moderate dimensions. NC-
Energy and CMFO involve only simple norm or inner product operations of order O(n), while
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CMFtrue reduces to a single projection onto the dominant eigenvector, also O(n). The hybrid
schemes require additional residual energy computations, yielding complexity O(n) for Hybrid-1
and O(rgon) for Hybrid-90, where 19y << n. Thus, assuming eigen-basis storage, all detectors,
including hybrid structures, are real-time implementable.

Case 2: Online eigen-decomposition

If eigenvalues and eigenvectors must be computed in real time, the computational burden rises
sharply. FullMLD demands eigen-decomposition of an n X n Toeplitz matrix 0(n3), which is
prohibitive for moderate n. Fast Toeplitz eigensolvers O (nlogn) can mitigate but not eliminate the
challenge. NC-Energy and CMFO0 remain unaffected and retain O(n) complexity, making them
the most practical. CMFtrue and Hybrid detectors depend on extracting the dominant eigenvector;
power-iteration methods reduce the cost to O (kn?), yet remain heavy for real-time applications.
Hybrid-90 is particularly demanding as multiple eigenvectors are required.

Operational Recommendation

In practice, NC-Energy and CMFO0O offer guaranteed real-time feasibility without
precomputation. Hybrid detectors and CMFtrue are viable only when eigenvectors are available
from offline computation or dedicated hardware acceleration (e.g., FPGA/ASIC).

With precomputed eigenstructures, all schemes are practically deployable. Among them,
Hybrid-r1 achieves the most favorable balance between detection reliability and computational
complexity, making it particularly well-suited for operational scenarios. Hybrid-r90 can provide
further performance gains in strongly correlated regimes but incurs a higher implementation cost.
These observations indicate that hybrid detectors represent a promising middle ground between
theoretical optimality and practical feasibility.

4. CONCLUSIONS

This work analyzed the effect of temporally correlated target fluctuations on detection in
surveillance radar. Two PCA-based hybrid detectors were synthesized, alongside four
reformulated benchmark schemes, yielding a unified set of six representative detectors evaluated
via Monte Carlo simulation.

The results clarify the trade-off between coherent and noncoherent processing: coherent
methods excel in slow fluctuations but degrade under fast decorrelation, while noncoherent
accumulation remains robust but less sensitive. Hybrid schemes alleviate these drawbacks by
coherently processing dominant subspaces and treating residual energy noncoherently.

By embedding both classical and hybrid detectors into a common eigenstructure framework,
the study exposes their structural relationships and guides implementation choices. The findings
demonstrate that hybrids provide a principled compromise between theoretical optimality and
practical feasibility. Future research will address robustness under model mismatch and explore
hardware-efficient architectures for real-time deployment.
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TOM TAT

Nghién ciru cAu tric bd phat hién lai cho ra da canh giéi
trong dieu kién muc tiéu co thing giang twong quan

Bai bdo nghién civu anh huéng ciia tinh thang gidng ciia muc tiéu dén hiéu qua tich lity
chiim xung trong ra da canh gidi. M6 hinh tin hiéu dwoc gia thiét la proper Gaussian phirc
trén nén tap trang Hai cdu triic bé phdt hién lai dwoc xdy dung diwa trén Iy thuyét phan tich
cdc thanh phan chinh, trong dé moét viig tin hiéu dwoc tich lily twong can va xir Iy khong
twong can cho vung con lai. Hybrid-1 chi thuc hién tich iy twong can theo hudng riéng troi
nhat, trong khi Hybrid-90 mo rong dén khéng gian con bao ham 90% nang luong tin hi¢u.
Hiéu néng ciia cdc cdu triic ndy, ddc trung boi xdc sudt phdt hién va dg phire tap tinh todn,
dwoc so sanh voi hai phong dan xu Iy thong dung la tich lily twong can va tich lity khong
twong can trién khai duwdi dang bg loc phoi hop. Pong thoi chiing dwoc tham chiéu véi thudt
todn phdt hién toi wu theo tiéu chudn hop Iy cuc dai. Cac mo phong Monte Carlo trong diéu
kién thang giang nhanh cham khac nhau cho théy hai cdu triic lai de xuat dat xdc suat phat
hién 6n dinh hon so véi cdc so do théng thuong, dong thoi tién gan dén ngudng toi .
Riéng Hybrid-1 cho s cdn bang hop Iy gitta do tin cdy phat hién va do phic tap tinh toan.
Nhitng két qua nay cung cdp goi y thyec tién cho viée cai tién thiét ké ra da canh giéi va goi
mé cdac hudng nghién ciru tiép theo.

Tir khod: Ra da canh gidi; Phat hién muyc tiéu; Thang giang muc tiéu tvong quan; Tich liy twrong can; Tich liy khong
tuong can; Cau truc bd phat hién lai.
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