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Abstract—To address the problem of weak target detection,
this paper proposes a information geometry-based multi-frame
track-before-detect (TBD) method to implement the multi-frame
integration and enhance the target detection performance. Specif-
ically, a space-time adaptive detector based on hermitian positive
definite (HPD) matrix manifold is proposed to improve the detec-
tion performance of weak target in heterogeneous environments.
Then, to integrate the inter-frame target information, we apply
this detector to TBD and propose a dynamic programming
(DP) algorithm which obeys Doppler constraint rather than
the ordinary maximum speed constraint. As a consequence,
an information geometry-based DP-TBD method is developed,
which has better detection performance for weak targets in
heterogeneous strong clutter environment. The advantages of the
proposed method are validated by the experiments utilizing real
radar data.

Index Terms—information geometry, track before detection,
radar target detection, airborne multi-channel radar.

I. INTRODUCTION

The airborne multi-channel radars are widely used in the
marine surveillance and weak target detection [1]–[3]. To
overcome the clutter spectrum broadening problem, the space-
time adaptive detector is studied and applied to airborne multi-
channel radars. The detectability generally depends on the
target’s signal-to-clutter ratio (SCR). However, airborne radar
usually works in a strongly cluttered environment, and the
clutter is heterogeneous, causing low SCR radar returns and
severe detection performance degradation [4]–[6].

The adaptive detector for multi-channel radar was first in-
vestigated in [7]. Then, many other detectors such as adaptive
matched filter (AMF) [8] and normalized adaptive matched
filter (ANMF) [9] were proposed to integrate intra-frame
target information [10]. However, these intra-frame integration
methods rely much on the energy feature of the target and are
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greatly affected by the resident time of the motion target and
the heterogeneous strong clutter in practice.

In addition to the intra-frame detection methods, the multi-
frame detection approaches are extensively concerned for their
outstanding performance in weak target detection [11]. The
multi-frame TBD, which processes the un-thresholded data,
is widely recognized as an effective method [12]–[16]. TBD
algorithms include the particle filter TBD (PF-TBD) [17],
the Hough transform TBD (HT-TBD) [18] and the dynamic
programming TBD [19] etc. Unlike the PF-TBD, the DP-TBD
does not rely on the target’s state and motion equations but
transforms the multi-frame detection problem into a multi-
stage decision optimization problem. The DP-TBD regards the
processing result of each frame as a sub-stage and outputs
the target trajectory by accumulating the detection results of
different sub-stages. Therefore, unlike the HT-TBD, the DP-
TBD method is not constrained by the target motion model.
As a result of the advantages mentioned above, the DP-TBD
algorithm is widely used to detect weak and highly mobile
targets, including unmanned aerial vehicles (UAVs), motor-
boats, and so on. However, in heterogeneous environments
and clutter environments, the energy features of the target and
clutter are not distinguishable, posing challenges for target
detection. As analyzed above, whether intra-frame detection or
multi-frame integration suffers the heterogeneous clutter and
low SCR target.

Recently, related research on the information geometry-
based radar target detection method has gained a lot of atten-
tion due to its distinctive advantages in weak target detection,
especially for targets in heterogeneous and strong clutter
environments [20]–[23]. Benefiting from the excellent ability
to distinguish targets from clutter on the matrix manifold, the
matrix information geometry (MIG) detector performs well
in weak target detection. In this paper, we propose a novel
space-time adaptive detector based on information geometry
to improve the intra-frame detection performance and apply
the proposed detector to multi-frame DP-TBD. Since the pro-
posed detector utilizes the geometric features on the hermitian
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positive definite (HPD) matrix manifold to distinguish the
target from clutter, it performs better in heterogeneous and
strong clutter environments. Meanwhile, the target Doppler
information is exploited in DP-TBD to obtain a more accurate
target trajectory, thus the performance of multi-frame detection
is also improved. The main contributions are listed as follows.

• A novel space-time adaptive detector is proposed. The
proposed detector is derived from the Kullback–Leibler
divergence (KLD) between matrices on the HPD mani-
fold and achieves better detection performance.

• A DP-TBD method based on the proposed detector
is developed. The proposed DP-TBD method obey the
Doppler constraint rather than the conventional maximum
speed constraint in target detection, therefore it has better
detection and track performance.

• We present experiment results of real measured data
to evaluate the detection performance advantages of the
proposed method.

II. SIGNAL MODEL AND PROBLEM FORMULATION

Consider a side-looking airborne uniform liner array radar
constructed by N antenna elements. Assuming that each
antenna receives P pulses in a coherent processing interval
(CPI). The degree of freedom (DoF) of this airborne radar
system is M = NP . Then the received signal in a range cell
x ∈ CM can be formulated as

x = αtst + xc + n (1)

where xc and n ∼ N(0, σ2
n) are the clutter and noise respec-

tively. Unknown variables αt and given vector st respectively
are the reflection coefficient and steering vector of the target.

The received clutter of airborne radar can be modeled as
the superposition of the clutter patches in the radar main lobe,
namely,

xc =

Nc∑
i=1

αisi (2)

where Nc is the number of clutter patches, αi and si respec-
tively are the reflection coefficient and steering vector of the
ith clutter patch.

Based on the clutter signal model introduced above, the
detection problem for airborne radar can be formulated by the
following binary hypothesis testing problem

H0 :

{
xCUT = xc + n,

xi = xci + n, i = 1, . . . , n

H1 :

{
xCUT = αtst + xc + n,

xi = xci + n, i = 1, . . . , n

(3)

where xCUT is the echo of the cell under test (CUT). xi and
xci respectively are the received echo and clutter in ith range
cell. n is the number of reference samples which are adjacent
to the CUT.

In statistical signal processing, the generalized likelihood
ratio test (GLRT) is a basic form of hypothesis testing. The

GLRT of multi-channel radar signal on the HPD manifold is
derived as the following equation [24].

l = DKL(RCUT,Rc)−DKL(RCUT,Rc + Rt)
H1

≷
H0

η (4)

where l is the normalized log-likelihood ratio, η is the de-
tection threshold. Matrices RCUT, Rc and Rt = αtα

H
t sts

H
t

respectively denote the covariance of the CUT, clutter and
target. DKL is the KLD between matrices and is calculated by

DKL(P,Q) = tr(P−1Q)− log
∣∣P−1Q

∣∣−M (5)

Therefore formula (4) is equal to

l =tr(R−1
CUTRc)− log(|R−1

CUTRc|)
− tr(R−1

CUT(Rc + Rt)) + log(|R−1
CUT(Rc + Rt)|)

=− tr(R−1
CUTRt) + log(|R−1

CUT(Rc +Rt)|)

− log(|R−1
CUTRc|)

H1

≷
H0

η

(6)

III. THE PROPOSED METHOD

A. The Proposed Space-time Adaptive Detector

In this paper, we give a review of formula (1) and (2), the
received signal of multi-channel radar can be reformulated as

x = Dγ + n (7)

where D = [s1 s2 · · · sNc ] ∈ CM×Nc is the coordinate matrix
composed of steering vectors and reflection coefficient vector
γ = [α1 α2 · · ·αNc

]T.
In practice, the number of clutter patches Nc is not given

and ought to be estimated. In addition, the steering vectors
si ∈ D, i = 1 · · ·Nc are unknown. To avoid this problem,
a feasible and widely accepted method is that the steering
vectors in coordinate matrix can be obtained by uniformly
discretizing the normalized space–time plane into NP grid
points and then each grid point is associated with a space–time
steering vector [25]. Although the obtained steering vectors
are not completely consistent with the actual situation, the
steering vector of the real clutter patches can be reasonable
represented by a highly correlated steering vector in D0 from
a mathematical point of view.

Noted that the steering vectors obtained by the method
mentioned above are orthorhombic to each other [25], we have
Nc = NP = M . Then, the covariance matrix of the clutter
and noise can be expressed as

R= Rc +Rn

= E[xcx
H
c ] + E[nnH]

= DΛ(γ)DH + σ2
nI

= D⊥

α
2
1 +

1
M σ2

n · · · 0

0
. . . 0

0 0 α2
M + 1

M σ2
n

DH
⊥

(8)

where symbol E[·] denotes the mathematical expection, Λ(γ)
is the the diagonal matrix constructed by the square of vector
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|R−1
CUT(Rc +Rt)| =

M(α2
t + α2

c(i)) + σ2
n

Mα2
cut(t) + σ2

n

M∏
i=1,i̸=t

Mα2
c(i) + σ2

n

Mα2
cut(i) + σ2

n

tr(R−1
CUT(Rc +Rt)) =

M∑
i=1

Mα2
c(i) + σ2

n

Mα2
cut(i) + σ2

n

+
Mα2

t

Mα2
cut(t) + σ2

n

(11)

γ, and D⊥ = 1√
M
D is the normalized orthogonal coordinate

matrix.
Arrange that the reflection coefficient vector

of the CUT and clutter range cell respectively
are γcut = [αcut(1)αcut(2) · · ·αcut(M)]

T and
γc = [αc(1)αc(2) · · ·αc(M)]

T, applying (8), we have

R−1
CUTRc = D⊥


Mα2

c(1)+σ2
n

Mα2
cut(1)

+σ2
n

· · · 0

0
. . . 0

0 0
Mα2

c(M)+σ2
n

Mα2
cut(M)

+σ2
n

DH
⊥

(9)
Obviously, formula (9) obeys the form of the eigenvalue

decomposition of matrix, thus

|R−1
CUTRc| =

M∏
i=1

Mα2
c(i) + σ2

n

Mα2
cut(i) + σ2

n

tr(R−1
CUTRc) =

M∑
i=1

Mα2
c(i) + σ2

n

Mα2
cut(i) + σ2

n

(10)

and similarily we have equation (11), in which the tth reflec-
tion coefficients αcut(t) and αc(t) correspond to the tth steering
vector which is same as the target’s steering vector st.

Taking (9) and (10) into (6), we have

l=DKL(RCUT, R̂)−DKL(RCUT, R̂ + Rt)

=tr(R−1
CUTRc)− tr(R−1

CUT(Rc +Rt))

+ log(|R−1
CUT(Rc +Rt)|)− log(|R−1

CUTRc|)

=
−Mα2

t

Mα2
cut(t) + σ2

n

+ log(
M(α2

t + α2
c(t)) + σ2

n

Mα2
c(t) + σ2

n

)

=− Mα2
t

Mα2
cut(t) + σ2

n

+ log(1 +
Mα2

t

Mα2
c(t) + σ2

n

)

(12)

During the deduction of (12), we have tr(R−1
CUTRc) −

tr(R−1
CUT(Rc +Rt)) = − Mα2

t

Mα2
cut(t)

+σ2
n

, therefore,

− Mα2
t

Mα2
cut(t) + σ2

n

= tr(R−1
CUTRc)− tr(R−1

CUT(Rc +Rt))

= −tr(R−1
CUTRt)

= −tr(R−1
CUTα

2
tsts

H
t )

= −α2
ts

H
t R

−1
CUTst

(13)

and similarly

Mα2
t

Mα2
c + σ2

n

= α2
ts

H
t R

−1
c st (14)

Let (13) and (14) replace the items in (12), the detection for-
mula of the proposed space-time adaptive detector is derived
as below.

ΛPM = −α2
ts

H
t R

−1
CUTst + log(1 + α2

ts
H
t R

−1
c st)

H1

≷
H0

ηPM (15)

where ΛPM and ηPM are the detection result and threshold of
the proposed method (PM). Herein, the estimation result of
parameter αt is given by

αt =
sHt R−1

c xCUT

sHt R−1
c st

(16)

B. The Application of Proposed Detector in DP-TBD
In this section, we discuss the application of the proposed

detector in DP algorithm to implement multi-frame TBD.
Assuming there are NF frames data to detect the target, the
objective is to select the target trajectory which is most likely
the target track, and output the detection result of NF frames.

arg max
(T1,··· ,Ti,··· ,TNF

)∈S

NF∑
i=1

Λi (17)

where Ti, i = 1 · · ·NF is the observed result of the target
in ith frame. S is the ensemble of all physically feasible
trajectories. Λi, i = 1 · · ·NF is the output of the output of the
detector. Herein, it should be pointed out that the unknown
target motion state would cause difficulty and calculation
burden for the multi-frame processing. To solve this problem,
the kinematics boundary constraint (KBC) is utilized to restrict
the velocity maximum of the target between different frames
[26], namely

rm−1 − vmaxt ⩽ rm ⩽ rm−1 + vmaxt (18)

where ri, i = 1, · · · , NF is the range of target in each frame.
vmax is the maximum tracking speed of the target, t is the time
interval between frames.

Formula (18) restricts the target state transition from frame
to frame, thus reducing the complexity of implementing DP-
TBD. However, as observed in (15), the target speed informa-
tion can be obtained while detecting the target. Although the
speed of the target given by the normalized Doppler in st is
not accurate enough, the associated region can be effectively
reduced, and the boundary constraint of the proposed method
between frames is

rm−1 + vt−∆ ⩽ rm ⩽ rm−1 + vt+∆ (19)
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Fig. 1. The raw data and Pd curves under different SCRs.

where v is the speed of the target estimated by Doppler
information and ∆ is the fault tolerance value. Different from
(18), the proposed formula (19) obeys the Doppler boundary
constraint (DBC).

Detailedly, the processing procedures of the proposed 2S-IG
detector are outlined in Algorithm 1.

Algorithm 1 The processing procedures of the proposed 2S-IG
detector
Input:

The received radar pulse data of NF successive frames.
Output:

The detection result and estimated target trajectory.
1: for k=1:NF do
2: Compute the test statistic in (15).
3: Solve the optimization problem (17), in which S is

determined by formula (19).
4: end for
5: Compare the maximum of the merit function

∑NF

i=1 Λi

with a given threshold of multi-frame detection.
6: Return the prospective trajectory of NF frames recur-

sively.

IV. EXPERIMENTAL RESULTS AND ANALYSIS

This section carries out the experiments of performance
evaluation by using real radar data. The experiments is based
on the sea-detecting data-sharing program (SDDSP) data
measured by the Naval Aeronautical University and includes
two parts. First, a simulated target is added to the measured
clutter data to verify the advantageous performance of the
proposed detector (PM). Then, in the second part, the weak
moving cooperative target in the dataset is considered, and the
performance of various DP-TBD algorithms are analyzed.

The datafile used in this section is
27520221112175025 stare V V.mat. The data was collected
by the X-band TianAo SPPR50P-VV radar which works in
9.3–9.5 GHz. As shown in Fig 1a, the sea clutter is greatly
heterogeneous and there are many waves that can easily cause
false alarms and false tracks.

In this paper, the competitive AMF, ANMF, MIG detector
and maximum eigenvalue (ME) detector are employed as
comparison methods. First, the data from range cell 500 to 900
are selected to compare the performance of various detectors.
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(a) AMF
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(b) ANMF
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(c) PM

Fig. 2. The detection result of real target.
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(a) AMF-DP-TBD
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(b) ANMF-DP-TBD
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(c) MIG-DP-TBD
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(d) ME-DP-TBD
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(e) PM-DP-TBD
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(f) AMF-DPC-TBD
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(g) ANMF-DPC-TBD
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Fig. 3. The multi-frame detection results of real target.

A echo response s = αp is added, where p is the steering
vector of the simulated target and α is the signal amplitude
control factor determined by SCR. The normalized Doppler of
simulated target is set to 0.25. Fig 1b shows the probability
of detection (Pd) curves of different detectors and we can see
that the proposed method has the best detection performance,
especially when low SCR target appears. Herein, the detection
threshold is calculated by 105 Monte Carlo experiments and
the false alarm rate is 10−4. The number of reference cells is
64 and M = 10.

Then, various DP-TBD algorithms are performed to discuss
the detection performance of the measured slowly-moving
target. The target is a sea buoy moving with the waves
and located at the range cell from 441 to 453. It’s worth
indicating that the target is adjacent to the clutter, making a
great challenge to detectors. Fig 2 presents the range-Doppler
maps of different detections, the proposed method succeeds in
detecting the target and suppresses the heterogeneous strong
clutter better.

Furthermore, we discuss the multi-frame detection results
of the real target. In this experiment, the first 3s (30 frames
and 100 pulses per frame) of the data are utilized for the
validation. Based on the conventional KBC DP-TBD method,
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Fig. 4. Local map of the multi-frame detection trajectory.

the multi-frame detection result of the proposed method and
comparison algorithms are presented from Fig 3a to Fig 3e.
We can see that all these algorithms fail to detect the target
in strong clutter background, but the proposed method, AMF
and ANMF detector have the minimum trajectory deviation.
Then we consider the proposed DBC multi-frame detection
algorithm introduced in section III-B. As shown from Fig 3f
to Fig 3h, the proposed DBC method effectively improves
the detection performance. The mean absolute error (MAE)
of DBC detection are listed in Table I, indicating that the
proposed PM-DPC-TBD method has the best performance.
Herein, it should be emphasized that although the tracks output
by the AMF and ANMF detectors are close to the truth, they
are still false tracks, as illustrated in Fig 4. Actually, part of the
trajectory output by the AMF and ANMF detectors belongs
to the sea clutter adjacent to the target, thus the target is not
completely detected. Whereas, the proposed method does not
suffer such a problem, as shown in Fig 4c.

TABLE I
OUTPUT MAE OF DIFFERENT DBC-TBD ALGORITHMS

Method PM-DBC-TBD AMF-DBC-TBD ANMF-DBC-TBD
MAE 2.16 3.56 3.4

V. CONCLUSION

In this paper, we proposed a DP-TBD method for airborne
multi-channel radar to treat the problem of weak moving target
detection. Firstly, a novel information geometry-based space-
time adaptive detector is proposed. Then, based on the DP-
TBD algorithm, we discuss the application of the proposed
detector in multi-frame detection. The proposed DBC-DP-
TBD method utilizes the Doppler information rather than the
KBC to output the trajectory, thus it achieves advantageous
performance in multi-frame detection. The experiment results
illustrate the outstanding performance of the proposed detector.
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