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In many radar detection scenes, the clutter environment

is usually heterogeneous, which exhibits statistical varia-

tions in properties in the spatiotemporal domains. Detecting

weak targets embedded in such heterogeneous clutter envi-

ronments has received considerable attention. In the last

decades, target detection issues have been widely studied

in many important works. Recently, a rapidly advancing

target detection technique based on the theory of matrix

information geometry (MIG) has been garnering attention

for its advantages in dealing with scenarios involving short

pulses and complicated clutter [1, 2]. This technique does

not require any a priori knowledge of clutter; instead, it

takes into account the intrinsic Riemannian geometry of the

resulting manifold. From a geometric viewpoint, the tar-

get detection problem is transformed into a discriminative

problem between the target and clutter on the manifold [3].

Specifically, the covariance matrices constructed by the re-

ceived data represent points on a Hermitian positive defi-

nite (HPD) manifold. Then, the detection decision is made

based on geometric distances that measure the separability

between the cell under test (CUT) and the clutter centroid

of reference cells. Nevertheless, in actual environments, the

clutter is arbitrarily distributed, and the signal-to-clutter

ratio (SCR) is relatively low. Hence, the characteristics of

a target on the manifold are nearly similar to those of the

clutter, resulting in poor separability. To address the chal-

lenges in actual environments, we aimed to fully exploit the

actual discriminative information of the manifold and de-

velop an enhancement scheme of data separability from a

geometric viewpoint to achieve improved detection perfor-

mance that meets the actual requirements. Unlike the ear-

lier work performed in a locally flat Euclidean space by using

the log-Euclidean metric [4], we examine the non-Euclidean

manifold structure by using affine invariant geometric dis-

tances and exploit the real geometric structure to formulate

the discriminative transformation to enhance the detection

performance [5]. The heterogeneity of the clutter distribu-

tion is also considered. Specifically, a weighted centroid is

developed by employing a shift procedure on the HPD man-

ifold, and the corresponding anisotropy is analyzed. Then,

we devise a manifold transformation scheme that maps the

HPD manifold into a lower-dimensional and more discrimi-

native one by optimizing the separability between the CUT

and the weighted centroid. In this study, the discrimina-

tive transformation is formulated as a joint optimization

problem on a Stiefel manifold. We devise a two-step op-

timization method based on the Riemannian gradient de-

scent algorithm to solve the optimization problem. Thus,

a manifold transformation-based MIG (MT-MIG) detector

is developed. Finally, numerical experiments are performed

based on simulated data and real radar data to validate the

superior performance of the proposed method.

Preliminaries of MIG detection. In a pulse Doppler

(PD) radar system, a Toeplitz covariance matrix can be

constructed from the received pulse data z = (z1, . . . , zn)T

under the framework of MIG detection [3], namely,
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where (·)T and (·)H denote the transpose and conjugate

transpose, respectively. Thus, the covariance matrices

of the CUT and reference cells are given as RD and

{R1,R2, . . . ,RK}, respectively, where K denotes the num-

ber of reference cells. Hence, the set of such HPD matrices

forms an HPD manifold, which is defined as follows:

M+ (n) =
{

R|R = R
H,R ≻ 0,R ∈ C

n×n
}

, (2)

where Cn×n denotes the set of n × n-dimensional complex

matrices. The detection decision of the MIG detector is

D2(RD , R̄G)
H1

≷
H0

γ, (3)
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where H0 and H1 denote target presence and absence, re-

spectively, RD is the HPD matrix of the CUT, and R̄G is

the geometric centroid of the HPD matrices in the reference

cells. D2 (·, ·) denotes the geometric distance, and γ is the

detection threshold. More details are given in Appendix A.

Proposed enhanced MIG detector. To improve the separa-

bility of manifold space, we perform a discriminative analysis

of the HPD manifold. In this analysis, the following aspects

were considered. (1) Weighted centroid. Clutter is arbitrar-

ily distributed on the manifold in the actual environment,

and a weighted centroid is defined to estimate the clutter

centroid equipped with different weights. (2) Discrimina-

tive manifold transformation. To enhance the separability

between the target and clutter, a discriminative manifold

transformation scheme that maps the original manifold into

a more discriminative one is devised. See Appendix B.

Firstly, for the arbitrarily distributed reference cells of

clutter {R1, . . . ,RK} on the manifold, the weighted cen-

troid R̄W = W (R1, . . . ,RK) is defined as

W (R1, . . . ,RK) = arg max
R̃∈M+(n)

K
∑

κ=1

k
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where k (·) is the weight function, and h denotes the scal-

ing parameter. The weight function decreases monotonically

and satisfies 0 < k (x) 6 1 for x > 0. The specific solution

of the weighted centroid in (4) is given in Appendix C.

The separability of the manifold in a heterogeneous en-

vironment with a low SCR is poor. Therefore, for targets

located close to the clutter, this study defines a manifold

to manifold transformation to seek a more discriminative

space. Specifically, for a high-dimensional space M+(n),

the manifold transformation is given by

FW : M+ (n) → M+ (m) ,FW (R) = W
H
RW , (5)

where R denotes an arbitrary point on M+ (n), W ∈ Cn×m

(m 6 n) is an orthogonal matrix on a Stiefel manifold

St(n,m) [6], and m denotes the dimension of the manifold

after transformation. More details are given in Appendix D.

Figure 1 (Color online) Flowchart of the proposed MT-MIG

detector.

Then, by utilizing the discriminative manifold M+ (m),

we can obtain the transformed HPD matrix of the CUT

FW (RD) and the corresponding weighted centroid R̂ =

R̄W . Thus, an enhanced MIG detector based on manifold

transformation (i.e., MT-MIG) is derived, as shown in Fig-

ure 1. The detection decision is expressed as follows:

D2
(

FW (RD) , R̂
)H1

≷
H0

γ′, (6)

where R̂ = W(FW (R1),FW (R2), . . . ,FW (RK )) is the

weighted centroid, γ′ is the corresponding threshold. Herein,

the computational complexity grows cubically with respect

to the pulse length because of the inverse matrix operator.

As shown in Figure 1, the vital issue is to formulate a joint

optimization task and optimize the transformation matrix.

Suppose two sets data are available under H0 and H1

hypotheses: M+
HI

(n) =
{

R
HI

D
,R

HI

1 ,R
HI

2 , . . . ,R
HI

K

}

, I =

0, 1. Here, M+
H0

(n) indicates that only clutter exists and

M+
H1

(n) indicates H0 data plus a target in the CUT. Specif-

ically, we attempt to seek the transformation matrix by op-

timizing the geometric distance between the CUT and the

weighted centroid in the presence and absence of the tar-

get. This situation can be formulated as the following joint

optimization problems:

min
W∈St(n,m)

D2
(
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(

R
H0

D

)

, R̂H0

)

, (7)

max
W∈St(n,m)

D2
(
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(

R
H1

D

)

, R̂H1

)

, (8)

where R̂HI denotes the weighted centroid of the reference

cells
{

FW

(

R
HI
κ

)}K

κ=1
. By combining the above optimiza-

tions, we can derive the following optimization problem:

min
W∈St(n,m)
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(
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, R̂H0
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(9)

where λ is a trade-off between parameters. We propose a

two-step optimization method to solve (9) and obtain the

MT-MIG detector (see Appendix E).

Performance assessment. Appendix F gives the numeri-

cal experiments based on simulated data and real radar data

to validate the performance of the proposed method.

Conclusion. We proposed an enhanced MIG detector

based on manifold transformation to address the challenge

of detecting weak targets in a heterogeneous clutter envi-

ronment. Specifically, a weighted centroid was utilized to

estimate the clutter centroid of the manifold. Then, we de-

vised a discriminative manifold transformation and formu-

lated a joint optimization problem. We solved this problem

by designing a two-step optimization method to obtain the

MT-MIG detector. Through numerical experiments based

on simulated data and real radar data, we validated the

performance of the proposed method. Future research will

focus on studying the constant false alarm rate properties

and designing the detector for an extended target.
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