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Abstract: For the recognition of high-resolution range profile (HRRP) in radar, the weighted HRRP can reduce

the instability of range cells caused by the attitude change of targets. A novel approach is proposed to optimize

the weighted HRRP. In the approach. the separability of weighted HRRPs in different targets is measured by de-

signing an objective function, and the weighted coefficients are computed by using the gradient descent method,

thus enhancing the influence of stable range cells. Simulation results based on five aircraft models show that the

approach can effectively optimize the weighted HRRP and improve the recognition accuracy.
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INTRODUCTION

The radar automatic target recognition (RA-
TR) is known as a highly promising technique to
identify the unknown target from its radar e-
choes. As one of the wideband radar echo forms,
the high-resolution range profile (HRRP) repre-
sents the projection of complex returned echoes
from target scatters to the radar line-of-sight
(LOS). HRRP contains more target structure
signatures than narrowband radar echoes and has
been shown as a highly discriminative target fea-
ture 11,

Template matching method based on the
maximum correlation coefficient criterion (MCC-
TMM)™ is a commonly used method in radar
HRRP recognition. By segmenting the target-as-
pect® "), the average HRRP is used as the tem-
plate in each target-aspect sector, and the class of
test HRRP is determined by the matching scores
between it and each template when applying

MCC-TMM. The average HRRP can suppress

the interaction among scatters in the same range
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cell, which is caused by the target-aspect
changes. Therefore, the average HRRP is capa-
ble of reducing the HRRP target-aspect sensitivi-
ty'"*). However, the average HRRP model is
based on the hypothesis that there are a large
number of small scatters and no more than one
predominant scatter in each range cell. Unfortu-
nately, this is not true for most real targets™7,
If there are several predominant scatters in a
range cell, the amplitude of the corresponding
range cell greatly fluctuates as target-aspect
changes, hence the average HRRP cannot de-
scribe the electromagnetism characteristics of
scatters.

In view of this, DuM! proposed a weighted
HRRP recognition method, where the weighted
coefficients are determined by the inverse stan-
dard deviation of amplitude in each range cell.
Considering that the amplitude of stable range
cells have a relatively larger value of inverse stan-
dard deviation than that of unstable range cells,
the role of stable range cells can be enhanced by

multiplying the weighted coefficients, while the
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impact of unstable range cells can be reduced.
However, owing to the insufficient data and the
low SNR in the practical application, the accuracy
of the estimated standard deviation is poor, which
limits the improvement of recognition accuracy.
To resolve the problems mentioned above,
a novel approach is proposed to optimize the
weighted HRPP in this paper.

Ref. [12], an objective function is defined to mea-

Based on

sure the separability of weighted HRRPs in differ-
ent targets firstly, and then optimal weighted co-
efficients are chosen through optimizing the objec-
tive function for recognition. Simulation results
demonstrate the effectiveness of the proposed ap-

proach compared with Du’s method.

1 PROPERTIES OF HRRP

Radar works in the optical region, and the
electromagnetism characteristics of targets can be
described by the scattering center model. Accord-
ing to this model, a high-resolution range profile
is the coherent summation amplitude of complex
time returns from target scatters in each range
cell. The mth complex returned echo in the nth
range cell without motion through range cells

(MTRC) of scatters can be written as

l” \
x,(m) = ;A”,,exp[f j( %Ar”,,(m) T+ ¢O) }

(D
where /, denotes the number of target scatters in
the nth range cell, Ar,,(m) the distance between
radar and the /th scatter in the mth sampled echo,
A, and ¢,.,... denote the amplitude and initial
phase of the ith scatter echo, respectively. In
radar HRRP recognition, a subset of HRRPs
from a target-aspect sector without MTRC of
scatter is defined as a HRRP frame. Because the
position and intensity of scatter approximately re-
main unchanged within a HRRP frame, the am-
plitude of each range cell has a certain statistical
characteristic.

The power of x,(m) in Eq. (1) can be written

as

l
lx,(m)|? =x,(m)x, (m) = ZA,ZM +
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The first term at the right side of Eq. (2) is re-
ferred as the scatter auto-term (SAT), which is
the energy summation of scatters within a range
cell. Without MTRC, SAT remains invariant, so
it is considered as a stable feature of a HRRP
frame. The second term at the right side of
Eq. (2) is referred as the scatter cross-term
(SCT), which is the conjugate multiplication
summation of echoes from different scatters with-
in a range cell. With the target-aspect changing,
the corresponding positions of scatters within a
range cell immediately change, which leads to the
amplitude fluctuation according to SCT and
makes the recognition difficult.

Ref. [1] pointed out that for a large number
of small scatters and no more than one predomi-
nant scatter, SCT in Eq. (2) tended to be a ran-
dom process with zero mean. Therefore, the av-

erage HRRP is

M

]\1—/12 |2, (m)

m=1

X

) (3)

Eq. (3) can be used to represent a stable
template of a HRRP frame whose SCT is sup-
pressed effectively by being averaged, where M
denotes the number of samples in a HRRP frame.
However, the average HRRP model is based on
the hypothesis that there are a large number of
small scatters and no more than one predominant
scatter in each range cell of the target, which is
not true for most real targets. If there are several
predominant scatters, especially 2—3 scatters, in
a range cell, the HRRP amplitude has great fluc-
tuation with the target-aspect changing due to the
difference in range-shifts among predominant

scatterst,

In this case, the average HRRP can-
not describe the electromagnetism characteristics

of scatters, hence, in radar HRRP recognition,
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the role of stable range cells should be enhanced,
while the impact of unstable range cells should be

reduced.

2 OPTIMIZATION OF WEIGHT-
ED HRRP

Supposing that there are ¢ kinds of targets
and each target has L HRRP frames, HRRPs and
the average HRRP of the /th frame in target % are
respectively written as
Xu(m) = [ 2 (m) s 20, () 5 oor s 200 (m) T

m:1327"'7M (4)
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where d denotes the range cell index. The

M
1
M 2 |fk/(1(77l)

m=1

weighted coefficients of the /th frame in target k
are defined as
Wy = [y s @y s ore s Wy | (6)
So the corresponding weighted HRRPs and the
weighted average HRRP are
yu(m) = [wya (m) o swuxu,(m) T =

m:1,"°,M 7)

wy © Xy (m)

1 M
Wpra M Z | 2100 (m)

m=1

T
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Where ” o " denotes the entrywise product.

Du defined the weighted coefficients as the
reverse standard deviation of amplitude in each
range cell within HRRP support region, and pro-
posed the support region for reducing the impact
of noise. According to the above definition,
weighted coefficients of the /th frame in target k&
can be written as

Wy =[Oy s Wy s 2o sy ] =

1 1 1

b b
Ori—1 Owmey Owma—1

T
[O?Os"" 7"',070} (9)

where o4, denotes the standard deviation of am-
plitude in the ith range cell. However, Du’ s
method has some disadvantages when applied in

the practical application: (1) Owing to the tar-

get-aspect sensitivity of HRRP, the training sam-
ples are usually insufficient, so the statistic re-
sults of standard deviation are inaccurate; (2)
When SNR is low, the decision of HRRP support
region is inaccurate; (3) The weighted coeffi-
cients are heuristically determined without further
optimization for classification, thereby, the im-
provement of recognition accuracy is restricted.
To overcome the shortcomings mentioned
above, an optimization approach is proposed to
optimize the weighted HRRP for recognition.
Based on Ref. [12], the following objective func-
tion is defined to measure the separability of
weighted HRRPs with a variety of weighted coef-

ficients for different targets

APy
J(w) = 2 Zexp - 5 (10)
llv'f;/e'\j};xe,ﬁ,\,, 1:<r,1:l;l<ril7ue sy
D 1<<j<L

where dz()’a);u): | y*)}u [P= [l @y = x—awy -
xull %y Su denotes a set of HRRPs of the /th
frame in target k. In fact, the defined objective
function J (@) is composed of two major parts.
The numerator part defines the distance between
the weighted HRRP sample and the weighted av-
erage HRRP template of its corresponding {rame,
which represents the within-class distance of the
training data. The denominator part defines the
distance between the weighted HRRP sample and
the weighted average HRRP template of each
frame in another targets, which represents the
between-class distance of training data. It is
known that if the within-class distance is small
while the between-class distance is large, the sep-
arability of the training data is strong. There-
fore, to optimize the objective function J (w) the
weighted coefficients @ is found, which shorten
the distance of numerator part as small as possi-
ble and lengthen the distance of denominator part
as large as possible. It is seen that the smaller the
value of J(w), the higher the separability of
weighted HRRPs with different targets, and the
exponential function is used for speeding up the
convergence of optimization. Therefore, opti-

mized weighted coefficient w” can be computed by
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minimizing the objective function J (w).
In this paper, the gradient descent method is
used to iteratively compute the optimal weighted

coefficients @* for simplicity. According to the

gradient descent method, and the updating equa-
tion 1is

t+1)
ra
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where ¢ is the iteration step, and 7 the learning

0

rate.
In the test stage, for an unclassified HRRP
x, all the distances are calculated firstly as fol-
lows
dz()’vj’u) = ly— j’kz [#= [l wyeox—awy- X | 2
k=1,2," l=1,2,-,L
Then, the class of HRRP x is determined by the

smallest distance between its weighted form and

sC3

each weighted average HRRP templates. It is ob-
served that the proposed HRRP recognition ap-
proach is still based on the template matching
(Note: The time-shift
HRRP is not considered in this paper, all HRRPs
referred here have been time-shift compensated,
and the method can be found in Ref. [11]).

method sensitivity of

3 EXPERIMENTAL RESULTS

A HRRP dataset of five turntable aircraft
models with similar sizes, Su27, F16, M2000,
J8II, and J6, are used in the experiment. The
dataset is provided by Target Electromagnetism
Characteristics Research Center affiliated to Nan-
jing University of Aeronautics and Astronautics.
The bandwidth of the transmitted radar signal is
about 500 MHz, and the azimuth range of each
aircraft is 180°. Each target has 3 600 HRRPs and
each HRRP has 128 range cells. For all the col-
lected data, the Gaussian white noise is added to
the inphase and the quadrature radar echoes, re-
spectively, and SNR is about 20 dB. As a result
of turntable model, there is no time-shift sensitiv-

ity in HRRP data. Meanwhile, all HRRPs are ac-

otherwise
complished by L, normalization. In the experi-
ment, one half of HRRPs are randomly selected
for training, and the other are selected for test-
ing.

MCC-TMM, Du’s method and the proposed
approach are compared in the experiment. The
recognition results are listed in Table 1. Due to
the similar sizes of the five aircrafts, the limita-
tion of target-aspect change is set to 3° for all of
the five aircrafts to avoid MTRC of scatters,
which is calculated by (A®)yre=AR/LM"), where
AR is the range resolution and L the maximum
target dimension in cross range. For aircraft tar-
gets, (AD)yrre can be further increased because
of the sparsity distributions of scatters. For the
proposed approach, the learning rate 7 and the to-
tal iterative steps 7" are set to 2. 0 and 50, respec-
tively. Results show that the weighted HRRP
significantly increases the recognition accuracy
and the proposed approach effectively optimizes
the weighted HRRP, thus improving the recogni-

tion accuracy compared with the Du’s method.

Table 1 Recognition results of five aircrafts %
Methd Su27 F16 M2000 J8II J6  Average
MCC-TMM 92.3 79.4 89.3 81.3 79.5 84.4
Du’s method 99.0 90.9 98.2 92.1 92.3 94.5
h S
The proposed 4 004 06 0 99.3 92.5 97.7 97.1

approach

Amplitude histograms of typical range cells
in azimuth 66—69° of Su27 are given in Fig. 1.
Fig. 1(a) illustrates a stable range cell (the 72nd
cell )

weighted coefficients @ is 36.78 and the inverse

range whose corresponding optimized
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standard deviation 1/ is 35.40. Fig. 1(b) illus-
trates an unstable range cell (the 56th range cell)
whose corresponding optimized weighted coeffi-
cients wis 9. 05 and the reverse standard deviation
1/0is 11. 09. It is seen that range cells with large
optimized weighted coefficients are more stable
compared with small optimized weighted coeffi-
cients, and the role of stable range cells is further
enhanced while the impact of unstable range cells

is further reduced.
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Fig. 1 Amplitude histograms of Su27 in azimuth 66—69°

4 CONCLUSION

Statistical characteristics of HRRP with dif-
ferent range cells are various to each other. The
weighted HRRP has the ability to enhance the
role of stable range cells and reduce the impact of
unstable range cells. In this paper, an objective
function is designed to measure the separability of
weighted HRRPs in different targets using the
template match method, and the weighted coeffi-
cients are then optimized by minimizing the objec-
the
method. The effectiveness of the proposed ap-

tive function based on gradient descent

proach is proved by the experiment on a dataset of

five aircraft models.
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