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Abstract: It is always a challenging issue for radar systems to
estimate the height of a low-angle target in the multipath
propagation environment. The highly deterministic maximum
likelihood estimator has a high accuracy, but the errors of the
ground reflection coefficient and the reflecting surface height
have serious influence on the method. In this paper, a robust es-
timation method with less computation burden is proposed
based on the compound reflection coefficient multipath model
for low-angle targets. The compound reflection coefficient is es-
timated from the received data of the array and then a one-di-
mension generalized steering vector is constructed to estimate
the target height. The algorithm is robust to the reflecting sur-
face height error and the ground reflection coefficient error. Fi-
nally, the experiment and simulation results demonstrate the
validity of the proposed method.
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1. Introduction

Modern fighters often use the radar blind zone and the
multipath effect to carry out low-altitude attack [1-6]. In
this case, the ground clutter and multipath echo reduce
the radar measurement and tracking performance. For a
low-angle target, the direct-wave signal and the multipath-
signals enter the main lobe of the radar beam almost at
the same time [7—10], but the phase difference of the dir-
ect-wave and the multipath-wave changes sharply with
the target’s height or range. As a consequence, the ampli-
tude of the received echo of radar changes acutely [11—15].

At present, array super-resolution technology is often
used to solve the problem of low-angle target height es-
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timation [16—18]. Subspace-based direction of arrival
(DOA) estimation algorithms such as the multiple signal
classification (MUSIC) algorithm [19,20] and the estima-
tion of signal parameters via rotational invariance tech-
niques (ESPRIT) [21-24] algorithm cannot be used to
deal with low-angle estimation, because the direct signal
and the multipath reflected signals are coherent. Al-
though the coherence between the direct signal and the
multipath reflected signals can be removed by the spatial
smoothing technique [25], the equivalent array aperture
after spatial smoothing becomes obviously shorter and
the accuracy of the low-angle target height estimation is
comparatively degraded. The maximum likelihood (ML)
estimation [26—28] method is a frequently used parameter
estimation algorithm to deal with coherent sources without
loss of aperture. However, high computation cost for
multi-targets limits its application in practice. When the
incident angle of the direct wave signal is less than one
fourth of the beam-width, the performance of the afore-
mentioned methods will decrease sharply. Additionally,
these methods do not make use of the geometric relation-
ship between the incident angles of the direct wave and
the multipath reflected wave. The estimation accuracy of
these methods is not high enough to meet the needs of the
high-precision measurement radar.

The highly deterministic ML estimator [29—31] has a
high accuracy for target height estimation. Based on the
assumption that the ground reflection coefficient, the
radar height, and the target distance have been known ac-
curately, it defines a single steering vector of the specu-
lar multipath propagation model. In fact, the ground re-
flection coefficient is difficult to be obtained in advance
and it is a varying parameter. It changes with the incident
angle, the ground surface condition, and the polarization
mode of radar. Moreover, the highly deterministic ML es-
timator also considers the reflecting surface height the
same as the altitude of the ground where the radar is erec-
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ted. However, the reflecting point is random and varying
and the reflecting surface height cannot always be a con-
stant. When there are some errors of the reflecting sur-
face height or the ground reflection coefficient, the mea-
surement accuracy of the highly deterministic ML estima-
tor will drop dramatically.

In this paper, a robust method for the joint estimation
of the low-angle target height and the compound reflec-
tion coefficient is proposed based on the compound re-
flection coefficient multipath model. The proposed me-
thod uses the echo data to estimate the compound reflec-
tion coefficient, and then utilizes the geometric relation-
ship between the target and the multipath image to set up
a one-dimension generalized steering vector. The pro-
posed method has low computational burden for its one-
dimension search. It is also insensitive to the ground re-
flection coefficient error and the reflecting surface height
error. This paper is organized as follows: Section 2 gives
a low-angle target receiving model of array radar in a
multipath environment. In Section 3, the proposed method
is described in detail. In Section 4, the experiment results
and simulation data demonstrate the validity of the pro-
posed method. Finally, Section 5 concludes this paper.

2. Multipath signal model

The flat-earth multipath low-angle model is shown in
Fig. 1. The incident angles of the multipath signals re-
ceived by each element are approximately equal. This
situation can be approximately described by a multipath
reflection model passing through the same reflecting
point shown in Fig. 1.

Target

Fig. 1 Flat-earth multipath low-angle model

The criterion of flat-earth [32] is
A
8siny

oy < (1)
where o, is the variance of the ground surface relief ac-
cording to Gauss distribution, A is the wavelength, and ¢
is the grazing angle. The wavelength of meter band radar
is long and the grazing angle of the low-angle target is

very small. Thus the ground surface with little surface re-
lief can be approximated to the flat-earth model.

Suppose the radar is a uniform linear multichannel di-
gital array radar with N elements. It is a meter band, hori-
zontally polarized radar, and its inter-element distance is
d. The radar receives the direct signal from the low-angle
target and the reflected signal from the reflecting surface.
R, and R, are the distances from the radar to the reflector
and from the reflector to the target respectively. The in-
cident angles of the direct signal and the reflected signal
are 6, and 6,, respectively. The antenna center height of
the radar is %,. The heights of the reflecting surface and
the target are h, and #,, respectively. The direct distance
from the low-angle radar to the target is R, and the dis-
tance from the low-angle radar to the mirror image is R;.

In this paper four echo paths are considered. The first
echo path is that the signal goes straight from the radar
antenna to the target and returns straight from the target to
the radar antenna. The second echo path is that the signal
goes straight from the radar antenna to the target and re-
turns from the target to the radar antenna via the reflect-
ing surface. The third echo path is that the signal goes to
the target via the reflecting surface and returns straight to
the radar antenna. The fourth echo path is that the signal
goestothetargetviathereflectingsurfaceandsodoesthereturn.

For narrowband signal mode, the signal emitted by
radar is

s(1) = gyl 5570 @)
where f;, is the frequency of the electromagnetic wave
emitted, and ¢ is the initial phase, and g(r) is the com-
plex amplitude.

Suppose that the radar cross section (RCS) of the tar-
get is the same for the above four beam irradiation paths.
The signals received by radar are

2AR
y(t) = P(8,)s(t — 7o) + P(8,)ps (Z—To - T) +

P@6,)ps (t —Ty— g) +P(6,)p*s (t —Ty— 4i—R) +w(t)

3)
where 7, is the time delay from the target to the radar an-
tenna center and 1, = 2Ry/c. w(?) is the Gaussian white
noise of the receiver. ¢ is the propagation velocity of elec-
tromagnetic wave. p is the ground specular reflection
coefficient. P(6,) and P(6,) are the normalized antenna
gains in the direction of the direct wave and the reflected
wave, respectively. AR is the distance difference between
the target and the image arriving at the radar. When
Ry > h, and R, > h, [21], the following equation holds:
2(hy—hg)(h,—hy)
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For a low-angle target, both the direct-wave and the
multipath reflected waves are in the main lobe of the
beam, and it can be considered approximately that

PO,)=P#,)=¢. %)
The receiving signal of the nth (n=1,2,---,N) ele-
ment can be written as

+

xt) = Es (t B (n-1 )d siné, ))

+

_2mAR
Eoe? a4 sl

+

o
( (n—l)dsm@d))
To—
( (n—l)dsm@ ))

_2mAR
Eoe? 4 s|r-

fpte AR s(t— (To _ w)) +w,(f)
¢ (6)

where A is the wavelength of the electromagnetic wave.
w, () is a Gauss white noise uncorrelated to the direct
wave signal and the reflected wave signals.

Substituting (2) into (6), we have

x,(1) = £g(t — 1)@ A=) w) 4
gpe it glt—To)el P EED) )
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where §'(f) = Eg(t — 1()e/@hi-T* ) s(t) = (1 +pelTa )
 (n=1)dsin#,
s'(0),a,(0,) =™ 1 ,andd, = (n—1)d (n=1,2,, N).
Arrange the receiving signals of all the elements into a
vector, and we have

X(0) = [x1(0), (1), , xy(D]" =
L
[A(edxA(e,)][ L (S + W) =
pe’ 4
A04,6,)'5(0) + W(1) ®)

where
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pe’ 2

. 2nAR
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In (9), A(6,) is the steering vector of the direct wave
and A (6,) is the steering vector of the reflected wave.
W(?) is the noise vector of the array. These vectors can be
written as

AO) =] a6).a0)..av@) | . (10)

A(Or): [al(er)’aZ(gr)9”' aaN(gr)]T’ (11)

W(1) = [wi(0), wa0), -, wy(D]" . (12)

3. Robust joint estimation method

After down-conversion and matched filtering of the re-
ceived signal, (8) can be rewritten as

1
X'(1)=[A(62),A6)]

. 2nAR l Ypsf(t - To)ejz"‘fﬂ + W/ ([)
==

pe’ 2

(13)
where ¢ is the time in the distance dimension and
t=mT+k/f, (k=1,2,---,K;m=1,2,---,M).m 1is the
number of pulses and & is the sampling point. f; is the
sampling rate in the distance dimension, KX is the
sampling number in the distance dimension, 7 is the pulse
repetition period, and M is the pulse number in the cohe-
rent processing interval (CPI). psf(-) is the point spread
function, which can be seen as a sinc function for the li-
near frequency modulation (LFM) signal. y is the com-
plex coefficient of the target signal after pulse compres-
sion. f; is the Doppler frequency of the target. Aircraft or
missiles can be regarded as point targets for narrowband
surveillance radar. In the stage of the target tracking, 7,
and f; are obtained.

X' is a three-dimension data matrix. For each pulse, the
dimension of the received data in X’ is NxK. We choose
the column of the received data according to 7, for each
pulse, i.e., the range cell of the target. Take all the data of
the M pulses at the time 7, from X’ and form a matrix Y,
whose dimension is NxM.

Define a vector B, it can be thought as a compound re-
flection coefficient vector.

1
B=[ g | ¥ (14)

pe” A

The mth snapshot vector of Y is

Y(m) = [A(6,), A(6,)]Be”" + W' (nT) =
F(gd,gr)ﬂejan}nnT + W'(mT) (15)
where F(6,,6,) = [A(0,), A(6,)].
Define a vector 7 consisting the unknown parameters
n=10406,]. (16)
The joint probability density function of the received
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data can be expressed as
SY(),Y(Q2),--- ., ¥Y(M)In,B) =
ﬁ 1 ei # Y(m) _ F(q)ﬂeﬂn f‘,mT|2
TENO—ZN
m=1 17
where o is the noise standard deviation.

Ignoring the constant, the logarithmic likelihood func-
tion is

Z@,B) = -MNIno?—

1 o
o DY)~ Fappe™. (18)
m=1

Take the derivative of (18) with respect to o, we have

0Zn-B) _ _ N2
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2 U 12
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The estimation of the noise power is
A 1 S i2n fumT |2
&= Z [Y(m)— Fappe”™™ | (20)

Substitute (20) into (18), then we have

A 1
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where G = Y(m) — F(n)Be™*™ T
Let
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Obviously, we can obtain the largest value of Z(n,5)

by minimizing Q(n,).
Expanding (22), we have

0m.p) =
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The ML estimation of 8 can be written as
B=(F'"@Fa) F'@E(Yme™ ). (24)
Substituting (24) into (23), we have
0(n) = E(Y"(m)Y (m)) — E(Y" (m)e*™s" ") F (17)x
(F"(F ()™ FR(E(Y (m)e "), (25)
Then one can obtain the ML estimation of £,.
h, = argmax (E(Y (m)e M"Y F () x
(F"(F ()™ FH(aEY (m)e 7)), (26)

We need a two-dimension variable search for i and the
computation burden is large.
According to Fig. 1 and (4), we can obtain

Rycoséb, ] 27)
VR +4(Rysin0y+ h, — ) (hy—hy))

6, = arc cos (

6, = arc sin (hrR;Oha) (28)
Here h, can be measured, and s, can be obtained by
the digital elevation model (DEM). At the stage of the
target tracking, R, has been obtained. Then 6, and 6, are
only the function of 4, according to (27) and (28). F(n),
the generalized steering vector, can be represented as the
functions of A, too. The computational complexity of the
proposed algorithm focuses on (26) from which we can
see that the main computation is the multiplication and
inversion of the matrix. It can be also seen that the in-
verse matrix is a 2x2 matrix and the computation cost is
very low. Moreover, since we change two-dimension
variable search into one-dimension variable search, the
computation burden of the proposed algorithm can be re-
duced a lot compared with the conventional ML method.

Although the DEM has several meters error, we just
use h, from DEM to obtain the geometric relationship
between 6, and 6, in (27) and we do not use the phase re-
lationship between the direct and multipath echoes. It has
little effect on the height estimation precision. Because
the proposed method uses the echo data to estimate the
compound reflection coefficient, it is insensi-tive to the
errors of reflecting surface height and ground specular re-
flection coefficient.

The flowchart of the proposed algorithm is shown in
Fig. 2. We obtain X'(f) after down-conversion and
matched filtering of the received signal, then extract the
target range cell data from X'(¢) to form the matrix Y.
According to (27) and (28), the generalized steering vec-
tor F(n) can only be represented as the functions of 4.
Meanwhile, Doppler frequency of the target f; can be
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calculated from the radar tracking filter. Finally, the tar-
get height can be estimated using (26) with one-dimen-

sion search.
Array radar receives echoes,

Obtain X'(¢) after down-
conversion and matched filtering

|

Extract the range cell data of
the target to form matrix ¥

l

One-dimension search
of the target height

Fom ] e
which is
only the Estimate the target froquency
: < f, from the
fum;t;lon ] height using (26) trellcking filter
0 1

Fig. 2 Flowchart of the proposed method

4. Simulation and experiment results

Consider a vertical uniform linear digital array radar with
20 elements. The radar works in the meter band and the
inter-element distance is A/2. The distance from the radar
to the target is 12 km. The reflecting surface height is
—6 m and the height of radar is 8 m. T%e ground reflec-
tion coefficient is assumed to be 0.95¢’18™ and the target
height is 460 m. Monte Carlo simulation has been carried
out and its number is 500. The root mean square error
(RMSE) is used to represent the estimation performance
of the target height.

The RMSE performance of the target height against the
signal to noise ratio (SNR) is shown in Fig. 3. Since the
proposed joint estimation method utilizes the relationship
between the direct wave and the multipath reflected wave,
the performance of the proposed robust joint estimation
mthod is superior to that of the conventional ML method.

200

150 |

RMSE/m
)
(=)

50 ¢

0 n 1 n n 1 N

-15-10 =5 0 5 10 15 20 25 30
SNR/dB

—+— : The proposed method; —¥— : ML method.

Fig.3 Estimation performance against SNR

The influence of the reflecting surface height error on
the proposed method is shown in Fig. 4. It can be ob-
served that the reflecting surface height error has little ef-
fect on the proposed method because we do not use the
reflecting surface height as a known parameter to obtain
the phase relationship between the direct and multipath
echoes, and then the proposed method has good robust-
ness to the reflecting surface height error.

150

100

RMSE/m

50

0 I n I n n n n

-15-10 -5 0 5 10 15 20 25 30
SNR/dB

—— 1 Ah=-3.5m; —+—: Ah=+3.5 m;

—o— : Ah=-15m; —*%—: Ah=+1.5m;

—a— Ah=0m.

Fig. 4
flecting surface height errors

Estimation performance of the proposed method with re-

The two methods’ estimation performance with reflec-
ting surface height errors are compared in Fig. 5. It can be
observed that the estimation accuracy of the highly de-
terministic ML method is closely related to the reflecting
surface height error. When there is no error of the reflec-
ting surface height, the highly deterministic ML method
has better performance. The height of the reflecting sur-
face can hardly be measured accurately, because the posi-
tion of the reflecting point varies with the target range or
height. When the height of the reflecting surface cannot
be obtained accurately, the estimation accuracy of the
highly deterministic ML method will decrease sharply.
From Fig. 5, it can also be observed that the highly de-
terministic ML method has an error floor with increasing
SNR. That is because noise no longer plays a leading role
for the estimation performance at high SNRs. And the re-
flecting surface height error causes a fixed estimation er-
ror which is larger than that of the noise. In the proposed
joint estimation method, the reflecting surface height er-
ror and the ground reflection coefficient error are in-
cluded in the compound reflection coefficient which is
estimated based on the echo data. Thus the proposed joint
estimation method is insensitive to the reflecting surface
height error.
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Estimation performance comparison with the highly de-

We also analyze the effect of the target velocity change
on the performance of the proposed method in Fig. 6. The
RMSEs of the target height under different SNRs are
compared. It can be seen that several meters per second
velocity error or change has little effect on the perform-
ance of the proposed method. Thus the proposed method
has good robustness to target velocity changes. In fact, it
is difficult to keep the target moving at a uniform radial
velocity against radar.

150 T 7 7 7 7

RMSE/m

Velocity change/(m-s™)

—— : SNR=0 dB; —%— : SNR=2.5 dB;
—»— :SNR=7.5dB; —©— : SNR=15dB.

Fig. 6 Estimation performance of the proposed method with velo-
city change against SNR

When the target gains acceleration, the RMSE per-
formance versus SNR is shown in Fig. 7. We observe that
theacceleration ofthe target has little effect on the estimation
performance of the target height. It is because the velo-
city change caused by the acceleration is small in a short
CPI time.
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0—15 -10 -5 0 5 10 15 20 25 30
SNR/dB

: Acceleration of target =0 g;

: Acceleration of target =3 g;

: Acceleration of target =6 g;

: Acceleration of target =9 g.

—X—

——

—k—
Fig. 7 Estimation performance of the proposed method with acce
leration against SNR

The influences of the ground specular reflection coeffi-
cient error on the performances of the proposed method
and the highly deterministic ML method are shown in
Fig. 8. It can be observed that the phase error of the
ground specular reflection coefficient has great influence
on the highly deterministic ML method. When the phase
of the ground specular reflection coefficient is consistent
with the true value, the highly deterministic ML method
has high estimation accuracy. When there is an error
between the phases of the real ground specular reflection
coefficient and that used in the simulation model, the per-
for-mance of the highly deterministic ML method is obvi-
ously deteriorated. Moreover, the estimation accuracy of
the highly deterministic ML method cannot be further im-
proved with increasing SNR. That is because the simula-
tion model does not match with the real scenario accu-
rately and a fixed error occurs. Since the proposed me-
thod uses the echo data to estimate the compound reflec-
tion coefficient and do not use the specular reflection
coefficient directly, the proposed method is robust to the
ground reflection coefficient error.

Finally, the practical data processing results of the pro-
posed joint estimation method are presented. The data
comes from a meter band uniform linear digital array
early warning radar with 20 elements and the interele-
ment distance being 0.64. The reflecting surface height of
a lake is 4 m and the radar center height is 10 m. A plane
as a target flies at the altitude of 7—8 km with an appro-
ximately uniform velocity. The direct distance from the
radar to the target is from 200 km to 250 km. For the far
distance target, we have considered the effect of the
curvature of the earth in the processing and therefore the
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plane can be thought as the low-angle target. From Fig. 9,
it can be seen that the processing result of the pro-
posed met-hod is better than that of the conventional ML
method.

-15-10 =5 0 5 10
SNR/dB

: The proposed method;

15 20 25 30

: The highly deterministic ML method, phase error of p=60°;
: The highly deterministic ML method, phase error of p=50°;
: The highly deterministic ML method, phase error of p=40°;
: The highly deterministic ML method, phase error of p=30°;
: The highly deterministic ML method, phase error of p=20°;
: The highly deterministic ML method, phase error of p=10°;

Frogsdt|

: The highly deterministic ML method, phase error of p=0°.

Fig. 8 Estimation performance when the amplitude error of p is
0.1 with different phase errors
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Fig. 9 Experiment data processing results

In Fig. 10, the proposed joint estimation method has
better performance in real data processing. The estima-
tion result of the highly deterministic ML method without
the reflecting surface height error is very close to the true
value. When the reflecting surface height error is 1.5 m or
more, the accuracy of the highly deterministic ML me-
thod is too poor to be used for the high-precision mea-
surement radar.
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8000 |\ | VI s, - Noeoses

7000

Estimated height of the target/m

6 000 ! : : -
200 210 220 230 240 250

Range between the target and radar/km
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—o— : The highly deterministic ML method, A/,= —3.0 m;
—a— : The highly deterministic ML method, Ah,= +3.0 m;
—¥—
——

: The highly deterministic ML method, A= —1.5 m;
: The highly deterministic ML method, Ah,= +1.5 m;
: The highly deterministic ML method, A/,= 0 m.

Fig. 10
height errors

Experiment data processing results with reflecting surface

5. Conclusions

In this paper, a robust low-angle target height estimation
method is proposed based on the compound reflection
coefficient multipath model. The proposed method uses
the echo data to obtain the compound reflection coeffi-
cient, and set up one-dimension generalized steering vec-
tor to estimate the target height. Thus it is robust to the
reflecting surface height error and the ground reflection
coefficient error. Moreover, the computation burden of
the proposed algorithm is low for its one-dimension vari-
able search. At last, the simulation and experiment re-
sults demonstrate the validity of the proposed method.
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