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ABSTRACT Meter wave radar height measurement is one of the most difficult problems in meter wave
radar system. At present, the most popular height measurement methods of meter wave radar include
beam splitting method, MUSIC algorithm and maximum likelihood estimation method, which can achieve
good performance under flat ground. However, the real ground is not ideal condition, and the situation of
undulating ground is also very complicated. Under this condition, the performance of the above algorithm
dropped sharply. Many researchers solve this problem by improving the robustness of the algorithm.
However, the authors think that the key to solve the problem is to establish a refined height measurement
signal model. In this paper, the accurate model of reflection coefficient, reflection height and reflection point
under the condition of undulating ground are established to provide accurate signal model for meter wave
radar height measurement. Then we deduce the application of generalized MUSIC algorithm and maximum
likelihood estimation algorithm for MIMO radar in the accurate terrain signal model. In fact, the method
proposed in this paper is a terrain matching MIMO radar target height measurement, and the traditional
algorithm can be regarded as terrain mismatch. The simulation results show that the accuracy of terrain
matching estimation of the precise signal model established in this paper is much better than that of the
traditional simplified signal model.

INDEX TERMS MIMO radar, height measurement, meter wave radar, precise signal model.

I. INTRODUCTION
With the development of stealth technology, meter wave radar
has ushered in World War II because of its strong anti stealth
ability. Direction of arrival (DOA) estimation has always been
one of the hotspots in radar field. Therefore, many scholars
began to pay attention to the meter wave radar angle estima-
tion problem, at this time the meter wave radar low elevation
angle estimation problem appeared in people’s field of vision.
Meter wave radar has a wide beam and low band [1], [2],
and there is multipath effect in low elevation area, which
means that direct wave and reflected wave are regarded as
a group of coherent signals. After a long period of research,
the conventional meter wave array radar has been developed
more mature and has many achievements.
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In low elevation measurement, a suitable signal model is
very important. Reference [3] proposed a low elevation height
measurement method based on lobes beam splitting due to
ground reflection with wide beam width of meter wave radar.
Its signal model is an ideal reflection signal model, and the
height measurement accuracy will drop sharply when the
terrain is not flat in reality. A generalized MUSIC algorithm
is proposed in Reference [4]. The algorithm can measure the
elevation angle of target under multipath interference without
decoherence processing, and has good angle measurement
accuracy. However, its signal model is still an ideal reflec-
tion model, and its height measurement accuracy will still
decline once it is in complex terrain. In order to solve the
problem of mismatching with the actual signal model, Refer-
ence [5] derived a meter wave radar multipath signal model
under complex terrain, and proposed a new height estima-
tion method based on alternating projection. The algorithm
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considers the influence of complex terrain on low elevation
angle height measurement, and reduces the complexity of the
algorithm. In Reference [6], a low elevation angle estima-
tion method for wide band radar based on super-resolution
algorithm is proposed, which is more suitable for complex
terrain than conventional narrow-band radar low elevation
estimation method.

As we all know, MIMO has the advantage of waveform
diversity. In parameter estimation, larger virtual aperture
can be obtained to improve the accuracy of angle estima-
tion [7]–[10]. Therefore, the low elevation angle estimation of
meter wave MIMO array radar has been widely studied. The
echo capability superposition method can improve the height
measurement accuracy of distributed MIMO radar [11], [12].
Height measurement of distributed MIMO radar is not the
focus of this paper, and will not be discussed here. For
co-located meter wave MIMO array radar, height measure-
ment methods include maximum likelihood [13], [14], gen-
eralized MUSIC [15], intelligent algorithm [16], [17], beam
splitting algorithm [18], time reversal and other technolo-
gies [19]. These methods can solve the problem of meter
wave MIMO radar height measurement. In addition, due to
the high degree of freedom and large amount of compu-
tation of MIMO array radar, the methods of beam space,
matrix beam and dimension reduction root reduction are
proposed in the References [20], [21] to reduce the calcula-
tion amount, which have achieved good height measurement
results. However, the reflection point on complex terrain in
References [13]–[22] is only located into one point, and the
reflection coefficients of all elements are the same values,
which is seriously inconsistent with the actual signal model.

In order to match the actual situation, a new complex
terrain signalmodel is proposed in this paper, which considers
the reflection points of each element in the array are in
different positions. In this signal model, the reflection points
of each element are different, and the reflection coefficient
is also different due to different reflection points. Firstly,
the situation of considering each element’s reflection point
under flat ground is deduced. Then, the traditional height
measurement model of undulating ground is briefly reviewed.
Then, the height measurement model of undulating ground
considering each element and each signal reflection point
is derived. Through theoretical derivation, the signal model
is close to the actual signal model. Finally, aiming at the
accurate terrain signal model, this paper deduces the applica-
tion of maximum likelihood method and generalized MUSIC
method in MIMO radar. This work appeared in part in the
Reference [23].

II. HEIGHT MEASUREMENT SIGNAL MODEL OF FLAT
GROUND
Consider an isotropic radar system with the highest element
as a reference, and its transmit signal is set to s(t). It is
assumed that the gain and characteristics of the receiving ele-
ments are the same, and the channel consistency is good. The
signal receiving schematic diagram of classical flat ground

FIGURE 1. Model of reflected signal of flat ground.

is shown in Figure 1. Notice: in this paper, Signal transmis-
sion is assumed to be non-attenuated, only the phase change
caused by delay.

Then the direct wave signal received by the reference array
element is:

s(t)e−j2π f
Rd,1
c , Rd,1 =

√
(ht − h1)2 + R2 ≈ R̄− h1 sin θd

(1)

where R̄ is the slant distance between the radar and the target,
c represents the speed of light, and f represents the operating
frequency of the radar, which is set to 300MHz in this paper.
Among them, the antenna height equals h1 = ha+ (N − 1)d .
ha is the height of the lowest antenna element of the antenna,
d is the distance between the elements with equal spacing,
N is the total number of array elements, R is the horizontal
distance of the projection of the antenna array and the target
on the horizontal plane, Rd,1 is the wave path from the target
to the reference array element, and ht is the height from the
target to the horizontal plane. θd is the target angle of the
direct wave.

The direct wave signal of the second array element from
top to bottom is:

s(t)e−j2π f
Rd,2
c , Rd,2 =

√
(ht − h2)2 + R2 ≈ R̄− h2 sin θd

(2)

The direct wave signal of the N -th element is:

s(t)e−j2π f
Rd,N
c , Rd,N =

√
(ht−hN )2 + R2 ≈ R̄−hN sin θd

(3)

Therefore, the direct wave signal vector can be written as:

xd (t)

=

[
s(t)e−j2π f

Rd,1
c , s(t)e−j2π f

Rd,2
c , · · · , s(t)e−j2π f

Rd,N
c

]T
= s(t)e−j2π f

R̄
c

[
ej2π f

h1 sin θd
c , ej2π f

h2 sin θd
c , · · · , e−j2π f

hN sin θd
c

]T
= s(t)e−j2π f

R̄−(ha+(N−1)d) sin θd
c

×

[
1, e−j2π f

d sin θd
c , · · · , , e−j2π f

(N−1)d sin θd
c

]T
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= s(t)e−j2π f
Rd,1
c

[
1, e−j2π f

d sin θd
c , · · · , , e−j2π f

(N−1)d sin θd
c

]T
= s(t)e−j2π f

Rd,1
c a(θd ) (4)

Next, the reflected wave signal received by the reference
array element is deduced as follows:

ρ1s(t)e−j2π f
Rs,1
c , Rs,1 =

√
(ht + h1)2 + R2

≈ R̄+ h1 sin θs
= Rd,1 +1R1 (5)

θs is the angle of the target reflected wave.1R1 is the wave
path difference between the direct wave and the reflected
wave, which is equal to 1R1 = 2 h1htR .
The reflected wave signal received by the second element

is:

ρ2s(t)e−j2π f
Rs,2
c , Rs,2=

√
(ht + h2)2 + R2 ≈ R̄+h2 sin θs

(6)

The reflected wave signal received by the N -th element is:

ρN s(t)e−j2π f
Rs,N
c , Rs,N =

√
(ht + hN )2 + R2

≈ R̄+ hN sin θs (7)

Therefore, the reflected wave signal vector can be written
as follows:

xs(t)

=

[
ρ1s(t)e−j2π f

Rs,1
c , ρ2s(t)e−j2π f

Rs,2
c , · · · ,ρNs(t)e−j2π f

Rs,N
c

]T
= s(t)e−j2π f

R̄
c[

ρ1ej2π f
−h1 sin θs

c , ρ2ej2π f
−h2 sin θs

c , · · · , ρN e−j2π f
−hN sin θs

c

]T
= s(t)e−j2π f

R̄+(ha+(N−1)d) sin θs
c[

ρ1, ρ2e−j2π f
d sin θs

c , · · · , ρN e−j2π f
(N−1)d sin θs

c

]T
= s(t)e−j2π f

Rs,1
c ρ �

[
1, e−j2π f

d sin θs
c , · · · , e−j2π f

(N−1)d sin θs
c

]T
= s(t)e−j2π f

Rs,1
c ρ � a(θs) (8)

Then the received data of the whole array is:

x(t)

= xd (t)+ xs(t)+ n(t)

= s(t)e−j2π f
Rd,1
c a(θd )+ s(t)e−j2π f

Rs,1
c ρ � a(θs)+ n(t)

=

[
a(θd )+ e−j2π f

Rs,1−Rd,1
c ρ � a(θs)

]
s(t)e−j2π f

Rd,1
c + n(t)

=

[
a(θd )+ e−j2π f

2h1ht
cR ρ � a(θs)

]
s(t)e−j2π f

Rd,1
c + n(t) (9)

It is noted that the inconsistency between the signal model
of the above-mentioned flat ground and the traditional signal
model is the reflection coefficient, which is a vector, while
the traditional reflection coefficient is regarded as a scalar,
that is, the ground of the reflection point is generally regarded

as a reflection point, as shown in Figure 2. Then the reflec-
tion coefficient is [ρ1 = ρ2 =, · · · ,= ρN = ρ]. In fact, it is
simplified here. It can be seen that the distance between the
reflection points is d

tan θs
, assuming d = 1 m, θs = 2◦,

the distance between adjacent reflection points is 28.6 m.
It can be seen that the distance between the reflection points
is relatively large. Thus, when the ground medium is not
uniform, it is not accurate to set the reflection coefficient
of the traditional algorithm to a value, which will affect the
height measurement effect.

FIGURE 2. Model of reflected signal from flat ground - simplified version.

III. TRADITIONAL HEIGHT MEASUREMENT MODEL OF
UNDULATING GROUND
Firstly, the signal model of traditional undulating ground is
introduced, and it is considered that there is only one undu-
lating reflection point, which is equivalent to making two
assumptions in the algorithm: one is that the reflection point is
only concentrated in one physical geometric point; secondly,
it is considered that the undulating reflection point has only
one value, which is equivalent to the simplified signal model
of undulating ground, as shown in Figure 3.

FIGURE 3. Reflected signal model of undulating ground-simplified
version.

For the undulating ground model, the received signal of
direct wave is consistent with the flat ground

xd (t) = s(t)e−j2π f
Rd,1
c a(θd ) (10)

For the reflected signal, it needs to be determined accord-
ing to the undulating ground, and the reflection points corre-
sponding to multiple array elements are reduced to the same
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reflection point. Therefore, first of all, we need to define the
height of the reflection point hs, and define the reflection
point as a negative number above the ground level. The
reflection point is a positive number if it is below the ground
level. Therefore, we can see that the height of the reflection
point is ha+hs, which ha is the height of the antenna (in fact,
in this simplified model, previous literatures and algorithms
do not know exactly). Then the horizontal distance of the
reflection point is (ha + hs)tan(θs), the calculation of the
reflection coefficient needs to use the dielectric constant and
conductivity of the point. The signal model of reflected wave
is derived as follows:

The reflected wave signal of the i− th element is:

ρis(t)e−j2π f
R̄s,i
c , R̄s,i =

√(
ht + hi + 2hs,i

)2
+ R2

≈ R̄+ (hi + 2hs,i) sin θs (11)

It should be emphasized that the reflection coefficient is
set to a value, that is [ρ1 = ρ2 =, · · · ,= ρN = ρ], the fluc-
tuation of reflection points is reduced to a value, i.e.[
hs,1 = hs,2 =, · · · ,= hs,N = hs

]
. Therefore, the reflected

signal vector of the whole array is:

xs,coarse(t)

=

[
ρs(t)e−j2π f

R̄s,1
c , ρs(t)e−j2π f

R̄s,2
c , · · · , ρs(t)e−j2π f

R̄s,N
c

]T
= ρs(t)e−j2π f

R̄
c

[
ej2π f

−(h1+2hs) sin θs
c , ej2π f

−(h2+2hs) sin θs
c ,

· · · , e−j2π f
−(hN+2hs) sin θs

c

]T
= ρs(t)e−j2π f

R̄+(h1+2hs) sin θ
c

×

[
1, e−j2π f

d sin θs
c , · · · , e−j2π f

(N−1)d sin θs
c

]T
= ρs(t)e−j2π f

R̄+(h1+2hs) sin θ
c

×

[
1, e−j2π f

d sin θs
c , · · · , , e−j2π f

(N−1)d sin θs
c

]T
= ρs(t)e−j2π f

R̄+(h1+2hs) sin θs
c a(θs) (12)

Therefore, the received data of direct wave plus reflected
wave of the whole array are as follows:

x(t)

= xd (t)+ xs,coarse(t)+ n(t)

= s(t)e−j2π f
Rd,1
c a(θd )+s(t)e−j2π f

R̄+(h1+2hs) sin θs
c ρa(θs)+ n(t)

=

[
a(θd )+ e−j2π f

R̄+(h1+2hs) sin θs−Rd,1
c ρa(θs)

]
s(t)e−j2π f

Rd,1
c

+n(t)

=

[
a(θd )+ e−j2π f

2h1ht
cR ρa(θs)

]
s(t)e−j2π f

Rd,1
c + n(t) (13)

IV. REFINED HEIGHT MEASUREMENT MODEL PROPOSED
IN THIS PAPER
In fact, target is not on the same horizontal line as the array
antenna; secondly, reflection points are not on the unified
horizontal line, that is, the height of reflection points are not

equal, and the grounds of the reflection points are inconsis-
tent. The refined structure of the reflected signal model of the
undulating ground is shown in Figure 4. Next, we derive the
refined signal model and calculate the ground of the reflection
point according to the height of the reflection point.

FIGURE 4. Reflected signal model of undulating ground-fine version.

First of all, it can be seen from Figure 4 that the wave path
of the direct wave using the existing algorithm is different
from that of the traditional algorithm, because the information
ht to be used is the height from the target to the antenna
horizontal plane. It should be noted that there are two types
of radar height measurement, one is the relative height of the
target, which is referred to in this paper ht , and the other is to
add the altitude on the basis of ht . But the height of the target
to the ground surface is never used in radar engineering.

We can see that the reflection points are not evenly dis-
tributed, that is, D1,D2,D3 are not equal. Next, the signal
model is deduced in detail.

The direct wave signal received by the reference array
element is:

s(t)e−j2π f
¯̄Rd,1
c , ¯̄Rd,1 =

√
(ht − h1)2 + R2 ≈ R̄− h1 sin θd

(14)

The direct wave signal received by the second array is:

s(t)e−j2π f
¯̄Rd,2
c , ¯̄Rd,2 =

√
(ht − h2)2 + R2 ≈ R̄− h2 sin θd

(15)

The direct wave signal received by the Nth array is:

s(t)e−j2π f
¯̄Rd,N
c , ¯̄Rd,N =

√
(ht − hN )2+R2 ≈ R̄−hN sin θd

(16)

Therefore, the direct wave signal vector can be written as:

¯̄xd (t)

=

[
s(t)e−j2π f

¯̄Rd,1
c , s(t)e−j2π f

¯̄Rd,2
c , · · · , s(t)e−j2π f

¯̄Rd,N
c

]T
= s(t)e−j2π f

R̄ sin θd
c

×

[
e−j2π f

h1 sin θd
c , e−j2π f

h2 sin θd
c , · · · , e−j2π f

hN sin θd
c

]T
= s(t)e−j2π f

R̄+h1 sin θd
c

[
1, e−j2π f

d sin θd
c ,· · ·,e−j2π f

(N−1)d sin θd
c

]T
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= s(t)e−j2π f
¯̄Rd,1
c

[
1, e−j2π f

d sin θd
c , · · · , , e−j2π f

(N−1)d sin θd
c

]T
= s(t)e−j2π f

¯̄Rd,1
c a(θd ) (17)

The reflected wave signal received by the reference array
element is:

ρ1s(t)e−j2π f
¯̄Rs,1
c , ¯̄Rs,1 =

√(
ht + (h1 + 2hs,1)

)2
+ R2

≈ R̄+ (h1 + 2hs,1) sin θs

=
¯̄Rd,1 +1R1 (18)

Wave path difference between the direct and reflected wave
equals 1R1 = 2 (h1+2hs,1)ht

R , ht − h1 = Rtanθd , ht + h1 =
RtanθS .
The reflected wave signal received by the second array

element is:

ρ2s(t)e−j2π f
¯̄Rs,2
c , ¯̄Rs,2 =

√(
ht + (h2 + 2hs,2)

)2
+ R2

≈ R̄+ (h2 + 2hs,2) sin θs

= Rd,2 + 2
(h2 + 2hs,2)ht

R
(19)

The reflected wave signal of the N element is:

ρN s(t)e−j2π f
¯̄Rs,N
c , ¯̄Rs,N =

√(
ht + (hN + 2hs,N )

)2
+ R2

≈ R̄+ (hN + 2hs,N ) sin θs

= Rd,N + 2
(hN + 2hs,N )ht

R
(20)

Therefore, the reflected wave signal vector can be written
as follows:

¯̄xs(t) =
[
ρ1s(t)e−j2π f

¯̄Rs,1
c , · · · , ρN s(t)e−j2π f

¯̄Rs,N
c

]T
= s(t)e−j2π f

R̄
c

[
ρ1ej2π f

−(h1+2hs,1) sin θs
c ,

· · · , ρN ej2π f
−(hN+2hs,N ) sin θs

c

]T
= s(t)e−j2π f

R̄+h1 sin θs
c

×

[
ρ1ej2π f

−2hs,1 sin θs
c , · · · ,

ρN ej2π f
−2hs,N sin θs

c e−j2π f
(N−1)d sin θs

c

]T
= s(t)e−j2π f

R̄+h1 sin θs
c

×

[
ρ1ej2π f

−2hs,1 sin θs
c , · · · ,

ρN ej2π f
−2hs,N sin θs

c e−j2π f
(N−1)d sin θs

c

]T
(21)

where

ρ(hs,i) = [ρ1(hs,1), ρ2(hs,2), · · · , ρN (hs,N )]T (22)

aterrain(hs,i) =
[
ej2π f

−2hs,1 sin θs
c , · · · , ej2π f

−2hs,N sin θs
c

]T
(23)

¯̄xs(t) = s(t)e−j2π f
R̄+h1 sin θs

c ρ(hs,i)�aterrain(hs,i)� a(θs)

(24)

Therefore, the signal model of the whole array can be
written as Equation (25).

Finally, we need to discuss the horizontal distance of the
reflection point, because the ground of the reflection point
directly determines the reflection coefficient. First, from
Figure 4, we can see that the reflection points of each array
element are inconsistent, which is a function of the elevation
angle θs of the incident reflected wave and the height hs,i of
the reflection point. The horizontal distance of the reflection
point of each array element can be calculated by simple
trigonometric function as (hi + hs,i)tanθs.

x(t)

= ¯̄xd (t)+ ¯̄xs(t)+ n(t)

= s(t)e−j2π f
¯̄Rd,1
c a(θd )

+ s(t)e−j2π f
¯̄Rs,1
c ρ(hs,i)� aterrain(hs,i)� a(θs)+ n(t)

=

[
a(θd )+e−j2π f

R̄+h1 sin θs−¯̄Rd,1
c ρ(hs,i)�aterrain(hs,i)� a(θs)

]
· s(t)e−j2π f

¯̄Rd,1
c + n(t)

=

[
a(θd )+ e−jδρ(hs,i)� aterrain(hs,i)� a(θs)

]
· s(t)e−j2π f

Rd,1
c + n(t) (25)

The wave path difference in Equation (25) is defined as:

δ = 2π f
2h1ht
cR

(26)

It should be noted that the wave path difference in
Equation (26) is not the real wave path difference, and the
influence aterrain(hs,i) needs to be added. Obviously, when
the terrain has no undulation, aterrain(hs,i) becomes a vector
with constant 1, and Equation (25) degenerates into themirror
reflection model of Equation (9).

V. PRECISE HEIGHT MEASUREMENT MODEL OF MIMO
RADAR IN COMPLEX TERRAIN
Above, we have established the signal receiving model of
complex terrain. However, unlike the traditional meter wave
radar, the meter wave MIMO radar signal has four transmis-
sion channels. So in this section, we extend it to meter wave
MIMO array radar. The signal model of four transmission
paths corresponding to one target of meter waveMIMO radar
is shown in Figure 5.

From Figure 5, we can clearly see the four transmission
paths of the meter wave MIMO radar. Then the two paths
in Equation (25) are extended to the four paths. For MIMO
radar, the signal model after matched filtering is Kronecker
product of transmitted and received signals. This has been
deduced in previous meter wave MIMO radar [13], [14], it is
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FIGURE 5. Reflection model of complex terrain in low elevation of meter
wave MIMO radar.

extended to the form of complex terrain, as follows.

xmimo(t)

=

[
at (θd )+ e−jδρ(hs,i)� aterrain(hs,i)� at (θs)

]
⊗

[
ar (θd )+ e−jδρ(hs,i)� aterrain(hs,i)� ar (θs)

]
s(t)

+nmimo(t) (27)

In this signal model, it is assumed that the transmitting and
receiving elements are shared, that is, the transmitter and
receiver are co-located. Then, we have{

at (θd ) = ar (θd ) = a(θd )
at (θs) = ar (θs) = a(θs)

(28)

It is usually assumed that the noise nmimo(t) ∈ CM2
×1 is

white noise. The height measurement task of meter wave
MIMO radar is to calculate the parameters θd according to
the received data in Equation (27).

VI. METER WAVE MIMO RADAR HEIGHT MEASUREMENT
BASED ON MAXIMUM LIKELIHOOD AND GENERALIZED
MUSIC UNDER THE PRECISE SIGNAL MODEL
The before results show that the relationship between ‘‘coher-
ent signal’’ and ‘‘multipath signal’’ in conventional phased
array can be basically the same. All the effective algorithms
for coherent signal processing can be applied to multipath
signal, such as the classical spatial smoothing decoherence
algorithm. However, the relationship between ‘‘coherent sig-
nal’’ and ‘‘multipath signal’’ inMIMO radar is not equivalent.
Because of the mutual penetration of signals in MIMO radar,
the traditional spatial smoothing cannot be used, and the tra-
ditional subspace based classical super-resolution algorithms
ESPRIT and MUSIC cannot be used directly. Therefore,
super-resolution algorithms such as maximum likelihood
algorithm and generalized MUSIC algorithm without deco-
herence are fully used in MIMO radar height measurement.
The application of these two algorithms inmeter waveMIMO
radar is briefly reviewed.

A. MAXIMUM LIKELIHOOD
Maximum likelihood estimation is one of the most common
and effective parameter estimation methods in array signal

processing. It can be seen from the parameter selection cri-
teria that the algorithm is not affected by the correlation
between signals.

Firstly, the signal source and steering vector in the received
data of MIMO radar in Equation (27) are recombined into the
following form:[
at (θd )+ e−jδρ(hs,i)� at (hs,i)� at (θs)

]
⊗

[
ar (θd )+ e−jδρ(hs,i)� ar (hs,i)� ar (θs)

]
s(t)

=
[
at (θd )ρ(hs,i)� at (hs,i)� at (θs)

]
⊗
[
ar (θd )ρ(hs,i)� ar (hs,i)� ar (θs)

]
1
ejδ

ejδ

ej2δ

 s(t) (29)

Then, the received data in Equation (27) can be written as
follows:

xmimo(t) = Amimo(θd , θs, hs,i)s̄(t)+ nmimo(t) (30)

where

A(θd , θs, hs,i)

=
[
at (θd )ρ(hs,i)� at (hs,i)� at (θs)

]
⊗
[
ar (θd )ρ(hs,i)� ar (hs,i)� ar (θs)

]
∈ CM2

×4 (31)

We define the equivalent signal vector as follows.

s̄(t) =


1
ejδ

ejδ

ej2δ

 s(t) (32)

For detailed derivation, please refer to the formula (5.2.10)
on page 148 of Reference [24]. The maximum likelihood
estimation criterion can be expressed as follows:

θ̂ = − argmax
θ

tr
[
PA(θ )R̂mimo

]
(33)

where θ̂ is the maximum likelihood estimation of θ ,A(θ ) is
the steering vector matrix, R̂mimo is the estimated covariance
matrix of the array output signal, PA(θ ) is the projection
matrix of the column vector projected into the space of the
steering vector matrix A(θ ), and its value is equal to:

PA(θ ) = A(θ )
[
AH (θ )A(θ )

]−1
AH (θ ) (34)

According to the above definition, it can be seen that for
MIMO array radar, the maximum likelihood in Equation (33)
θ =

[
θd θs, hs,i

]
is the direct wave, reflected wave and field

fluctuation parameters of the source. The steering matrix and
signal covariance matrix in Equation (33) are as follows:{

A(θ ) = Amimo(θd , θs, hs,i)

R̂mimo = E
{
xmimo(t)xmimo(t)H

} (35)
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TABLE 1. Orthogonality of ‘‘steering vector’’, ‘‘steering matrix’’ and ‘‘noise
subspace’’.

B. GENERALIZED MUSIC
Traditional MUSIC algorithm is based on the orthogonality
of signal subspace and noise subspace. However, in MIMO
radar, due to the influence of coherent signal, the steering
vector is not orthogonal to the noise subspace. Even if a
certain method is used to decoherence, the steering vector
signals penetrate each other, which leads to the fact that the
steering vector is not orthogonal to the noise subspace, so the
traditional MUSIC algorithm cannot be directly applied.
The generalized MUSIC is also based on the orthogonality
of signal subspace and noise subspace. But it does not use the
steering vector, but uses the principle that the steering matrix
is orthogonal to the noise subspace. In this paper, we need
to pay attention to the relationship among ‘‘steering vector’’,
‘‘steering matrix’’ and ‘‘noise subspace’’, as shown in Table1.

It can be clearly seen from the above table that traditional
MUSIC is not available for MIMO array radar, while gen-
eralized MUSIC is available. The noise subspace En and
signal subspace Es are obtained by eigendecomposition of
the covariance matrix R̂mimo of matched filteredMIMO array
radar. According to the derivation of Reference [4], the gen-
eralized MUSIC spectrum is as follows:

P(θ ) =
det

[
Amimo(θd , θs, hs,i)HAmimo(θd , θs, hs,i)

]
det

[
Amimo(θd , θs, hs,i)HEnEHn Amimo(θd , θs, hs,i)

]
(36)

where det [·] is to find its determinant.

C. DIMENSION REDUCTION PROCESSING
Both the maximum likelihood Equation (33) and the gen-
eralized MUSIC Equation (35) involve multidimensional
search. This amount of calculation is not acceptable in engi-
neering, so it needs to be reduced the searching dimension.
Firstly, the geometric relationship between direct wave and
reflected wave can be used to reduce the dimension, as
follows.

θs = − arcsin(sin θd + 2ha/R) (37)

In addition, in the following simulation, some assumptions
are made to further reduce the searching dimension. One is
to assume that the height of terrain relief is known, that is

the parameters hs,i, i = 1, · · · ,M are known. Second, when
calculating the reflection coefficient, the dielectric constant
εr and surface material conductivity σe of the reflection
coefficient are known, and the calculation formula of the
reflection coefficient is as follows [26].

ρ(θd , hs,i) =
sin θd −

√
ε(hs,i)− cos2 θd

sin θd +
√
ε(hs,i)− cos2 θd

(38)

ε(hs,i) is the surface complex permittivity, which can be
expressed by relative permittivity and surface material
conductivity:

ε(hs,i) = εr (hs,i)− j60λσe(hs,i) (39)

The dielectric constant εr (hs,i) and surface material conduc-
tivity σe(hs,i) of different ground surfaces can be found in
Reference [26]. In fact, we cannot get the reflection coeffi-
cient accurately. Therefore, it needs other more robust angle
estimation algorithms, but this is not the focus of the paper.

VII. COMPUTER SIMULATIONS
The number of transmitting elements of meter wave MIMO
array radar equals M = 10, the array element spacing is
half wavelength. The incident frequency is 300MHz, then the
incident wavelength is λ = 1 m, the target direct wave angle
is set as θd = 6 degrees, then the reflection angle can be
calculated according to Equation (37). The antenna height is
ha = 5 m, and the target height is ht = 3000 m.
The complex terrain is set as follows. The reflection coef-

ficient is set to two parts. The first one corresponding to
the first half array is set the dielectric constant and sur-
face material conductivity equal εr = 80 and σe = 0.2.
The second one corresponding to the second half array is
set the dielectric constant and surface material conductivity
equal εr = 75 and σe = 0.5. The fluctuation of the com-
plex terrain in the reflection area is set as hs,i,i=1,··· ,M =
[0.10.20.30.40.50.50.40.30.20.1]T .
Example 1 (Spatial Spectrum): The SNR is set as SNR =

20 dB. The number of snapshots is set to 10. In Figures 6 and
Figure 7, the terrain matching algorithms based on gen-
eralized MUSIC and maximum likelihood estimation are
given, and the simulation results of terrain mismatch caused
by complex terrain are given respectively. In the follow-
ing figures, terrain matching algorithms based on maximum
likelihood and generalized MUSIC are marked with Match
ML and Match G-MUSIC, respectively. Terrain mismatch-
ing algorithms based on maximum likelihood and general-
ized MUSIC are marked with Mismatch ML and Mismatch
G-MUSIC, respectively. We can see that the matching algo-
rithms can correctly estimate the real angle value, but the
spectrum peak of the mismatch algorithm has shifted.
Example 2 (Results of RMSE Varying With SNR for

Elevation and Height Estimation): The root mean square
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FIGURE 6. Maximum likelihood results.

FIGURE 7. Generalized MUSIC results.

error (RMSE) of estimation results is defined as:

RMSE =

√√√√√ 1
Monte

Monte∑
p=1

E[(α̂p − αp)2] (40)

where α̂ = θ̂d is the direct wave angle estimation value,
α = θd is the real target angle value. When the target height
is estimated, the parameter denote α̂ = ĥt , and α = ht is the
real value of the target height. 1000Monte Carlo experiments
runs. The number of snapshots is set to 10. The SNR changes
from 0 to 25 dB. The angle estimation RMSE and height
measurement RMSE of maximum likelihood and generalized
MUSIC algorithm are given in Figures 8 and 9. It can be seen
from the figure that these two algorithms can be correctly
applied in the field of MIMO radar height measurement. The
estimation accuracy of the matching algorithm is reduced
with the increase of SNR, it is an unbiased estimation. The
estimation accuracy of the mismatch algorithm cannot be
reduced with the increase of SNR, it is a biased estimation.

FIGURE 8. Angle estimation RMSE of maximum likelihood and
generalized MUSIC algorithm.

FIGURE 9. Height measurement RMSE of maximum likelihood and
generalized MUSIC algorithm.

FIGURE 10. Angle estimation RMSE of maximum likelihood and
generalized MUSIC algorithm.

Example 3 (Results of RMSE of Elevation and Height
Estimation VaryingWith the Number of Snapshots): The SNR
is set as SNR = 20 dB. The number of snapshots is set
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FIGURE 11. Height measurement RMSE of maximum likelihood and
generalized MUSIC algorithm.

as from 2 to 20. The angle estimation RMSE and height
measurement RMSE of maximum likelihood and generalized
MUSIC algorithm are given in Figures 10 and 11. It can be
seen from the figures that it has the similar conclusion to that
of example 2.

VIII. SUMMARY
Aiming at the problem of meter wave radar height measure-
ment, the author realizes that the reflection signal model of
the ground is the key point of height measurement problem,
points out the problem of simplifying the reflection point
of the flat ground model, and gives the calculation of the
horizontal ground of the reflection point, so that the reflection
coefficient of each array element can be obtained accurately,
which is more accurate than the original model. Secondly, for
the undulating ground, the traditional reflection model mis-
match is serious, which greatly affects the accuracy of height
measurement. In this paper, the closed form calculation of
the wave path difference and the height of each reflection
point are given. The accurate reflection steering vector is
obtained, and the calculation formula of the reflection point
ground is given. It is extended to MIMO radar, and then
two corresponding height measurement algorithms are given.
Simulation results show that the algorithm of surface terrain
matching is better than the estimation of terrain mismatch
algorithm.
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