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ABSTRACT In order to improve the feasibility of low-elevation height measurement for meter-wave
multiple-input multiple-output (MIMO) radar, a virtual sub-array-level beam splitting low-elevation height
measurement algorithm is proposed. The algorithm can solve the coherence problems caused by low-angle
multipath reflection, target reflection wave and direct wave coupling, and quickly measure the low elevation
angle of the target on a flat ground, and then obtain the target height through the geometric relationship.
First, establish an error graph in advance according to the radar frequency, antenna height and reflection
coefficient; then combine the nine virtual channels of the three-elementMIMO radar into three channels; then
use the phase difference between adjacent channels to perform low-elevation encoding to confirm the target
elevation range; The calculated amplitude error value is compared with the error curve diagram established
in advance to obtain the target low elevation angle; finally, the target height data is obtained according to
the geometric relationship. The signal model and error formula under complex terrain are finally derived.
The simulation verifies the accuracy and superiority of the proposed algorithm on flat ground and complex
undulating ground.

INDEX TERMS MIMO radar, beam split, low elevation angle, meter wave radar, angle estimation.

I. INTRODUCTION
The wavelength of the meter wave radar is generally in
the meter wave band. Because of its long wavelength,
it has natural advantages in anti-stealth, anti-radiation mis-
siles, air defense early warning, etc. However, the meter
wave radar has a wide beam and strong ground reflection.
When detecting low-altitude targets, it will encounter coher-
ent multipath signals, low Signal-to-noise ratio(SNR) and
other issues [1]–[5]. So its low elevation angle measure-
ment accuracy is lower, making it impossible to meet the
needs of low altitude target detection. Therefore, the issue
of meter wave radar height measurement has attracted the
attention of many well-known scholars. Many researches
on the height measurement of conventional phased array
radar have been conducted. In [6], A method of height
measurement based on beam splitting is proposed, which
is simple, practical and conducive to engineering realiza-
tion. Paper [7] derives a meter wave radar multipath signal
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model under complex terrain, and proposes a new height
estimation method based on Alternate Projection(AP). This
algorithm takes into account the influence of complex terrain
and reduces the complexity of the algorithm. Paper [8] applies
neural network technology in the field of conventional phased
array meter wave radar, and obtained good angle measure-
ment accuracy. Paper [9] proposes a low-elevation estimation
method for wideband radar based on super-resolution algo-
rithm, which is more suitable for complex terrain than the
low-elevation estimation method of narrowband radar.

Compared with conventional phased array radars,
Multiple-input Multiple-output (MIMO) radar, by adopting
waveform diversity technology, gains advantages in angle
measurement accuracy, anti-interference ability, anti-stealth
effect, and multi-target tracking ability [10]–[13]. Therefore,
the use of MIMO radar for low elevation angle estimation has
become a development trend today, and hence has attracted
the attention of many researchers [14]–[17]. Compared with
the conventional meter-wave phased array radar, one tar-
get of the meter-wave MIMO radar corresponds to four
transmission paths [18], [19], which causes the meter-wave
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MIMO radarto have the problem of coherent sources as well
as mutual penetration of steering vectors. Super-resolution
algorithms are mainly divided into two categories. The first
category is a subspace algorithm represented by Multiple
Signal Classification (MUSIC) algorithms [20]. Because of
the existence of multipath coherent signals, elevation angle
estimation performance of this type of algorithm is poor.
Although the spatial smoothing technique [21] can alleviate
the coherence problem, it is at the expense of array aperture.
In order to solve this problem, paper [22] proposes a gen-
eralized MUSIC algorithm. This paper constructs a steering
matrix that is still orthogonal to the noise subspace when
coherent sources exist, and obtains good angle measurement
accuracy. In addition, paper [23] proposes to use polarization
smoothing algorithm to process the echo signal, and then
use the generalized MUSIC algorithm to solve the coherence
problem of low-altitude targets. Thismethod uses the geomet-
ric information of the symmetrical multipath model to reduce
the amount of calculation and can solve the application prob-
lem of meter wave radar altitude measurement under extreme
conditions. The second category is the maximum likelihood
(ML) algorithm [24], [25], which can process coherent sig-
nals without decoherence processing, so it can be directly
applied in MIMO radar and has good angle measurement
accuracy. However, the computational complexity of this
algorithm is too high. In order to reduce the computational
complexity, the AP technique [26] is introduced to implement
the ML estimation algorithm. In addition, paper [27], [28]
uses prior information such as target distance, radar height,
and surface reflection coefficient to reduce the number of
unknown parameters, so that only one-dimensional search
is performed on the target height. Prior information helps to
improve performance and reduce the amount of calculation,
but it is difficult to obtain in practical applications.

In recent years, many excellent height measurement algo-
rithms have been proposed on the basis of the aforementioned
low-angle target height measurement methods. Paper [19]
proposes a ML method based on the beam space of the
MIMO radar virtual array. Compared with the conventional
ML estimation algorithm, this method has a lower calculation
amount and better performance. In addition, paper [29] pro-
poses a fast low-angle target estimation method for MIMO
radar with arbitrary array configuration. This method has
a small amount of calculation, but the accuracy of angle
measurement is low under low SNR. In order to make full
use of the energy of multipath signals, paper [14] and [30]
proposes a peak search algorithm of low-angle estimation
based on multipath echo signal power and MIMO radar spa-
tial diversity. This algorithm makes full use of the energy
of multipath signals and can measure the elevation angle of
low-altitude targets without decoherence. Time reversal (TR)
technology can make full use of the energy of multipath sig-
nals, so paper [31] proposes an adaptive time reversal beam
space MUSIC (ATR-BSMUSIC) algorithm, which does not
require decoherence processing and has a low computational
load. In order to solve the influence of color noise, paper [18]

uses the covariance difference method to eliminate the color
noise, then uses thematrix reconstructionmethod to eliminate
the interference of the multipath signal, and finally uses the
unitary Estimation of Signal Parameter via Rotational Invari-
ance Technique (ESPRIT) algorithm to obtain the elevation
angle. Paper [15] considers both transmission and recep-
tion multipaths, and proposes a height estimation method
based on rank 1 constraint and sparse representation. In both
simple multipath and complex multipath situations, this
method can effectively improve the accuracy of target height
estimation.

The algorithms proposed in the above documents all have
good angle measurement accuracy, but their application in
engineering is limited due to the large calculation load.
In order to further reduce the practical application difficulty
of low elevation angle estimation for meter-wave MIMO
radar, this paper proposes a virtual sub-array-level beam split-
ting height measurement algorithm for MIMO radar based on
the paper [6]. Simple and practical, this method can quickly
obtain the target low elevation angle, and can be easily
implemented in engineering. The specific procedures of this
method are as follows. Firstly, MIMO radar is proved to have
the phenomenon of beam splitting in the low-elevation area;
then the target elevation range is determined by the phase
difference of adjacent elements; then according to the error
graph, the actual error signal value is extracted by the error
formula to obtain the low elevation angle of the target; finally
the geometric relationship is analyzed to obtain the height of
the target.

The rest of this paper is organized as follows. Section II
derives a signal model suitable for MIMO radar beam split-
ting algorithm. Section III derives and analyzes the MIMO
radar virtual subarray beam splitting algorithm proposed in
this paper in detail, and lists the algorithm steps. Section IV
derives the signal model and the corresponding error value
formula of the proposed algorithm under complex terrain, and
uses many simulation experiments to verify it. In Section V,
the performance of the proposed method is verified through
a large number of simulations. Section VI summarizes the
conclusions of this paper.

II. SIGNAL MODE
Assume a monostatic MIMO radar system with M sensors
installed vertically on the horizontal plane. The transmitted
signal is a set of orthogonal signals ϕ (t) ∈ CM×1, and the
height of the array element is Hk , k = 1, . . . ,M . Assuming
that the height and elevation of the target are HT and β,
the slant distance between the target and the antenna is R,
and the incident angle of the direct wave is θd , and the
reflection angle is θi, respectively. If condition R � HT is
met, equation β ≈ θd ≈ −θi exists [22]. When the signal
reaches the target, Rrd,k and Rri,k are the lengths of the direct
path and the indirect path from the signal to the kth antenna
[6], respectively. The direct path and reflected path from the
target to the kth antenna are Rrd,k and Rri,k . Respectively,if
the receiving antenna and the transmitting antenna are shared,
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the relationship Rtd,k = Rrd,k and Rti,k = Rri,kare estab-
lished. According to the geometric relationship, the direct
path and the reflected path can be expressed as follows:

Rtd,k = Rrd,k =
√
R2 − H2

T + (HT − Hk)
2

=

√
R2 − 2RHk sinβ + H2

k

≈

√
R2 − 2RHk sinβ + (Hk sinβ)2

= R− Hk sinβ (1)

Rti,k = Rri,k =
√
R2 − H2

T + (HT + Hk)
2
≈ R+ Hk sinβ

(2)

From formula (1) and (2), the expression of the signal
arriving at the target can be derived as follows

x (t, β)

=

M∑
k=1

[
exp

(
−jκRtd,k

)
+ 0 exp

(
−jκRti,k

)]
ϕk (t)

≈

M∑
k=1

[
j2 sin (κHk sinβ) exp (j (−κHk sinβ − κR))

]
ϕk (t)

=

M∑
k=1

[
2 sin (κHk sinβ) exp

(
j
(π
2
− κHk sinβ − κR

))]
×ϕk (t)

= ATt Z (t) (3)

In formula (3), κ = 2π/λ, 0 is the horizontal polarization
reflection coefficient, which is taken as −1. In addition,
in order to simplify the formula, there are the following
settings:

At =
[
2 sin (κH1 sinβ) exp(−jκH1 sinβ), . . . ,
2 sin (κHk sinβ) exp(−jκHk sinβ)

]T
, k =

1, . . . ,M , Z (t) = exp
(
j
(
π
2 − κR

))
ϕ (t). After further

deduction, the data received by the m-th receiving array
element can be expressed as

sm (t, β)

= [exp
(
−jκRrd,m

)
+ 0 exp

(
−jκRri,m

)
]x (t, β)

+ nm (t)≈ j2 sin (κHm sinβ) exp (j (−κHm sinβ−jκR))

x (t, β)+ nm (t)

= 2 sin (κHm sinβ) exp
(
j
(π
2
− κHm sinβ − κR

))
x (t, β)+ nm (t)

= Ar,mAtZ (t)+ nm (t) (4)

where nm (t) is Gaussian white noise. Since it is assumed
that the receiving antenna and the transmitting antenna are
shared, the received data of the entire receiving array can be
approximately expressed as

S (t, β) = ArATt Z (t)+ n (t), ∈ C
M×1 (5)

Using the orthogonality between the transmitted signals,
the output of the above received data processed by a set of

FIGURE 1. MIMO radar beam splitting diagram.

matched filters can be expressed as:

S =
∫
S (t, β)ϕ (t)H

= ArATt exp (j (π − 2κR))+ N (t), ∈ CM×M (6)

The element in the mth row and kth column in formula (6)
is the reflection data of the kth transmitting array element
received by themth receiving array element through the target
and the ground:

Sm,k = 4 sin (κHm sinβ) sin (κHk sinβ)

× exp (j (π − 2κR− κ(Hk + Hm) sinβ)) (7)

When the radar operating frequency is 180MHz and the
antenna height is H1 = 4m, H2 = 6m, H3 = 9m respectively,
the beam splitting diagram shown in Fig. 1 can be obtained.
It is not difficult to find from Fig. 1 that it has a beam

splitting phenomenon, but its beam is lossy andmessy. Obser-
vation shows that when m = k, it has a strict beam splitting
phenomenon, and there is no loss phenomenon, is shown in
the following formula.

Sk,k = 4 sin (κHk sinβ)2 exp
(
jϕk,k

)
(8)∣∣Sk,k ∣∣ = 4 sin (κHk sinβ)2 (9)

where ϕk,k = π − 2κR− 2κHk sinβ, observing formulas (8)
and (9), we can find:

(1) When formula κHk sinβ = nπ is established (n is
an integer), formula

∣∣Sk,k ∣∣ = 0 is established. At this time,
the received data amplitude is 0, which leads to a blind zone
in the angle measurement; when sinβ = (2n + 1)λ/ (4Hk)
and sinβ = nλ/ (2Hk) are established, the amplitude of the
received data signal is at the peak and trough positions. It is
not difficult to find that the positions of the peaks and troughs
are related to the wavelength and the height of the antenna.

(2) The phase angle of κHk sinβ is in the interval between
(2nπ, (2n + 1)π ) and ((2n + 1)π, (2n + 2)π ), that is,
when sinβ is in the interval (nλ/Hi, (2n+ 1) λ/ (2Hi))
and ((2n+ 1) λ/ (2Hi) , (n+ 1) λ/Hi), the phase of Sk,k is
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FIGURE 2. Beam splitting diagram of main element.

ϕk,k or π+ϕk,k . respectively, it can be found that the adjacent
beam splitting has a "phase inversion" relationship.

From the above analysis, it can be found that MIMO
radar can also use beam splitting for low elevation angle
measurement, and MIMO radar has the advantages of vir-
tual aperture expansion, strong anti-interference ability, and
high resolution. Therefore, the use of MIMO radar beam
splitting for low elevation angles will increase measurement
accuracy.

III. HEIGHT MEASUREMENT METHOD FOR METER WAVE
MIMO RADAR BASED ON BEAM SPLITTING
A. BEAM SPLITTING ALGORITHM BASED ON MIMO
RADAR MAIN ELEMENT
Consider a vertically-placed MIMO radar system, where the
transceiver elements are shared and the number of elements
is M = N = 3. According to the expansion characteristics
of MIMO radar virtual array elements, it can expand the
number of array elements from 3 to 9, and the data received
by each virtual array element is as shown in equation (7).
From the analysis in the previous section, it can be seen that
MIMO radar also has beam splitting in the low-elevation
area, but the received data of the 6 virtual array elements
has attenuation, and the effect of directly applying the beam
splitting method of conventional array radar is poor. Through
observation, it can be found that the received data of the three
main elements will not be attenuated. Therefore, this paper
uses the three main elements to perform beam splitting angle
measurement, that is, use the received data when m = k to
perform angle measurement. Fig. 2 shows the beam splitting
diagram of the three virtual array elements Sk,k , k = 1, 2, 3.
It can be found from Fig. 2 that the crests and troughs of each
antenna are staggered, and they are just complementary to
cover the blind area of the angle measurement.

Assuming that the antenna height difference is much
smaller than the radar range resolution. In the far-field con-
dition, the signal emitted by the k-th transmitting antenna is
received by the k-th receiving antenna after reflection, and the
signal model is formula (8).

TABLE 1. Elevation angle coding diagram.

When formula 0 < κHk sinβ < π is established, here
has formula 0 < sinβ < λ/ (2Hk). At this time, the phase
difference of the signals received by two adjacent array
elements is:

φk,k+1 = 8[Sk+1,k+1]−8[Sk,k ]

≈ 2κ(Hk+1 − Hk ) sinβ (10)

In formula (10), 8 represents the phase angle obtained. It
is not difficult to find that the target elevation angle can be
obtained from formula (10), but it can be found from the peri-
odicity of the sine function that the elevation angle obtained
by directly using formula (10) will have multiple values. For
example, λ = 1.66m Hk = 9m and β > 5.3◦, there will be
multiple values at that time. Therefore, the range of elevation
angle obtained only by the phase comparison method is too
small, which is not suitable for practical applications.

In order to solve the above-mentioned multi-value problem
and expand the angle measurement range, the elevation angle
range of the target can be determined according to the phase
difference encoding. It is found through experiments that the
phase difference of S11, S21, S31 in the received data can be
used to determine the elevation range of the target. Since
the beam has a "phase inversion" phenomenon, the phase of
S11, S21, S31 is ϕ11, ϕ21, ϕ31 or π+ϕ11, π+ϕ21, π+ϕ31. Its
phase difference is

φ1,2 = ±π + κ(H2 − H1) sinβ,

φ1,3 = ±π + κ(H3 − H1) sinβ,

φ2,3 = ±π + κ(H3 − H2) sinβ (11)

Take the sign function of the above formula to get

Ci,j = sign
[
cos

(
φi,j
)]
=

 1, cos
(
φ‘i,j

)
≥ 0

0, cos
(
φ‘i,j

)
< 0,

i = 1, 2; j = 2, 3; i < j (12)

Use C1,2,C1,3,C2,3 as the code to determine the elevation
range. When the radar frequency is 180MHz and the antenna
height is H1 = 4m, H2 = 6m, H3 = 9m, the elevation
angle code and the corresponding elevation angle range can
be calculated in Table 1, When the elevation angle is greater
than 12, there will be a multi-value phenomenon, but this
angle range has satisfied the practical need of low elevation
angle height measurement.

After we determine the target elevation angle interval,
the following formula can be obtained by processing
the amplitude ratio of the data received by different
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array elements [32], which is called the error formula in
this paper.

Ei,j (β) =

∣∣Si,1∣∣− ∣∣Sj,1∣∣∣∣Si,1∣∣+ ∣∣Sj,1∣∣ , i = 1, 2 j = 2, 3.i < j (13)

Substituting formula (7) for the formula (13) to simplify and
obtain

Ei,j (β)=
sin
(
κ
(
Hi+Hj

)
sinβ

)
sin
(
κ
(
Hi−Hj

)
sinβ

)
1−cos

(
κ
(
Hi+Hj

)
sinβ

)
cos

(
κ
(
Hi−Hj

)
sinβ

)
(14)

Observing the above formula, we can find that the error
formula is related to the wavelength and antenna height.
When measuring the elevation angle, you can first determine
the radar operating frequency and the antenna height of each
element. The following figure shows the error curve of the
above formula. It can be seen that due to the existence of
beams splitting, the following figure has a multi-value phe-
nomenon, but it is a single value in each elevation angle
coding interval, so we can first confirm the elevation angle
range according to the elevation angle coding, and determine
which one or two error curves to obtain the target elevation
angle. In addition, because there is a jump phenomenon at
the inflection point of the error curve, when selecting the
error curve, the error curve with a large slope can be selected
for search and comparison to improve the accuracy of angle
measurement.

B. VIRTUAL SUBARRAY BEAM SPLITTING ALGORITHM
BASED ON MIMO RADAR
The method proposed in the previous section can correctly
measure the low elevation angle of the target. This method
fails to reflect the advantages of the MIMO radar virtual
extended array element, because it only uses the received
data of the main virtual array element rather than other vir-
tual array elements. Compared with the conventional array
beam splitting algorithm, its angle measurement accuracy is
not much improved,so it is not practically valuable. There-
fore, this section proposes a virtual subarray beam splitting
algorithm based on MIMO radar, making full use of the
advantages of virtual extended array elements of MIMO
radar.

Assuming a MIMO radar system with co-located
transceivers, the number of receiving array elements is M =
N = 3, and the number of virtual array elements can be
expanded to 9. Each virtual array element receives data as
in formula (7). The data received by the receiving element
is equivalent to a sub-array with the number of elements M,
so that N = 3 sub-arrays can be obtained. The three virtual
array elements in the sub-array are combined into one channel
to narrow the composite beam of the sub-array and improve
the accuracy of angle measurement.

The vectorized operation of formula (6) can be obtained

S‘ = vec (S) = Ar ⊗ ATt exp (j (π − 2κR))+ vec (N (t)),

∈ CM2
×1 (15)

Define G as the sub-array synthesis matrix, whose value is

G =

 1 1 1 0 0 0 0 0 0
0 0 0 1 1 1 0 0 0
0 0 0 0 0 0 1 1 1

 (16)

Then the sub-array synthesis matrix can be used to com-
bine the nine array element channels into three array element
channels, and the signal vector is as follows

U (β) = GS‘ =

 S‘1 + S‘2 + S‘3S‘4 + S
‘
5 + S

‘
6

S‘7 + S
‘
8 + S

‘
9

 ∈ CM×1 (17)

Same as section B, first obtain the elevation angle code
according to the phase relationship of the three synthetic
channels to determine the target elevation angle range, and
then compare the synthetic channel error curves to obtain the
target elevation angle.

The phase difference between adjacent channels is as
follows

φi,j = 8(Ui)−8
(
Uj
)
, i < j,

i = 1, 2
j = 2, 3

(18)

Due to the existence of multipath effects, formula (16) has
a phenomenon of beam splitting, that is, there is a phase
inversion phenomenon, so formula (17) can be processed as
follows

Ci,j = sign
[
cos

(
φi,j
)]

=

 1, cos
(
φ‘i,j

)
≥ 0

0, cos
(
φ‘i,j

)
< 0

i < j,
i = 1, 2
j = 2, 3

(19)

Use C1,2,C1,3,C2,3 as the code to determine the elevation
angle range. When the frequency is 180MHz and the antenna
height is H1 = 4m, H2 = 6m, H3 = 9m, the elevation angle
code calculated by the above formula and the corresponding
elevation angle range are the same as Table 1.

After determining the range of elevation angle, use the
comparing amplitude method to calculate the error value of
the synthesized channel.

Ei,j (β) =
|Ui| −

∣∣Uj∣∣
|Ui| +

∣∣Uj∣∣ , i < j,
i = 1, 2
j = 2, 3

(20)

Before low elevation angle estimation, the error curve is
calculated according to formula (20) within the range of
(2◦ ∼ 12◦) based on prior knowledge of radar wavelength,
antenna height, ground reflection coefficient. Using formula
(20), the error value E1,2 (β), E1,3 (β), E2,3 (β) can be cal-
culated. After confirming the target elevation angle range by
using the elevation angle code, the low elevation angle of the
target can be obtained by comparison to achieve the purpose
of altitude measurement.

Suppose a vertical MIMO radar with co-located
transceivers, the number of array elements is M = N = 3.
When the antenna height becomes lower, the elevation mea-
surement range of the algorithm becomes larger, but the angle
measurement accuracy will decrease accordingly. The shorter
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FIGURE 3. MIMO sub-array error curve.

the wavelength, that is, the lower the operating frequency of
the radar will improve the accuracy of the anglemeasurement,
but the angle measurement range will be reduced. In order to
balance the accuracy and the angle measurement range, the
antenna height is H1 = 4m, H2 = 6m, H3 = 9m, the radar
operating frequency is 180MHz, and the ground reflection
coefficient is 0 = −0.95. From formula (19), the error graph
of the virtual sub-array can be obtained as shown in Fig. 3.
It can be found that the error graph of the virtual sub-array
is sharper than the error graph of the main element and
has a greater slope at the inflection point. Therefore, theo-
retically analyzed, the measurement angle accuracy will be
higher.

The algorithm steps are as follows:
Step 1: Use the comparing amplitude method to establish

an error graph,according to the working frequency of the
MIMO radar, antenna height, and the terrain surrounding the
radar;
Step 2: Use the sub-array synthesis matrix to synthesize

the nine received signals into three received signals, and then
calculate the elevation angle code according to equation (19)
to determine the elevation angle range;
Step 3:Use equation (20) to calculate the error value of the

actual received signal;
Step 4: Compare the actual error value with the error curve

to measure the target elevation angle;
Step 5: Calculate the target height as

H ≈ R sinβ + Ha (21)

Among them, Ha is the antenna erection height;R is the
elevation angle and β is the target distance.

IV. THE INFLUENCE OF TERRAIN ON SURVEY ACCURACY
It is not difficult to find that the accuracy of the beam splitting
height measurement algorithm is mainly related to the SNR
and the terrain conditions of the reflection point. This section
mainly analyzes the influence of the terrain conditions of
the reflection point on the measurement accuracy. In order
to better analyze the performance of the proposed algorithm,

TABLE 2. Several typical media values.

define the root mean square error formula(RMSE) as follows:

RMSE =
1
P

√√√√√ 1
K

K∑
k=1

P∑
p=1

[(
θ̂p,k − θp

)2]
(22)

where: K is the number of Monte Carlo, P is the number of
elevation angles within the range of elevation angle; θ̂p,k is
the estimated value of the p-th elevation angle in the k-th
experiment, and θp is the p-th elevation angle in the range
of elevation angles. In this section, the Monte Carlo number
K = 1000, and the target slope distance R = 200 km.

A. FLAT GROUND REFLECTION COEFFICIENT
The reflection coefficient of a flat ground can be determined
by the Fresnel equation [33], [34], which is mainly deter-
mined by the electromagnetic wave frequency, polarization
coefficient, grazing angle and surface type:

ρ0 =
εbc sinψ −

√
εc − (cosψ)2

εbc sinψ +
√
εc − (cosψ)2

(23)

In the formula, εc is the complex permittivity and ψ is the
wiping angle. When b is 0, equation (23) is the horizontal
polarization reflection coefficient, and when it is 1, it is
the vertical polarization reflection coefficient. The value of
the complex permittivity is related to the type of reflective
ground:

εc =
k
ε0
− j

σ

ωε0
= ε‘ − jε‘‘ (24)

In formula (24), ε0 is the free space permittivity, k is
the permittivity, σ is the conductivity, and the typical val-
ues of ε‘ and ε‘‘ can be found in the relevant paper [35].
Several typical values are as follows

Since horizontally polarized waves can increase the energy
at the peak of the beam, this paper uses horizontally polarized
waves. Under four different media, the RMSE of the angle of
the virtual subarray algorithm proposed in this paper is shown
in Fig. 4. It can be seen from Fig. 4 that under the condition
of 10dB SNR, the algorithms proposed in this paper have
good angle measurement accuracy under different media.
The slightly larger error than other angles appears near 5.3◦

and 8◦ because it is near the inflection point of the error
curve. Fig. 4 shows that before establishing the error curve,
the correct reflection coefficient of the medium can improve
the accuracy of angle measurement.

VOLUME 9, 2021 5005



C. Chen et al.: Beam Split Algorithm for Height Measurement With Meter-Wave MIMO Radar

FIGURE 4. Angle RMSE of the proposed algorithm in different media.

B. ROUGH GROUND REFLECTION COEFFICIENT
In practice, the ground is uneven, that is, the ground has undu-
lating characteristics. This makes the actual ground reflection
coefficient mismatch with the flat ground reflection coeffi-
cient. When the following Rayleigh conditions are met, it can
be considered as a relatively flat ground.

σh sinψ < λ/8 (25)

Rough surface reflection coefficient is determined by flat
ground reflection coefficient ρ0, diffusion factor D and coef-
ficient γ [36]:

ρ = ρ0Dγ (26)

here, γ = exp
[
−2

(
2π
λ
σh sinψ

)2]
, D≈

(
1+ 2G1(G−G1)

reG sinψ

)1/2
,

here G is the horizontal distance between the target and
the radar (on the surface of the earth); G1 is the horizontal
distance between the reflection point and the radar; re is
the equivalent earth radius; σh is the standard deviation of
the height fluctuation of the ground subject to the Gaussian
distribution, indicating the roughness of the ground or the
degree of fluctuation; D usually takes 1. In the case of rough
ground and meeting the Rayleigh criterion, the received data
after matched filtering can be expressed as

Sm,k = [exp
(
−jκRrd,m

)
+ ρ exp

(
−jκRri,m

)
]

∗
[
exp

(
−jκRtd,k

)
+ ρ exp

(
−jκRti,k

)]
+ nm,k (t)

(27)

The formula of the amplitude error curve based on theMIMO
main element can be expressed as

Ei,j

=
2ρ sin (κ (Hi + Hk) sinβ) sin (κ (Hi−Hk) sinβ)

1+ρ2−2ρ sin (κ (Hi+Hk) sinβ) cos (κ (Hi−Hk) sinβ)
(28)

Fig. 5 is the height RMSE diagram of the algorithm pro-
posed in this paper, which changes with the standard devi-
ation of the ground ups and downs. The target low elevation

FIGURE 5. The height RMSE diagram with the degree of fluctuation.

FIGURE 6. The geometric relationship of the tilt matrix.

angle is 4. The slope distance is 200km, and the SNR is 16dB.
It can be found from Fig. 5 that when the degree of fluctua-
tion increases, the height measurement error also increases.
In addition, the error after terrain matching is greatly reduced.
Therefore, it is necessary to match the surrounding terrain
when establishing the error curve to obtain a good mea-
surement accuracy. It is also found from the figure that the
algorithm proposed in this paper is more suitable for terrain
with small undulations.

C. THE INFLUENCE OF TILT ANGLE ON MEASUREMENT
ACCURACY
In actual situations, it is difficult to have a completely
flat ground. Therefore, this section will analyze the algo-
rithm proposed in this paper with the existence of the tilt
considered.

Assume that the angle of inclination between the ground
reflection point and the horizontal plane is θ , which is posi-
tive when it is convex and negative when it is concave. For
an antenna with a height of Hk , suppose the height of the
ground reflection point is d , the horizontal distance from
the antenna is Rb, the horizontal distance between the target
and the radar is Rr , and the grazing angle is ψ , as shown in
the fig. 6.

The following geometric relations can be derived:

tanψ =
Hk − d
Rb

=
HT + Hk

Rr
≈ tanβ (29)
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FIGURE 7. The height RMSE graph with tilt angle.

FIGURE 8. Comparison of measured angle and actual angle.

Rb ≈
Hk − d
tanβ

(30)

d = Rb tan θ ≈
Hi tan θ

tanβ + tan θ
(31)

At this time, the reflection path value from the antenna to
the target and the reflection path value from the target to the
antenna are

Rti,k = Rri,k =
√
R2 − H2

T + (HT + Hk − 2d)2

≈ R+ (Hk − 2d) sinβ (32)

At this time, considering the ground ups and downs,
the ground reflection coefficient is ρ, and the error formula
of the beam splitting based on the main array element is

Ei,j =
2ρ sin (ζA) sin (ζB)

1+ ρ2 − 2ρ cos (ζA) cos (ζB)
(33)

here has:

ξA = κ
(
Hi + Hj

)
Kθ sinβ (34)

ξB = κ
(
Hi − Hj

)
Kθ sinβ (35)

Kθ =
1

1+ K ‘
θ

=
1

1+ tan θ/ tanβ
(36)

FIGURE 9. RMSE graph.

Here, let Kθ be the correction coefficient of the slope
position;when θ < 5◦ holds, there is K ‘

θ = tan θ/ tanβ ≈
θ/ tanβ, which represents the slope relative to the cotangent
of the elevation angle.

When the ground undulation variance is 0.7 m, the height
RMSE of the method proposed in this paper is shown
in Fig. 7, which varies with the ground inclination angle.
It can be seen from Fig. 7 that the height RMSE increases
with the increase of the tilt angle, and the RMSE of the
height after terrain matching is greatly reduced. Therefore,
when performing altitude measurement, it is necessary to
detect the terrain in advance and establish an error graph
that matches the actual tilt angle to obtain an accurate target
height. Although the RMSE is relatively small when estab-
lishing thematching error curve, the proposedmethod ismore
suitable for flat ground.

V. COMPUTER SIMULATION
This section mainly verifies the performance and authen-
ticity of the algorithm proposed in this paper through sev-
eral sets of simulation experiments. For the convenience of
description, the algorithm proposed in this paper is referred
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FIGURE 10. RMSE percentage diagram.

to as algorithm A, and the algorithm proposed in paper [6]
is referred to as algorithm B. In this section, the Monte
Carlo number K = 1000, and the target slope distance
R = 200 km.
Consider a MIMO radar system with a co-located

transceiver. The operating frequency is 180MHz, the number
of transceiver elements is M = N = 3, and the element
height is H1 = 4m, H2 = 6m, H3 = 9m. The target wave
elevation range is 2.5◦ ∼ 9.5◦, and the interval is 0.02◦.
Fig. 8 is a comparison diagram of the arrival angle estima-

tion result of the algorithm A proposed in this paper and the
actual elevation angle value, and the SNR is 10dB. It can be
seen from Fig. 8 that the algorithm proposed in this paper can
accurately measure the target low elevation angle, and then
obtain an accurate target height.

Fig. 9 is the RMSE graph of algorithm A and algorithm
B, the SNR is 10dB. Fig. 9 (a) is the RMSE graph of the
angle. From Fig. 9 (a), it can be found that the RMSE of
algorithm A is smaller than that of algorithm B, which proves

FIGURE 11. RMSE changes with SNR.

the superiority of the algorithm in this paper. In addition, from
the Fig. 9 (b), it can be found that a smaller angle error will
also lead to a larger height error. Therefore, compared with
algorithm B, algorithm A has better measurement accuracy
in the area of low elevation angle.

Fig. 10 is a percentage diagram of Algorithm A and
Algorithm B. Its value is the ratio of the RMSE value the
algorithm to the actual value, and the SNR is 0dB. It can
also be found from Fig. 6 that the accuracy of algorithm A is
higher than algorithm B. In addition, it can be found that only
algorithm A has a RMSE of less than 1% when the SNR is
0dB, which is within 2% of the actual measurement accuracy
requirements.

Fig. 11 is the RMSE graph of algorithmA and algorithmB,
which changes with the change of SNR. It is not difficult to
find that the RMSE of the two algorithms decreases with the
increase of the SNR, but the RMSE of algorithm A is lower
than that of algorithm B. In addition, when the SNR is low,
compared with algorithm B, algorithm A has higher angle
measurement and higher accuracy, so it can be proved that
algorithm A has better robustness under low SNR.
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VI. SUMMARY
In this paper, a signal model suitable for the MIMO radar
beam splitting algorithm is derived, and the beam splitting
phenomenon of the MIMO radar is analyzed. According to
the expansion characteristics of the MIMO radar virtual array
element, a virtual sub-array-level beam splitting algorithm
based on the MIMO radar is proposed. The proposed algo-
rithm improves the feasibility of MIMO radar low elevation
angle height measurement. In addition, this paper simply
derives the error value calculation formula and signal model
of the proposed algorithm under complex terrain. The algo-
rithm in this paper firstly establishes an error graph according
to the radar frequency, antenna height and the reflection coef-
ficient of the surrounding site of the radar; then combines the
nine virtual channels into three channels, and uses the phase
difference of the adjacent channels to perform low-elevation
encoding confirm the target elevation angle range; then calcu-
late the amplitude error value of the actual signal and compare
the error curve chart established in advance to obtain the
target low elevation angle; finally obtain the target height
data according to the geometric relationship.The simulation
results show that, compared with the algorithm proposed in
[6], the algorithm proposed in this paper has better robustness
and angle measurement accuracy under low SNR and strong
interference conditions. When the SNR reaches 0dB, the
measurement accuracy of the algorithm in this paper can still
reach one percent of the target height. In summary, the algo-
rithm in this paper has a very small amount of calculation and
is easy to implement. In the next step, we will focus on the
low-elevation height measurement algorithm under complex
terrain.
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