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As a new type of radar, the FDA-MIMO radar has a good improvement on side lobe suppression and target detection performance
compared with the conventional MIMO radar. However, the existing researches on FDA-MIMO radar are almost based on
far-field. In this paper, FDA-MIMO radar is applied to the detection of subsurface targets. Aimed at near-subsurface
targets, we formulated the signal model of FDA-MIMO radar and combined it with the algorithm of grid of beam (GOB) to
detect. Compared with conventional MIMO radar detection, we verified the effectiveness of the proposed method through
theoretical simulation.

1. Introduction

Detecting underground targets is of great importance both in
military and civilian applications. Ground penetrating radar
(GPR) [1–4] detection is the most commonly employed
approach for underground target detection. It emits elec-
tromagnetic signals by transmitting antennas and receives
echoes from targets by receiving antennas. For a long time,
single-input single-output (SISO) was used to detect targets
in most of the traditional ground penetrating radar sys-
tems, which uses one antenna to emit electromagnetic sig-
nals and uses one antenna to receive echoes. Although
SISO radar has the advantages of simple system and conve-
nient detection, its detection performance is difficult to get
greater improvement because of the limited amount of
information it acquires [5]. With the development of radar
technology and the steady increase of application require-
ments, multiple-input multiple-output (MIMO) radar has
received wide attention [6–9]. It employs multiple antennas
to emit orthogonal waveforms or noncoherent waveforms
and multiple antennas to receive the echoes reflected by
the targets. Compared with the SISO radar system, the
MIMO radar system makes use of the spatiotemporal
information of the targets more effectively, which makes

it not only have better performance of target parameter
estimation but also stronger anti-interference ability and
imaging resolution, and the detection performance has
been improved qualitatively.

Since the frequency diverse array [10, 11] was first pro-
posed by Antonik et al. in 2006, many scholars from all over
the world have conducted research on it. Different from tra-
ditional phased array, FDA introduces a small frequency
increment across the array elements [12, 13], which induces
the beam pattern curved in space that extends the spatial
degrees of freedom. In [14], FDA was applied to the detection
of ground moving targets in forward-looking radar. Com-
pared with traditional phased array radar, it can suppress
the range ambiguity clutter to a certain extent. In [15], FDA
was first applied to synthetic aperture radar for high-
resolution imaging. It was verified by simulation that FDA
can improve the imaging resolution of azimuth direction
and range direction of synthetic aperture radar. In [16],
Sammartino et al. combined FDA and MIMO radar technol-
ogy for the first time and proposed the concept of MIMO
radar with frequency and waveform diversity. The FDA-
MIMO radar combines the advantages of FDA radar and
MIMO radar. It not only obtains the excellent target detec-
tion performance of the MIMO radar but also possesses the
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spatial degree of freedom of the FDA radar. On this basis, the
specific application of the FDA-MIMO radar was further
studied in [17, 18], and it was concluded that the FDA-
MIMO radar has a good improvement on side lobe suppres-
sion and target detection performance. FDA and waveform
multiplexing have been applied to bistatic radar systems in
[19]. The effect of frequency increment error on the adaptive
beamforming and target detection performance of FDA-
MIMO radar has been studied in detail in [20], which pro-
vides theoretical guidance for the design of FDA-MIMO
radar. It is worth noting that the existing researches on
FDA are almost based on far-field.

In this paper, FDA-MIMO radar is applied to the
detection of near-subsurface targets. Different from most
researches on FDA which are based on far-field, we for-
mulated the signal model of FDA-MIMO radar based on
near-subsurface target detection, and we chose the appro-
priate array spacing which is better for GPR application.
Due to the difference in propagation media between most
researches in free space and our research under the
ground, we set the frequency increment which is more
appropriate for this study. We achieved the target location
by GOB algorithm through theoretical simulation. Com-
pared with conventional MIMO radar, its detection effect
has been improved.

The rest of this paper is organized as follows. Section 2 is
the modeling part. We formulate the signal model of the
transmitter and receiver of the FDA-MIMO radar and ana-
lyze the model combining with near-subsurface targets. Sec-
tion 3 is the data processing part. We separate the echo
signals after receiving, then process the echo data through
algorithm and output the simulation results by 2D images.
Section 4 is the experimental simulation and analysis part.
We perform the theoretical simulation according to the data
processing method in Section 3 and compare the simulation
results with conventional MIMO radar. Finally, conclusions
are drawn in Section 5.

2. Signal Model of FDA-MIMO Radar

In this section, we consider the signal model of the FDA-
MIMO radar, as shown in Figure 1. The FDA-MIMO radar
includes N transmitting antennas and N receiving antennas.
MF stands for the matched filter in the receiver. Different
from conventional MIMO radar whose transmitting array
element transmits the same carrier frequency signal; FDA-
MIMO radar uses a small frequency increment across its
transmitting array elements. We use FDA to transmit signals
that the carrier frequency increased linearly between adjacent
array elements. The radiated signal frequency of each trans-
mitting array element is as follows:

f n = f0 + n − 1 Δf , n = 1, 2,… ,N , 1

where f n is the radiation frequency of the nth element, f0
is the FDA operating carrier frequency, Δf is the fre-
quency increment, and N is the number of transmitting
array elements.

The FDA-MIMO radar emits narrow band signals. Due
to the slow fluctuation of signal envelope under narrow band
condition, the complex envelope of signal can be regarded as
a constant. The signal transmitted by the nth array element
can be approximately represented as a complex exponential
function and is formulated as follows:

sn t = exp j2πf nt 2

The signals emitted by the transmitting arrays are
received by the receiving arrays after being reflected by the
targets. The signal received by the mth receiving element
can be represented by the following:

ym t = β〠
N

n=1
exp j2πf n t − τn,m + nm t , 3

where β is the reflection coefficient of the target, τn,m is the
signal propagation time from the nth transmitting element
to the mth receiving element, nm t is the noise received by
the mth receiving element. Combined with the near-
subsurface target, the model of GPR based on FDA-MIMO
is shown in Figure 2.

We set the first element as reference element. p is a
near-subsurface target, located at Xp, Zp . Xp and Zp are
the horizontal and vertical distances between the target p
and the reference element, respectively. We consider the
FDA-MIMO radar with uniform linear array (ULA). The
transceiver antenna that uses the same antenna to transmit
and receive electromagnetic signals is applied to FDA-
MIMO radar. The distance between the adjacent antenna
elements is d. According to the geometric relation, the dis-
tance from the nth transmitting element to the target p is
the following:

rn = X2
p + Z2

p + n − 1 d 2 − 2 n − 1 dXp 4

Since the FDA-MIMO radar uses transceiver antenna,
the distance from the target p to the mth receiving element
is as follows:

rm = X2
p + Z2

p + m − 1 d 2 − 2 m − 1 dXp 5
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Figure 1: Illustration of FDA-MIMO radar system.

2 International Journal of Antennas and Propagation



Thus, the signal propagation time from the nth trans-
mitting element to the mth receiving element is as follows:

τn,m =
X2
p + Z2

p + n − 1 d 2 − 2 n − 1 dXp

v

+
X2
p + Z2

p + m − 1 d 2 − 2 m − 1 dXp

v
,

6

where v represents the propagation speed of electromag-
netic waves in the underground medium, which is related
to the relative dielectric constant of underground medium.
The specific expression is as follows:

v =
c

ε
, 7

where c represents the propagation speed of electromagnetic
waves in a vacuum and ε represents the relative dielectric
constant of the undergroundmedium.According to the signal
propagation time, the signal received by themth element can
be represented by

ym t = βp 〠
N

n=1
exp j2πf n

t −
X2
p + Z2

p + n − 1 d 2 − 2 n − 1 dXp

v

−
X2
p + Z2

p + m − 1 d 2 − 2 m − 1 dXp

v

+ nm t ,
8

where βp is the reflection coefficient of the target p, n = 1, 2
,… ,N , and m = 1, 2,… ,N .

3. Data Processing of FDA-MIMO Radar

3.1. Signal Separation in the Receiving End. Each receiving
element of the FDA-MIMO radar is connected to a matched
filter bank to demodulate the echo signals. In the receiver, the

signals are downconverted to baseband first and then sepa-
rated by matched filter. The matched filtering output in the
mth receiving element for the nth transmitting element is
as follows:

yn,m Xp, Zp = βp exp j2π f0 + n − 1 Δf

−
X2
p + Z2

p + n − 1 d 2 − 2 n − 1 dXp

v

−
X2
p + Z2

p + m − 1 d 2 − 2 m − 1 dXp

v

+ nn,m t

9

3.2. Algorithm Processing.We use the idea of the gird of beam
algorithm from beamforming technology to scan and output
the echo signals. FDA-MIMO radar equipped with N trans-
mitting elements and N receiving elements, so each group
of echo signals after demodulation through the matched filter
bank can obtain N ×N echo data. We represent these N ×N
echo data in vector form as follows:

y Xp, Zp = y1,1 Xp, Zp ,… , y1,N Xp, Zp  y2,1 Xp, Zp ,

… , yN ,N Xp, Zp
T

10

We divide the detection area into grid areas in horizontal
and vertical directions by GOB algorithm. Building a weight
vector for any grid point X, Z is

w X, Z = r X, Z , 11

where r X, Z is ralated to the relative phase shift that
the signal at the grid point X, Z corresponds to in each
array element.

r X, Z = r1,1 X, Z ,… , r1,N X, Z  r2,1 X, Z ,… , rN ,N X, Z T,

12

where

rn,m X, Z = exp j2π f0 + n − 1 Δf

−
X2 + Z2 + n − 1 d 2 − 2 n − 1 dX

v

−
X2 + Z2 + m − 1 d 2 − 2 m − 1 dX

v
,

13
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Figure 2: Model of GPR based on FDA-MIMO.
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whereX andZ are the horizontal andvertical distances between
the grid point X, Z and the reference element, respectively.

We deal with the echo data through the weight vector
constructed by (11). The output is as follows:

I X, Z = wH X, Z y , 14

where I X, Z is the output value at the grid point X, Z , w
X, Z is the weight vector, and y is the vector representation
of all echo data in (10).

The target detection in the region can be completed by tra-
versing the whole detection space according to (14), and the
detection result is displayed by the two-dimensional image.

Based on the above analysis, the steps of data pro-
cessing and imaging display in this paper are summarized
as follows:

Step 1. Demodulating the signals emitted by each transmit-
ting element through the matched filters at the receiving
end of the FDA-MIMO radar

Step 2. Expressing the demodulated echo data in vector form

Step 3. Dividing the detection area into grid areas in the
horizontal and vertical directions and building a weight
vector for any grid point by GOB algorithm

Step 4. Dealing with the echo data which is in vector form
through the weight vector and calculating the pixel value at
the current grid point

Step 5. Completing the target detection in the region by tra-
versing the whole grid space and computing the pixel values
at all grid points

4. Simulation and Analysis

In this section, experiments are implemented to validate the
effectiveness of the proposed approach. In the simulations,
we consider that the number of transmitting elements and
receiving elements is both N = 21. The reference carrier fre-
quency is f0 =1GHz while the frequency increment of
FDA-MIMO radar is Δf =0.02GHz. The element spacing is
d =0.15m. The relative dielectric constant of the under-
ground medium is ε=9. The noise is zero-mean Gaussian
white noise. SNR=10dB. The number of snapshots is
L = 100.
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Figure 3: Single target detection: (a) actual position of target, (b) FDA-MIMO radar, and (c) conventional MIMO radar.
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4.1. Imaging Analysis

Experiment 1. We consider the situation of single target and
set up one point target that the coordinate is (2m, 2m), as
shown in Figure 3(a). It is assumed that the reflection coeffi-
cient of the target is 1. Figure 3(b) is the simulation result of
FDA-MIMO radar. Figure 3(c) is the simulation result of
conventional MIMO radar. We can see from the simulation
results that both the FDA-MIMO radar and the conventional
MIMO radar can locate the target. Compared with the detec-
tion result of conventional MIMO radar, the positioning
effect of FDA-MIMO radar is more accurate and the interfer-
ence of the pixel values from the nontarget area is smaller.

Experiment 2. We consider the situation of multitargets and
set up five point targets that the coordinates are (1m, 2m),
(2m, 1m), (2m, 2m), (2m, 3m), and (3m, 2m), respec-
tively, as shown in Figure 4(a). It is assumed that the reflec-
tion coefficients of all targets are 1. Figure 4(b) is the
simulation result of FDA-MIMO radar. Figure 4(c) is the
simulation result of conventional MIMO radar. We can see
from the simulation results that the detection of FDA-
MIMO radar can clearly locate the five targets, and the pixel

values of the nontarget region have little interference for us to
judge the targets. Although the conventional MIMO radar
can detect the approximate position of the targets, the
positioning effect is not ideal from the simulation image.
Compared with FDA-MIMO radar detection, conventional
MIMO radar detection cannot achieve accurate positioning,
and its interference of the pixel values from the nontarget
area is great for us to judge the targets.

Experiment 3. We consider the situation of one strong target
located at (1.5m, 2m) and one weak target located at (2.5m,
2m), as shown in Figure 5(a). It is assumed that the reflection
coefficient of strong target is 1, and the reflection coefficient
of weak target is 0.7. Figure 5(b) is the simulation result of
FDA-MIMO radar. Figure 5(c) is the simulation result of
conventional MIMO radar. We can see from the simulation
results that the detection of FDA-MIMO radar can clearly
distinguish two different energy targets. Compared with
FDA-MIMO radar detection, conventional MIMO radar
detection can still distinguish the two different energy targets
due to the small number of targets, but its interference of the
pixel values from the nontarget area still exists.
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Figure 4: Multitargets detection: (a) actual position of targets, (b) FDA-MIMO radar, and (c) conventional MIMO radar.
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Experiment 4.We consider the situation of two strong targets
located at (2.5m, 1.5m) and (1.5m, 2.5m) and the two weak
targets located at (1.5m, 1.5m) and (2.5m, 2.5m), as showed
in Figure 6(a). It is assumed that the reflection coefficients
of the strong targets are 1 and the reflection coefficients of
the weak targets are 0.7. Figure 6(b) is the simulation
result of FDA-MIMO radar. Figure 6(c) is the simulation
result of conventional MIMO radar. We can see from
the simulation results that the detection of FDA-MIMO
radar can still accurately locate the four targets and can
clearly distinguish the strong and weak targets, when the
number of targets increases. While the positioning accu-
racy of conventional MIMO radar detection is obviously
lower than that of FDA-MIMO radar detection, and it is
not easy for us to determine the weak targets because of
the large interference of the pixel values from the nontar-
get area. When the target number further increases or the
reflection coefficient of the weak target is lower than the
current one, it will be difficult for us to distinguish the
weak targets in the image and it is easy to judge the false
targets caused by the pixel values from the nontarget area
into weak targets.

4.2. RMSE Analysis. In order to evaluate the results of the
simulation more objectively, we introduce the root mean
square error (RMSE) to judge the interference of the pixel
values of the nontarget area in the image, which is defined
as follows:

RMSE = 1
K
〠
K

k=1
Ir − Ii

2, 15

where K is the total number of pixels in the nontarget area, Ir
is the actual pixel value of the kth pixel in the image, and Ii is
the ideal pixel value of the kth pixel in the image. The greater
the RMSE is, the greater the interference. The variation of the
RMSE with the increase of observed targets is showed in
Figure 7.

Experiment 5. Comparison between FDA-MIMO radar
detection and conventional MIMO radar detection, when
the number of snapshots is L = 100
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Figure 5: One strong target and one weak target detection: (a) actual position of targets, (b) FDA-MIMO radar, and (c) conventional
MIMO radar.
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We can see from Figure 7 that in the case of L = 100, the
RMSE of the pixel values in the nontarget region detected
by the FDA-MIMO radar is significantly lower than the

RMSE detected by the conventional MIMO radar. With
the increase of the number of observation targets, both the
FDA-MIMO radar detection and the conventional MIMO
radar detection have significantly increased the RMSE, and
the increase detected by the conventional MIMO radar is
greater. According to the above analysis, we can conclude
that the detection results of FDA-MIMO radar are better
than the detection results of conventional MIMO radar by
using our detection method.

Experiment 6. The comparison of FDA-MIMO radar detec-
tion between the number of snapshots L = 100 and L = 1

We can see from Figure 7 that in the case of FDA-MIMO
radar detection, the RMSE of L = 1 is very close to the RMSE
of L = 100. It is only a little larger than the RMSE of L = 100
of the FDA-MIMO radar detection but far less than the
RMSE of L = 100 of the conventional MIMO radar detection.
It means that FDA-MIMO radar detection can achieve good
detection results with single sampling by using the data pro-
cessing method of this paper. In fact, in practical applica-
tions, judging the effect of detection is not only based on
the detected image but also the time spent in the detection.
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Figure 6: Two strong target and two weak target detection: (a) actual position of target, (b) FDA-MIMO radar, and (c) conventional
MIMO radar.
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The time spent on data processing differs greatly between
single sampling and 100 sampling, and time-consuming
detection will limit its application in practice. Therefore, the
advantage of good detection result that can be achieved by
single sampling makes this method more conducive to engi-
neering implementation.

5. Conclusion

In this paper, FDA-MIMO radar is applied to the detection of
near-subsurface targets. Based on the analysis of the signal
model, it is verified that the FDA-MIMO radar has a good
detection effect for near-subsurface targets by GOB algorithm
through theoretical simulation. Compared with conventional
MIMO radar, the FDA-MIMO radar can get higher position-
ing accuracy through the analysis of 2D-images and the com-
parison of RMSE by using the proposed detection method.

Notations

· T: Matrix transpose

· H: Matrix conjugate transpose.
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