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Miniaturized Multi-Section Power Divider
with Parallel RC Isolation Circuit
Young-Chul Yoon1 · Young Kim2,*

Abstract
This paper proposes a miniaturized multi-section power divider with parallel resistor and capacitor isolation circuits. Each of the section
transmission lines constituting the proposed multi-section power divider has a length less than a quarter wavelength and the impedance of
the transmission lines can be controlled within a certain range while avoiding high impedance. In addition, each circuit connected between the transmission lines consists of a parallel resistor and capacitor to satisfy the matching and isolation characteristics between output ports. To validate the proposed power divider, two circuits at a frequency of 2 GHz were designed with two- and three-section dividers. In comparison to a conventional power divider, the proposed divider showed broadband performances with a small structure.
Key Words: Miniaturization, Multi-Section, Parallel Resistor and Capacitor Isolation Circuit, Power Divider.

I. INTRODUCTION
The power divider is a vital element in communication systems such as power amplifiers, mixers, and transceivers, owing
to its simple design and superior performance. The conventional
power divider has good matching of input and output, isolation
performance, and low loss in narrow band operation. Due to its
narrow band characteristics, its application has been limited in
the current large-capacity communication systems of WCDMA,
LTE, and 5G.
To address this limitation, a multi-section divider [1–5] has
been proposed. Although the multi-section divider has broadband characteristics with an achievable bandwidth greater than
100%, it has the disadvantages of a large circuit and increased
insertion loss.
Recently, various designs to reduce the circuit size of power

dividers have been researched, such as a structure using short
uniform transmission line [6, 7], an isolation circuit positioned
in a quarter-wavelength transformer [8, 9], and artificial transmission lines built up with lumped elements [10].
However, since these dividers use a λ/4 transformer between
the input and output or between the input or output and 50 Ω
termination, they cannot achieve an overall reduction in size. In
addition, the bandwidth is reduced due to the impedance transformer, and the parasitic uncertainty of lumped elements is not
desirable.
The power divider proposed in this paper has a multi-section
structure to realize broadband characteristics, with the electrical
length of each power splitting section less than a quarter wavelength to reduce the circuit size. The characteristic impedance
of each power-splitting section can be controlled within a certain range while avoiding high impedance. All input and output
ports are designed with 50 Ω termination, so there is no need
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for an impedance transformer. In addition, a parallel resistorcapacitor circuit structure is adopted to obtain the broadband
output matching and isolation characteristics of the proposed
power divider.
(a)

II. THEORY AND DESIGN
The structure of the proposed N-section power divider is
shown in Fig. 1. It consists of transmission lines with electrical
lengths (θ1, θ2, … , θN) less than 90° and isolation circuits with
parallel resistors (R1, R2, … , RN) and capacitors (C1, C2, … ,
CN). The proposed power divider is analyzed using the evenand odd-mode analysis methods; Fig. 2(a) and (b) show the
even- and odd-mode equivalent circuits, respectively.
To obtain the electrical lengths and characteristic impedances
of the transmission lines, the matching mechanism of the cascade transmission lines [11] is presented in Fig. 3. As seen in
Fig. 3(a) and (b), it is possible to convert a part of the impedance transformer with Za and 90° to another impedance Zb and
electrical length θb. To match the conversion portion of the impedance transformer, the admittance values of Yin,a and Yin,b must
be the same. By solving the equation for the real and imaginary
parts of the admittance (Yin,a, Yin,b), the impedance Zb and termi-

(b)

(c)
Fig. 3. Matching mechanism of the cascade transmission lines: (a)
conventional λ/4 transformer, (b) proposed transformer
with two sections, and (c) proposed transformer with three
sections.

nating impedance ZLb of the proposed two-section transformer
for θb change can be obtained as:

Z b  Z Lb 
Z Lb 

2 2
2
2
(B  B Z a2 Z La
)  4 Z a2 Z La
 B (1 Z a2 Z La
)
2 Z a Z La
2
(1 ( Z a2 Z La
) tan 2  a )(1 tan 2  b )
2
(1 tan  a )(1 ( Z b Z Lb ) 2 tan 2  b ) Z La

(1)
(2)

where
Fig. 1. Schematic of the proposed power divider.

(a)

B

tan  a (1 tan 2  b )
tan  b (1 tan 2  a )

.

Ahn [12] confirmed that when the electrical length (θa < θb <
90°) and termination conditions (ZLa < ZoS) are satisfied, Zb and
ZLb should satisfy Zb < Za and ZLb < ZLa. Using the above conditions, the impedance Zc and electrical length θd of the threesection transformer can be obtained in the same way, as seen in
Fig. 3(c). Using this method, all the electrical lengths of the
multi-section transmission line, which is the proposed divider
with each section length less than λ/4 wavelength, can be obtained.
In addition, for the odd-mode equivalent circuit shown in Fig.
2(b), the following equations can be obtained:
Y

Yin , N  GN  jBN  j tanN N
Y

(b)

 jY

(3)
tan 

Yin, N 1  GN 1  jBN 1  YN 1 YinN ,N1  jYinN,N1 tan NN 11

(4)

Y Y

Fig. 2. Equivalent circuits of even-mode (a) and odd-mode (b).
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value of isolation, S32, is finally obtained by parameter conversion, and the isolation circuit values of the resistor and capacitor
are selected to satisfy the S32 parameter condition of |S32| ≤ -25 dB
at the same time among the values satisfying Eq. (5).
III. SIMULATION AND EXPERIMENTAL RESULTS

Fig. 4. Equivalent circuit of the entire schematic.

where GN  R2 , B N  2 C N , YN  Z1 , and ii is the reflection coefficient at port 2 (i = 2) and port 3 (i = 3).
The conductance (G1, G2, …, GN) and susceptance (B1, B2, …,
BN) values can be obtained to satisfy the condition that the reflection coefficient of Eq. (5) becomes zero.
To achieve isolation performance between ports 2 and 3, the
S-parameter S32 should be minimized as shown in Fig. 4. To
calculate the isolation characteristic of the divider network,
ABCD and admittance parameters are used. The ABCD matrix of the circuit NetN, which is composed of two transmission
lines (ZN, θN) and a shunt resistor Zo, can be expressed as:
N

 ANet N

 C Net N

BNet N   cos  N

DNet N   jYN sin  N

N

jZ N sin  N  1

cos  N  Yo

0  cos  N

1  jYN sin  N

jZ N sin  N 

cos  N 

(6)

The admittance matrix of the composite network NetRCN resistor-capacitor can be represented by:
"
 y11
 "
 y21

 R1N
y12" 



"
1
y22
 NetRCN   RN

 R1N 
 jC N
 
1 
  jC N
RN  R
N

 jCN 

jCN C

N

(7)

Since the network NetN is connected in parallel with network
NetRCN, we needed to transform Eq. (6) from an ABCD matrix
to an admittance matrix. Finally, the composite admittance matrix of NetN and NetRCN can be obtained as follows:
 y11

 y21

y12 
 y11'

 '

y22  Net  Net
 y21
N
RCN

"
 y11
y12' 



'
"
y22
 NetN  y21

y12" 
" 
y22
 NetRCN

To confirm the validation of the design rule, we designed
two- and three-section power dividers operating at a frequency
of 2 GHz and implemented on the substrate of Rogers
RO4350B PCB (εr = 3.48 and h = 0.762 mm). The simulation
was performed using the Microwave Office software developed
by National Instruments.
The two-section power divider configuration process is summarized as follows. First λ/4 impedance transformer of ZoT =
50 Ω, ZLT = 35.35 Ω, ZT = 42.04 Ω and θT = 90° is chosen as
shown in Fig. 5(a).
Based on the decomposition theory of a single transmission
line [13], the impedance transformer can be divided into two
transmission lines of ZoTD = 100 Ω, ZLTD = 70.7 Ω, ZTD =
84.08 Ω, and θTD = 90°, as shown in Fig. 5(b). To constitute the
two-section transmission line of the divider, the following parameters are set: Za = 84.1 Ω and θa = 60°. The parameters of
Zb = 69.56 Ω, ZLb = 50 Ω, and θb = 76° can be calculated using
Eqs. (1) and (2). To obtain the parameter values for the threesection lines, we used a similar method as follows:
The following parameters are set: Za = 84.1 Ω and θa = 50°.
The three-section parameters of Zb = 74.44 Ω, ZLb = 59.22 Ω,
θb = 66°, Zc = 67.60 Ω, ZLc = 50 Ω, and θd = 73° can be calculated as described previously. Finally, the resistor-capacitor values satisfying the reflection and isolation characteristics of the
output ports are obtained using MATLAB and summarized as
follows: In the case of the two-section divider, R1 = 120 Ω, C1 =

(a)

(8)

To obtain the equation of the networks, which are connected
by two cascade transmission lines (ZN-1, θN-1) and the composite
network of NetN and NetRCN, the composite network parameters
are needed to convert the ABCD matrix. We can compute the
ABCD parameters of the networks NetN-1 and NetRCN-1 as previously calculated. Through this process, the admittance parameters of the entire network can be obtained. The S-parameter

(b)
Fig. 5. Decomposition of transmission lines: (a) λ/4 transformer
and (b) decomposition of single λ/4 transformer.
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0.02 pF, R2 = 110 Ω, and C2 = 0.18 pF. In the case of the threesection divider, R1 = 820 Ω, C1 = 0.01 pF, R2 = 180 Ω, C2 =
0.02 pF, R3 = 150 Ω, and C3 = 0.17 pF.
Fig. 6(a) and (b) show photographs of the two- and threesection proposed power dividers. The total length of the twosection divider is 106°, and that of the three-section divider is
179°. Fig. 7(a) and (b) show the measured and simulated Sparameters of the two-section power divider. The insertion losses of |S21| and |S31| were -3.10 dB, and the isolation of |S32| was
greater than 25 dB. The input return loss of |S11| was better
than -25 dB, and the output return losses of |S22| and, |S33|
were better than -30 dB at the center frequency of 2 GHz. The
measured -15 dB bandwidths of |S11|, |S22|, |S33|, and |S32| were
in the ranges of 1.33–2.46 GHz, 0.5–3.63 GHz, 0.5–3.35 GHz,
and 1.26–2.6 GHz, featuring fractional bandwidths of 56.5%,
156%, 142%, and 67%. In addition, Fig. 8(a) and (b) show the
measured and simulated S-parameters of the three-section power divider. The insertion losses of |S21| and |S31| were -3.20 dB,
and the isolation of |S32| was greater than 22 dB. The input
return loss of |S11| was better than -19 dB, and output return
losses of |S22| and, |S33| were better than -24 dB at center frequency of 2 GHz. The measured -15 dB bandwidth of |S11|,
|S22|, |S33|, and |S32| were in the ranges of 1.1–3.42 GHz, 0.54–
3.76 GHz, 0.52–3.76 GHz, and 0.95–3.29 GHz, featuring

(b)
Fig. 7. Measured and simulated S-parameters of the two-section
power divider: (a) |S21|, |S31|, |S32|, and (b) |S11|, |S22|, |S33|.

(a)

(a)

(b)

(b)

Fig. 6. Photographs of two-section (a) and three-section (b) proposed power dividers.
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(a)

Fig. 8. Measured and simulated S-parameters of the three-section
power divider: (a) |S21|, |S31|, |S32|, and (b) |S11|, |S22|, |S33|.
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Fig. 9. Measured phase difference between the output ports of the
two- and three-section power dividers.
Table 1. Comparison of the proposed divider with conventional
multi-section divider
Ref.

Center
freq.
(GHz)

[2]
[3]
[4]
[5]
This
work

30
1
1
0.8 / 2
2

Section
no.

Total
length (º)

15 dB
BW (%)

Insertion
loss (dB)

2
3/4
3
2
2
3

180
270 / 360
183
90
106
179

100
-5.0
110
-2.2 / -5.5
55
-0.5 / -10
40
-2.06 / -4.88
156 max.
-3.1
162 max.
-3.2

fractional bandwidths of 116%, 161%, 162%, and 117%. Fig. 9
shows that the phase difference between the output ports in the
two- and three-section power dividers was measured within
±2.5°. Table 1 shows a comparison of the proposed divider
with conventional multi-section divider.
IV. CONCLUSION
This paper presents a multi-section power divider with a parallel RC isolation circuit. Because each section of the power
divider is less than λ/4 wavelength, the power divider is implemented in a reduced size. In addition, the bandwidth of the
matching and isolation characteristic showed that a fractional
bandwidth above 100% is achievable in the three-section divider.
By choosing the proper source and load impedance, the power
divider can be implemented while avoiding the use of high impedance. By adopting decomposition and the improved transformer, the proposed power divider was demonstrated good
performance, and the simulated and measured results were confirmed to be in good agreement.
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Circularly Polarized Loop-Type Ground Radiation
Antenna for IoT Applications
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Abstract
A circularly polarized loop-type ground radiation antenna using a ground mode tuning (GMT) structure is proposed for Internet of
Things (IoT) devices. The antenna is designed to excite two orthogonal modes of equal magnitude on the ground plane. The GMT
structure consists of an inductor and a metallic strip that has been installed at the edge of the ground plane to obtain a 90° phase shift
between the two modes. The proposed antenna generates left-hand circularly polarized waves in the +z-direction and right-hand circularly polarized waves in the -z-direction. The antenna was fabricated to validate the simulation results. The measured -6 dB bandwidth of
the antenna was 150 MHz and the axial ratio bandwidth with reference to 3 dB was 130 MHz, completely covering the 2.4–2.48 GHz
band.
Key Words: Axial Ratio, Characteristic Modes, Circular Polarization, Reflection Coefficient.

I. INTRODUCTION
Circularly polarized (CP) antennas are an attractive choice for
wireless communication because of their reduced polarization
loss factor and multi-path interference [1, 2]. Circular polarization is also a desirable feature in mobile devices for global positioning system applications [3, 4]. Moreover, we proposed a
wideband CP monopole slot antenna using a square-shaped
ground plane [5]. Electrically, small antennas of mobile devices
suffer from several inherent problems, such as small bandwidth,
high Q-factor, and low efficiency at smaller sizes [6, 7]. Therefore, small antennas are often employed to excite the large
ground plane of a mobile device for effective radiation.
A loop-type ground radiation antenna (GradiAnt) showed
good radiation performance in various studies [8–10]. The an-

tenna’s performance is attributed to the antenna’s strong coupling with the ground plane. Enhancing the radiation efficiency
of mobile antennas is a challenging task for antenna engineers.
To enhance the radiation efficiency of the antennas of a mobile
device that has an electrically small ground plane, ground mode
tuning (GMT) is an effective technique [11, 12]. The GMT
structures are installed at the edge of the ground plane to match
the resonance frequency of the ground mode with the operating
frequency of the antenna [13]. The theory of characteristic
modes can be utilized in a systematic design of antennas. Application of the theory to the design of CP antennas has been proposed in [14]. The loop-type GradiAnts proposed in the literature are linearly polarized antennas. However, GradiAnts with
circular polarization are not well documented in the literature.
In this paper, we propose a CP loop-type GradiAnt for In-
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ternet of Things (IoT) devices with compact-sized ground plane,
operating at 2.45 GHz. To generate CP waves, two orthogonal
current modes of the ground plane need to be excited by the
antenna with a phase difference of 90° [15]. Implementing these
conditions on a mobile device antenna while maintaining good
radiation efficiency is a challenging task. In the antenna design
process, we have employed the characteristic mode analysis of
the proposed ground plane. Two orthogonally polarized modes
with equal magnitude have been excited by designing the antenna at the corner of the ground plane. The GMT structure is
utilized to tune one of the modes so that a phase difference of
90° is achieved between the two modes. The mode can be finetuned by using different values of inductor.
(a)

II. ANTENNA DESIGN
The loop-type GradiAnt acts as a magnetic coupler, and its
coupling with the dominant ground mode is maximum when it
is located at the maximum current location of the ground mode.
Therefore, the optimum location of the antenna is at the middle
of the edge of the ground plane. At this location, however, the
antenna excites only one mode. To simultaneously excite two
orthogonal modes on the ground plane with equal magnitude,
the antenna should be located at the corner of the ground plane.
At this location, the electric field of both modes is strongest;
therefore, the electric coupling between the antenna and the
ground modes should be enhanced. This can be expressed as
[16]:

e 

1
o  g 2
2

 J  E d
i

g

(1)

where Ji is the impressed electric current density, Eg is the electric field of the ground plane, ωo is the operating frequency of
the antenna, and ωg is the resonance frequency of the ground
mode. The integration is carried over the volume of the antenna.
Furthermore, the coupling between the GradiAnt and the
ground mode can be enhanced by the optimum impedance level
of the antenna’s resonance loop. The impedance level is expressed as (Lr/Cr)1/2, where Lr is the inductance of the resonance
loop and Cr is the resonance capacitor. The optimum impedance level depends on the antenna’s location on the ground
plane and the size of the antenna’s resonance loop. If the antenna is located at the middle of the ground plane, the impedance
level should be minimum, whereas if the antenna is located at
the edge of the ground plane, the impedance level should be
maximum [17]. The antenna’s impedance level can be enhanced
by increasing the clearance area of the antenna and using a lower value of Cr. The impedance matching can be controlled by
the feeding loop that contains Cf [18]. The impedance level of
the feeding loop (Lf/Cf)1/2 must be 50 Ω to match with the RF
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(b)
Fig. 1. Geometry of the proposed antenna with front view (a) and
3D view (b).

source. The operating frequency of the antenna is also determined by Lr and Cr. The geometry of the proposed antenna is
shown in Fig. 1.
The antenna element is located at the left corner of the 45
mm × 45 mm ground plane by etching a square clearance of 7
mm × 7 mm in size. FR4 material (εr = 4.4, tanδ = 0.02) with
1 mm thickness is used as a substrate material. The resonance
capacitor (Cr) is located at the corner of the outer loop, called
the resonance loop. The feeding loop is 4.5 mm × 4.5 mm in
size and contains the feeding capacitor Cf. The GMT structure
is placed at the bottom of the ground plane and consists of an
inductor (L), a metallic strip 45 mm × 1 mm in size, and a
shorting strip. The strip is oriented along the xz-plane, and the
gap between the metallic strip and the ground plane is 2 mm.
The strip is connected with the ground plane through the shorting strip and the inductor. The width of the shorting strip is 2
mm.
III. SIMULATION RESULTS
The resonance capacitor’s location on the resonance loop
plays a critical role in the excitation of orthogonal modes on the
ground [19]. When a low-valued Cr is located at P1 on the res-
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Fig. 2. Simulated current density of the antenna without the GMT
structure.

onance loop, high reactance of the capacitor can be modeled as
an open circuit; thereby the GradiAnt acts as a monopole antenna attached to the location P2. Therefore, according to Eq.
(1), the antenna excites the current along the x-axis (mode 1) on
the ground plane. Similarly, the antenna excites the current
along the y-axis (mode 2) on the ground plane when Cr is located at P2. Placing Cr at the corner of the resonance loop virtually
divides the antenna into two monopoles attached at P1 and P2,
respectively, resulting in the excitation of both modes with equal
magnitude. Fig. 2 shows the simulated surface current density
on the ground plane without the GMT structure. The simulated values of Cr and Cf were 0.15 pF and 0.12 pF, respectively,
where the values have been optimized through full-wave simulations. It can be observed that the current is excited diagonally
on the ground plane, which is the resultant direction of mode 1
and mode 2, demonstrating that both modes have been excited
with equal magnitude.
To achieve circular polarization, the first two modes of the
ground plane have been utilized, where ωg of both modes is
greater than ω0. The GMT structure is employed to decrease
the resonance frequency of mode 2, so that a phase difference of
90° is achieved between modes 1 and 2 while maintaining equal
magnitude in both modes. The resonance frequencies of the
ground modes depend on the size of the ground plane; therefore,
the antenna performance depends critically on the ground plane
size. Simulations have been conducted to observe the effect of
the size of the ground plane on antenna performance where the
sizes of the antenna and the GMT strip have been unchanged.
The observations are shown in Table 1. The data demonstrate

that the increase in the ground plane size decreases the resonance frequency of both ground modes (fg), as well as the operating frequency of the antenna (fo). The tabulated fg is without
GMT structure. The decrease in fg is more significant as compared to fo. The operating frequency can be tuned using Cr. Furthermore, it is observed that the antenna’s matching bandwidth
(-6 dB ref.) increases with the increase in the ground size. According to Eq. (1), the coupling between the antenna and the
ground mode increases if ωg approaches ωo. The higher coupling results in the increased matching bandwidth of the antenna. To decrease the resonance frequency of mode 2 of the
ground plane, inductor (L) has been utilized, which appears in
series with the ground mode. Therefore, increasing L decreases
the resonance frequency of mode 2. Table 1 indicates that the
lower values of L are used to achieve circular polarization with
the increase in the ground size. Moreover, the axial ratio (AR)
bandwidth increases with the increase in the ground size.
To validate the polarization of the antenna, the simulated
surface current density of the proposed structure is presented in
Fig. 3. Simulations show that the excited currents rotate in
clockwise direction on the ground plane. Fig. 3(a) shows that
the current density on the major portion of the ground plane is
directed along the x-axis at a phase of 0°, i.e., mode 1 is domi-

(a)

Table 1. Effect of ground size on antenna performance
Ground
size (mm2)
40 × 40
45 × 45
50 × 50

Bandwidth (MHz)

fg

f0

L

(GHz)

(GHz)

(nH)

Matching

Axial ratio

4.24
3.75
3.37

2.47
2.45
2.43

2
1.5
1

90
100
130

60
90
110

(b)
Fig. 3. Simulated surface current density at 2.45 GHz at the phase
of 0° (a) and at the phase of 90° (b).
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nant.
Similarly, Fig. 3(b) shows that, at the phase of 90°, the current is directed along the y-axis, i.e., mode 2 is dominant. It can
be observed that the current density is stronger around the GradiAnt, showing that the antenna acts as an excitation element
for the ground plane. Although the magnitude of current density around the antenna is strong, the current distribution on the
ground plane produces effective radiation. Therefore, the time
phase difference between both ground modes generates lefthand circularly polarized (LHCP) waves along the +z-axis and
right-hand circularly polarized (RHCP) waves along the -z-axis.
IV. EXPERIMENTAL RESULTS AND DISCUSSION

Fig. 6. Measured axial ratio and total efficiency of the antenna.

Fig. 4. Fabricated antenna.

reference to 3 dB was 130 MHz (2.38–2.51 GHz) and the simulated AR was 90 MHz (2.41–2.5 GHz). The minimum value
of measured AR was 1 dB at 2.44 GHz. The average efficiency
of the antenna in the operating band is 65%, and the maximum
efficiency of the antenna is 74% at 2.44 GHz. The efficiency of
the antenna is suitable for wireless applications. Fig. 7 presents
measured LHCP, RHCP, and peak gains as functions of frequency. In accordance with the measured efficiency, the maximum value of peak gain (1.66 dB) occurs at 2.45 GHz and decreases away from it. Measured LHCP and RHCP gains at the
operating frequency are -0.36 dB and 0.64 dB, respectively. The
normalized, simulated, and measured radiation patterns of the
antenna at 2.45 GHz are displayed in Figs. 8 and 9, respectively.
The RHCP and LHCP data in the xz- and the yz-planes are
plotted in Fig. 8. The difference between simulated and measured results is mainly due to the feeding cable and the fabrication tolerance of the GMT structure. As shown, the higher values of LHCP and RHCP gain patterns occur in the upper and
lower hemispheres, respectively, confirming that the antenna
produces LHCP and RHCP waves along the +z- and -z-axes,
respectively. In Fig. 8(a), it can be observed that the LHCP and
RHCP patterns in the xz-plane are symmetric, whereas in the
yz-plane the patterns are tilted towards -30° and -150°, respectively. The asymmetry is due to the asymmetric geometry of the

Fig. 5. Measured and simulated reflection coefficient of the antenna.

Fig. 7. Measured gains of the antenna as function of frequency.

The antenna was fabricated for experimental validation, as
shown in Fig. 4. The reflection coefficient was measured using
Agilent 8753ES vector network analyzer, and the radiation
characteristics were measured using a 3D CTIA-OTA chamber.
The measured and simulated reflection coefficients are presented in Fig. 5.
The simulated bandwidth of the antenna with reference to -6
dB was 100 MHz (2.4–2.5 GHz), whereas the measured bandwidth was 150 MHz (2.37–2.52 GHz), showing good agreement with the simulated result. The measured and simulated
ARs in the direction of +z-axis are plotted in Fig. 6 along with
measured total efficiency. The measured AR bandwidth with
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attractive feature for internet of things applications. The matching bandwidth of the antenna was 150 MHz and the axial ratio
bandwidth was 130 MHz, covering the complete 2.4–2.48
GHz band. The proposed technique is versatile and can be applied to other wireless applications as well.
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Abstract
This paper proposes a modified stripmap synthetic aperture radar (SAR) signal processing algorithm with an X-band SAR system, using
the practical measurement results of automobile-based SAR (Auto-SAR). The quality of the image is degraded due to an unexpected
direction change or anisotropy of the target position in radar image measurement. To solve the quality problem, signal processing is required for the vector velocity of each range in the azimuth direction. An X-band chirp pulse system was implemented and optimized by a
signal processing algorithm suitable for high resolution. The stripmap SAR images are produced in five places. The validity of the proposed algorithm is verified by comparing impulse response function analysis and experimental images.
Key Words: Auto-SAR, Compensation Processing, Stripmap SAR, Vector Velocity, X-Band System.

I. INTRODUCTION
Synthetic aperture radar (SAR) imaging technology is one of
the most promising technologies utilized in various observation
areas such as terrain, resource, and target searches. With the
increasing demand for imaging technology, SAR systems have
been developed to achieve high resolution and wide swath for
accurate target detection, regardless of weather or environmental changes. To obtain high-resolution images, the SAR system
can be improved in two ways. The first is a budget parameter
optimization of the transmission and reception systems to reduce the ambiguity of radar signals and various interference
problems. The second is to use diverse SAR signal processing
algorithms for high-resolution image extraction. However, con-

sidering the cost and physical volume of the SAR system, an
effective way to obtain high-resolution images is with diverse
signal processing techniques.
There are numerous signal processing algorithms such as the
range Doppler algorithm (RDA), chirp scaling algorithm
(CSA), omega-K algorithm (ω-k), back projection algorithm
(BPA). The RDA is widely used for efficient and stable signal
processing because it is simple and easy to use. However, when
the RDA is used for image processing, the final image is not
focused due to random environmental variables. To cope with
environmental variables and acquire high-resolution images,
precise estimations of the Doppler centroid frequency and chirp
rate are required in the algorithm. Many researchers have proposed algorithms to correct the received signal by removing the
unexpected signals, using the magnitude or phase information
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of the chirp signal based on average cross-correlation coefficient
(ACCC), multi-look cross correlation (MLCC), and multilook beat frequency (MLBF) methods [1, 2]. However, the
Doppler parameters extracted through previous algorithms still
have uncertainty because of topographic change of interest area
and interference of unexpected signal. Therefore, many researchers have attempted to increase the accuracy of Doppler
parameters in various SAR experiments [3–6]. This paper proposes a novel method to solve the uncertainty by considering
uncorrected Doppler parameters. In conventional SAR experiments, signal processing was performed by estimating the constant velocity with the lowest ambiguity error. This conventional method can obtain a reasonable image quality over the entire
area if the area of interest has a nearly constant height over
whole region. However, if the difference of altitude in the area
and the direction of measurement is changeable, a high-quality
SAR image cannot be obtained with only a constant velocity.
Based on the changes of velocity in the area of interest, the
quality of a SAR image can be improved using cross-correlation
theory, designed for SAR. The estimated velocity is used to
acquire a high resolution SAR image without complicated processing techniques. To evaluate the proposed method, the raw
data obtained from practical experiments are used. Finally,
high-resolution SAR images are constructed, applying the proposed algorithm to various environmental changes of automobile-based SAR (Auto-SAR).

Fig. 1. Stripmap SAR mode for chirp pulse radar.

II. SAR SIGNAL PROCESSING ANALYSIS OF THE RDA
The RDA is a method of compressing raw data using a
matched filter in the range direction and azimuth direction, respectively. As shown in Fig. 1, the RDA is typically used in
stripmap standard mode with chirp pulse signals. The basic signal processing procedure consists of range and azimuth compressions and range cell migration, as shown in Fig. 2. Doppler
centroid estimation can be applied to obtain high-resolution
images in the SAR ground experiment. In case of the ground
experiment, the image difference caused by the Doppler centroid variation is insignificant [1]. Therefore, it is possible to
exclude the Doppler centroid estimation in a mathematical
mechanism for SAR signal processing. The chirp pulse signals
in the range and azimuth directions received from the SAR system are as follows, respectively.
𝑆

𝜏, 𝜂

𝐴 𝜔 𝜏

𝑒

𝑒

(1)
𝑆

𝜏, 𝜂

𝐴 𝜔 𝜂

𝜂 𝑒

𝑒

(2)

𝜏 and 𝜂 are the time, 𝜔 and 𝜔 are the window functions each chirp pulse signal, 𝐴 and 𝐴 are the amplitude
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Fig. 2. Conventional RDA.

constant values, 𝑓 and 𝑓 are the center frequency of chip
pulse signal, and 𝐾 and 𝐾 are the chirp rate of the signals.
The first and second parameters mentioned above are for the
range and azimuth direction, respectively. 𝑅 𝜂 in (1) is the
instantaneous slant range. Eqs. (1) and (2) are approximated as
(3) through the range and azimuth compressions and range cell
migration. After the range cell migration of SAR data, the performance of resolution for the matched filter in the azimuth
direction can be determined according to 𝐾 and 𝑓 . The
final SAR image signal, 𝑆
𝜏, 𝜂 , is as follows.
𝑆

𝜏, 𝜂

𝐴 𝑝

𝜏

2𝑅
𝑐

𝑝 𝜂 𝑒

𝑒
(3)

Therefore, it is more important to estimate the exact matched
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filter in the azimuth direction than the range direction because
the errors of 𝐾 and 𝑓 are vulnerable by the SAR measurement environment, such as the actual speed, changing rate in the
distance to the target, and motion vibrating conditions. However,
the matched filter in the range direction has a low error rate
because the raw data are compressed using the system parameters or loop-back chirp pulse signal. Therefore, our proposed
algorithm estimates the accurate velocity in each range, which is
an important parameter for the azimuth matched filter.
III. PROPOSED SAR PROCESSING ALGORITHM

Range cell migration correction (RCMC) and azimuth compression are performed, using the 𝑉 defined from finishing the
cross-correlation estimation in each range cell with phase variance compensation. In the conventional SAR process, each step
of RDA uses its own technology to compensate the phase error
for every range cell. It is time-consuming and complicated, resulting in low efficiency. However, in the proposed technique, all
steps are performed at once without any other process using the
estimated 𝑉 . Unlike airborne- and spaceborne-SAR, which are
sensitive to environmental changes, the proposed algorithm is
suitable for Auto-SAR to make real-time processing fast and
easy, resulting in high efficiency.

Based on the RDA, the modified signal process of the Doppler parameter is proposed in this section. To estimate the azimuth matched filter that fits with the actual signal, the exact
Doppler centroid, 𝑓 𝜏 and Doppler chirp rate, 𝐾 𝜏 are
required under variable terrain conditions [7–9]. The Doppler
parameters are as follows.
𝜏

(4)

𝐾 𝜏 ≅

(5)

𝑓

𝜃 is the squint angle for measuring the target, 𝜆 is the
wavelength of the center frequency in the chirp pulse signal, and
𝑅 𝜏 is the slant range along to the range time. The Doppler
parameters are addressed as a function of the vehicle velocity, 𝑉 .
Therefore, the main reason for the uncorrected azimuth matched filter is the misestimated velocity. This velocity leads to the
low quality of the SAR image. The velocity estimation of each
range can lead to more the high-resolution quality and precise
target classification than the conventional results of the SAR
processing. To find the accurate velocity 𝑉 , the proposed algorithm incorporates cross-correlation technique into the estimation of the Doppler parameter [10, 11]. If 𝑆 𝜏, 𝜂 is a 2D signal constructed in the range and azimuth, the cross-correlation
function is defined as follows.
𝑠

∗𝑠

𝜏 ,𝜂
≝

(a)

(b)

𝑠∗

𝜏 𝑠

𝜏 ,𝜂

𝜔 𝑑𝜔

(n = 1, 2, 3, 4, ⋯, maximum range cell)
(6)
𝜏 is the slow time and, 𝜂 is the fast time. Based on (6), the
chirp pulse frequency of the range-Doppler domain along the
range is divided into two looks (Look1, Look2), having 𝑉
Δ𝑉
in phase information. A matched filter of assumed 𝑉
multiplies each look, and then inverse.
FFT is used to generate the images of each look with a phase
error. The cross-correlation values between two images are compared until reaching the smallest correlation value, changing 𝑉 .

(c)
Fig. 3. Information of the proposed estimation: (a) the method
from the raw data structure for vector velocity, (b) the chirp
pulse in the azimuth along to the range, and (c) the difference in the ideal IRF due to the velocity variation.
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Fig. 4. Proposed RDA for high-resolution stripmap SAR.

From the estimated results, the defined 𝑉 can vary over a
range, such as a vector. Therefore, the 𝑉 is defined as the vector
velocity. The most suitable 𝑉 depends on the direction of the
target. Before the practical experiment, impulse response function (IRF) analyses using the proposed algorithm are performed
in Fig. 3. Fig. 3(a) and (b) show the analysis structure in 2D and
the Doppler chip pulse signal according to the range, respectively. Fig. 3(c) shows that estimating the correct 𝑉 improves the
peak value and the 3-dB resolution of IRF of the target in the
SAR image. Fig. 4 shows over whole signal processing of the
proposed algorithm by organizing the process described in this
section.
Ⅳ. EXPERIMENT RESULTS AND PERFORMANCE
To evaluate the performance of the proposed algorithm, the
Table 1. X-band SAR system specifications
Parameter
Center frequency
Frequency bandwidth (MHz)
Pulse repetition frequency (Hz)
Measurement velocity (km/hr)

Value
X-band
300
1,000
80

Fig. 5. The picture of the SAR measurement setup in an automobile.
162

Fig. 6. The measurement area for verifying proposed SAR (location of Scenes #1 and #2, Gyeo-nam bridge; Scene #3,
Chonchon bridge; Scenes #4 and #5, Magoksa IC).
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(a)

(b)

X-band SAR system was implemented and the practical experiment was conducted. Table 1 shows the specifications of the Xband SAR system.
As shown in Fig. 5, two antennas are installed as the transmitter and receiver, respectively. The stop-and-go method is
applied to measure the practical SAR experiment. To prove the
validity of the proposed SAR algorithm, five different regions
are selected. In particular, two curved terrains are included in
the practical experiment regions. Fig. 6 shows the practical
measurement locations, which are taken while driving through
an express highway. Scenes #1 and #2 are places to drive
through curved loads, Scene #3 is a lower elevation terraced
region as the range increases along the distance. Scenes #4 and
#5 are rice fields measured in both directions at a height of 60
m. Applying vector velocity estimation, the quality of the SAR
image is significantly improved over conventional RDA in all
regions, as shown in Fig. 7. Fig. 8 shows the difference before
and after applying the vector velocity to Scenes #1 and #2, respectively. As shown in the images in Fig. 8, we can see the performance of the algorithm through the focusing improvement
in practical experiments. In addition, as confirmed in Figs. 7
and 8, the proposed technique can be applied to various terrain
and experimental conditions in Auto-SAR. In Fig. 9, analysis of

(c)

(a)

(b)

(c)

(d)

(d)

(e)
Fig. 7. Signal processing results by the proposed algorithm: (a)
Scene #1, (b) Scene #2, (c) Scene #3, (d) Scene #4, and (e)
Scene #5.

Fig. 8. The results of Scenes #1 and #2 when processed by the original RDA (a), (c) and the proposed RDA (b), (d), respectively.
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(a)

(b)
Fig. 9. IRF analysis using the proposed algorithm: (a) the location and image of corner reflector and (b) the impulse response function of a corner reflector according to velocity.

the corner reflector in Scene #5 shows that the vector estimation
improves the 3-dB resolution of the IRF and increases the peak
energy of the main lobe. Through the estimated velocity is closer to the accurate velocity, the energy balance of the sincfunction is addressed more clearly. These results suggest that the
desired resolution and high-quality SAR image can be obtained
by the correction of the vector velocity.
Ⅴ. CONCLUSION
The proposed algorithm is suitable for measuring the image
in Auto-SAR. The recent technology has complex process to
compensate for the phase error in each range cell for airborneand spaceborne-SAR. It is inefficient in creating SAR images in
Auto-SAR. However, the proposed technology is easy to handle
and provides fast performance, allowing an immediate response
to a variety of situations that can occur on the ground. Applying
the precise estimation of the vector velocity can provide more
accurate signal processing for high-quality SAR images. To
prove the effectiveness of the proposed algorithm, high-quality
results are acquired from practical experiments. In addition, the
proposed technique of vector velocity is expected to be applied
in various conditions, such as sub-aperture correction, spotlight
mode, and autofocus.
This work was supported by Institute for information &
communications Technology Promotion (IITP) grant funded
by the Korea government (MSIT) (No. 2018-0-01658, Key
Technologies Development for Next Generation Satellites).
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Abstract
This paper presents the design of a coplanar waveguide (CPW)-fed single-layer wideband circularly polarized (CP) planar slot antenna
backed by a frequency selective surface (FSS). The planar slot antenna is fed with a stub-loaded modified CPW feed line to tune and
optimize the impedance bandwidth. The corners of the square slot antenna are perturbed to produce two orthogonal degenerate modes
required for a wideband CP operation. The FSS layer is placed under the slot antenna to increase the gain and axial ratio bandwidth. The
measured results of the proposed antenna provide an impedance bandwidth of 63.22% and an axial ratio bandwidth of 31.14% with a
peak gain of 4.87 dB. The proposed antenna has a simple geometry, a wide CP bandwidth, and a good gain.
Key Words: Circular Polarization, Frequency Selective Surface, Slot Antenna.

I. INTRODUCTION
Circularly polarized (CP) antennas are popular these days because of their superior performance over linearly polarized antennas. Single-feed CP antennas are much preferred in wireless
communication because of their easy fabrication and low cost.
Many techniques have been used to convert linearly polarized
antennas to exhibit circular polarization behavior [1–5]. By introducing strip lines into coplanar waveguide (CPW)-fed slot
antennas, a broadband CP antenna is achieved in [1–3]. In [4],
an inverted L-shaped asymmetric CPW-fed square slot antenna
with small strips is presented to achieve a wideband CP. A
strip-loaded monopole antenna is designed to obtain a wideband CP in [5]. As strip loading is sensitive to the design process, achieving optimum wideband CP characteristics using a
stub or the strip-loading method is difficult. The gain of a slot
antenna is low because its radiation characteristic is bidirectional.

A perfect reflector or a backed cavity can be used to improve the
gain, but both have a limited axial ratio bandwidth [6–8].
Therefore, metasurfaces (MTSs) are the potential structures
that can be used to achieve a wide CP bandwidth and gain.
MTSs are periodic subwavelength metal or dielectric patches
used to improve the performance of primary source antennas
such as a patch or a slot. MTSs are used as reflectors to achieve
a wide CP bandwidth. Artificial magnetic conductors (AMCs),
high impedance surfaces, frequency selective surfaces (FSS), and
electromagnetic band gap (EBG) structures are some of the
MTSs used as reflectors to improve the gain, CP bandwidth,
and pattern purity. A simple linearly polarized dipole antenna is
utilized to generate a circularly polarized wave using an EBG
structure in [9, 10]. Different slot antennas with a single- and
dual-layer AMCs as reflectors are investigated in [11, 12]. A
loop antenna is designed with an AMC as a reflector to improve
the axial ratio bandwidth in [13]. These MTS-based antennas
have a low axial ratio bandwidth. An AMC or an EBG struc-
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ture along with a slot antenna improves the gain and axial ratio
bandwidth. The careful design of a primary source antenna with
MTS as a reflector can achieve wideband CP characteristics.
Corner truncated microstrip patch antennas have been discussed
in the literature, but they have a narrow CP bandwidth [14]. A
truncated slot antenna loaded with a pair of split-ring resonators
(SRRs) is presented in [15] for dual-band CP applications. The
disadvantage is that the corner truncated slot antenna alone
cannot achieve a CP. The loading of an SRR on the truncated
slot antenna gives a CP in both bands. In our proposed design,
the perturbed slot antenna alone can produce a wideband CP by
increasing the depth of perturbation.
In this paper, a novel perturbed slot antenna is proposed to
achieve a wideband CP. Primarily, the square slot antenna is
designed to radiate at 2.5 GHz but with a linear polarization.
The corner of the slot antenna is truncated to provide two orthogonal degenerate modes to produce a wide CP bandwidth.
The truncated slot antenna achieves an axial ratio bandwidth of
20.68% at 4.35 GHz resonance, but the gain of the perturbed
slot antenna is 1.88 dB. Furthermore, an effort is made to increase the axial ratio bandwidth and gain of the truncated planar
slot antenna by backing the FSS. A 6 × 10 array of the FSS is
used to improve the gain and axial ratio bandwidth of the perturbed slot antenna. The FSS improve the axial ratio bandwidth
up to 31.14% at 4.33 GHz resonance and a peak gain of up to
4.87 dB.
II. ANTENNA GEOMETRY AND ITS OPERATION
The proposed antenna consists of a single-layer CPW linefed truncated corner slot antenna and an FSS layer, as shown in
Fig. 1. A low-cost FR4 substrate with εr = 4.3 and loss tangent

Fig. 1. Geometry of the proposed FSS-based antenna.

(a)

(b)
Fig. 2. Simulated reflection coefficient and axial ratio of the perturbed slot antenna: (a) |S11| and (b) axial ratio.

tanδ = 0.025 is utilized for both slot antenna and the FSS. The
FSS backs the slot antenna with an air gap of ham = 22 mm. The
resonance frequency of the slot antenna is calculated using Eq.
(1) [15].
𝑓

,

(1)

where c is the speed of light, and 𝑆 = (S + a) is the total length
of the square slot antenna. The proposed antenna parameters
are Wp = 7 mm, Lp = 13 mm, Wg = 70 mm, Wm = 3 mm, Lm =
29 mm, n = 0.1 mm, m = 0.2 mm, W = 89 mm, L = 100 mm,
hs = 1.6 mm, hf = 0.508 mm, a = 8.4 mm, L1 = 7 mm, L2 = 5
mm, and W1 = 1 mm.
The conventional slot is perturbed to obtain the optimized
performance of the axial ratio. The simulated reflection coefficient and axial ratio of the slot antenna with different truncated
values are shown in Fig. 2. The dimension of truncation is optimized to a = 8.4 mm, as the axial ratio value deteriorates with
the further increase in truncation. The electric field distribution
of the truncated slot antenna at different time intervals is shown
in Fig. 3. In the figure, the truncated slot antenna radiates lefthand circularly polarized (LHCP) waves. The opposite corners
of another diagonal of the slot antenna should be truncated to
obtain right-hand circularly polarized (RHCP) waves. To fur-
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(a)

Fig. 4. Reflection phase characteristics of the FSS unit cell.

𝐸⃗

𝐸⃗

where 𝐸⃗

𝐸⃗

(b)
Fig. 3. Simulated electric field distribution of the truncated slot
antenna at 3.47 GHz: (a) t = 0 and (b) t = T/4.

ther improve the gain and axial ratio bandwidth of the truncated
slot antenna, an FSS consisting of rectangular unit cells are used.
The proposed FSS acts as a polarization-dependent reflective
surface. To enhance the gain of the slot, the FSS is chosen to
reflect the signal from the slot antenna back to the forward direction to improve the directivity of the antenna. The maximum
gain is obtained for the 6 × 10 array. The FSS has a size of W
× L and a rectangular cell size of Wp and Lp. The gap between
patches in the horizontal and vertical directions is m and n, respectively.
The perturbed slot gives a CP bandwidth of 3.9–4.8 GHz.
The polarization-dependent reflective property of the FSS is
used to improve the axial ratio bandwidth. The reflection phase
curves for the x- and y-polarized normally incident waves are
shown in Fig. 4. The proposed FSS gives a reflection phase of
±90° for the x- and y-polarized waves from 3.6 GHz to 5 GHz.
As explained in [9], this 90° phase difference produces a CP
radiation in the forward direction. This phase difference enhances the CP bandwidth of 3.6–5 GHz of the perturbed slot
antenna. The total field E is the sum of the direct radiating field
(Ef) from the slot and the reflected field (Er) from FSS. It is
given by
168
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𝐸
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𝑦. 𝑒
.𝑒
,
√2
where θx and θy are the polarization-dependent reflection phases
for the x- and y-polarized waves, respectively.
The design process of the proposed antenna is shown in Fig.
5. The CPW-fed conventional slot antenna (case a) resonates at
2.5 GHz with linearly polarized waves. The axial ratio plot in
Fig. 5(b) shows that the conventional slot has a high value of
axial ratio at its resonance frequency. The corner perturbed slot

(a)

(b)
Fig. 5. Simulated reflection coefficient and axial ratio of the antenna design process: (a) |S11| and (b) axial ratio.
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(a)

(b)

(c)

(d)

Fig. 6. Simulated reflection coefficient, axial ratio, and gain plot of the slot, the slot with PEC, and the slot with FSS: (a) |S11|, (b) axial ratio,
(c) |S11| of the proposed antenna with and without tuning stubs, and (d) gain of the proposed antenna with and without FSS.

(case b) resonates at 3.66 GHz and produces a wideband circular polarization. To improve the axial ratio further, the FSS is
placed below the slot antenna (case c), which enhances the axial
ratio bandwidth.
The comparison among the conventional slot antenna, the
slot antenna over perfect electric conductor (PEC), and the
FSS-backed slot antenna provides the performance evaluation
of FSS is shown in Fig. 6(a) and (b). The S11 plot in Fig. 6(a)
shows that the resonance of the slot over PEC and the slot over
FSS is shifted compared with the perturbed slot because of the
loading of PEC or FSS. In Fig. 6(b), the perturbed slot antenna
has a lesser axial ratio bandwidth than the FSS-backed slot antenna because of the forward signal from the slot, and the reflected signal from the FSS produces orthogonal fields in the
far-field region producing a wideband CP.
The reflection coefficient of the designed antenna with and
without tuning stubs is shown in Fig. 6(c). The role of the tuning stubs in the CPW feed is to tune and optimize the impedance bandwidth, so that the CP bandwidth lies within the
specified impedance bandwidth. The slot antenna directivity is
improved by nearly 3 dB for both PEC and FSS, but improving
the axial ratio bandwidth is not possible for PEC. The gain
comparison of the perturbed slot and the perturbed slot with
FSS is illustrated in Fig. 6(d). In this figure, the gain of the perturbed slot is less which is 1.88 dB at 4.2 GHz because of the

bidirectional radiation pattern. The FSS is placed below the
perturbed slot antenna, which increases the gain up to 4.87 dB.
The above comparison infers that the FSS-backed perturbed
slot antenna improves the axial ratio bandwidth and gain.
III. EXPERIMENTAL RESULTS AND DISCUSSION
The FSS-backed slot antenna is fabricated, and the simulation results are exper imentally verified. Fig. 7 presents a photograph of the fabricated prototype. The simulated and measured
reflection coefficient magnitudes are plotted in Fig. 8(a). A simulated impedance bandwidth of 55.23% is achieved from 2.87
GHz to 5.06 GHz. The measured impedance bandwidth of
63.22% is obtained from 2.65 GHz to 5.10 GHz. A simulated
3 dB axial ratio bandwidth of 30.94% is achieved from 3.66
GHz to 5 GHz, and the measured axial ratio bandwidth of

(a)

(b)

(c)

Fig. 7. Prototype of the fabricated antenna: (a) slot antenna, (b)
FSS, and (c) proposed antenna.
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ed and measured broadside gain and axial ratio plots are shown
in Fig. 8(b). The broadside peak gain of 4.87 dB is obtained at
4.2 GHz with a 2 dB variation over the 3 dB axial ratio bandwidth. The simulated and measured radiation patterns are given
at different frequencies in both the xz and yz planes in Fig. 9.
The simulated and measured radiation patterns agree well for
both the RHCP and the LHCP. The LHCP level is 16 dB
below the RHCP level in both the xz and yz planes. The
LHCP is obtained at an inclined angle of 20° with respect to
the broadside direction. The tilted LHCP radiation is due to
the perturbation effect of the slot antenna.

(a)

IV. CONCLUSION

(b)
Fig. 8. Simulated and measured reflection coefficient, axial ratio,
and gain of the proposed antenna: (a) |S11| and (b) axial ratio and gain.

A wideband CP slot antenna with FSS loading is proposed in
this study. The truncated slot antenna achieves an optimized
axial ratio but with a low gain. To improve the gain and the
axial ratio of the truncated slot antenna, an FSS is used as a reflector. The proposed antenna achieves a measured impedance
bandwidth of 2.44 GHz and a 3 dB axial ratio bandwidth of
1.35 GHz with a peak gain of 4.87 dB. The proposed antenna
is useful for CP applications, such as radar and satellite, over the
CP frequency range of 3.66–5.01 GHz.
This work was supported by the Indian Space Research
Organization under the RESPOND program.
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(a)

(b)

(c)

(d)

Fig. 9. Simulated and measured LHCP and RHCP radiation patterns in (a) the xz plane at 3.98 GHz, (b) yz plane at 3.98
GHz, (c) xz plane at 4.42 GHz, and (d) yz plane at 4.42
GHz.
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Health Effects Study and Safe Distance Determination
Near an Electrical Distribution Network
Mehdi Nafar*

Abstract
Living organisms are affected by environmental pollution, one main source of which is the electric and magnetic fields (EMFs) of electrical distribution lines that produce high-voltage currents. Nowadays, electrical power transmission lines and distribution systems are becoming increasingly prevalent, with power distribution lines passing through cities and being located very close to buildings. For this reason, there has been significant public concern, which has escalated because of reports about the adverse health effects of the EMFs of
power distribution systems. In this paper, the environmental pollution produced by several different configurations of electrical distribution systems in Iran is studied. The paper presents new software to calculate EMFs around electric power lines. Using this software and
based on maximum allowable EMFs, a safe margin around selected power lines has been determined. According to the study results, it
seems that in Iran this safe distance is not met. Therefore, the standards relating to power distribution lines should be reviewed.
Key Words: Electric Field, Electrical Distribution Systems, Magnetic Field, MATLAB, Safe Margin, Software Package.

I. INTRODUCTION
Previous studies on the effect of the electric and magnetic
fields (EMFs) of power lines on health have produced inconsistent and often contradictory results [1]. Many people are concerned about power frequency (50 Hz) EMFs produced by electrical distribution lines (EDLs) because the research indicates
possible harmful effects of exposure to these fields. According to
previous studies and electromagnetic fields standards, the maximum allowable magnetic field is 0.04 μT, and the maximum
allowable electric field is 4–5 kV/m [1, 2]. Many studies have
addressed the evaluation of the electrically induced voltage and
current in living organisms [1, 2]. The conclusion is that power
lines are generally assumed to be harmless. However, this assumption has never been adequately tested. Low-level harmful

effects could be missed, even though they might be an important issue for the population as a whole, particularly as electric lines are ubiquitous. Other studies have evaluated the EMFs
of different power lines that are considered major sources of
pollution [3–9]. These fields may affect the operation of nearby
electric and electronic devices and appliances and may affect
various living organisms [1–5]. Electric distribution systems are
becoming increasingly prevalent worldwide, but despite this the
environmental effects of EMFs have not been adequately studied. In recent years, there has been significant public concern
prompted by reports on the adverse health effects of EMFs [6].
As stated, existing studies on the environmental pollution of
EMFs [1–9] report the maximum allowable electric field to be
4–5 kV/m and the maximum allowable magnetic field to be
0.04 μT for small animals and about 4–100 μT for humans,
depending on body area and the value of the line voltage and
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current [1, 2]. Unfortunately, in Iran power lines in cities have
been developed irregularly and are very close to the place of human life. In this paper, we have developed a new software package using MATLAB to calculate EMFs around electrical lines.
By analyzing the results, the environmental pollution level
around electrical distribution systems (EDSs) can be determined and the safe distance calculated.
II. ELECTROMAGNETIC FIELDS
Electric fields are created only when there is electric voltage.
The magnitude of an electric field is proportional to the voltage
of an electric line. There is no relationship between electric field
strength and current. In the literature, electric field data are
presented in units of V/m. Electric fields are caused by electric
charges and are described by Gauss’s law. This is used to find the
electric field generated by voltage in highly symmetric geometries, such as an infinitely long wire. Gauss’s law may be
expressed as:



 
Q
E . ds 
 ,
o

(1)

where Q is the electric flux through a closed surface S, E is the
electric field, 𝑑𝑠 is a vector representing an infinitesimal element of area of the surface enclosing any volume V, and ε0 is the
electric constant. Using Gauss’s law, electric fields around
electrical lines can be determined. The equations for calculating
the electric field around a power transmission line are described
in [9]. Magnetic fields are created only when there is an electric
current [1]. The magnitude of a magnetic field is proportional to
the current flow through an electric line and not the voltage. As
the current increases, so does the magnetic field. There is no
relationship between magnetic field strength and voltage. Regarding electric transmission lines, it is not uncommon for a 20
kV electric line to have a higher magnetic field than a 115 kV
line. High-voltage 400 kV lines can carry large currents and
therefore may produce relatively high magnetic fields, but
primary distribution lines with voltages less than 63 kV can
produce fields similar to those measured around a transmission
line if they carry enough current. Magnetic fields rapidly become weaker with distance from the source. However, they do
pass through most non-metallic materials, so they are more
difficult to shield. In the literature, magnetic field data are
presented in either units of gauss (G) or tesla (T). A milligauss
(mG) is equal to one thousandth of a gauss (G). One tesla is
equal to 10,000 gauss. A micro-tesla (μT) is equal to one
millionth of a tesla or 10 mG. A useful law is Ampere’s Law
that relates the magnetic field around a closed loop to the
electric current passing through the loop. This law is used to
find the magnetic field generated by currents in highly sy-

mmetric geometries, such as an infinitely long wire or a solenoid.
According to Ampere’s Law, the integral of B around any closed
mathematical path equals μ0 times the current intercepted by the
area spanning the path. Eq. (2) illustrates this concept [1]:

 B.dl   I ,
0

(2)

where the line integral is over any arbitrary loop, I is the current
enclosed by that loop, and r is the distance from the center of
the wire. Using Ampere’s Law, the magnetic fields of power
transmission lines can be calculated [1].
III. HISTORY OF THE HEALTH EFFECTS OF EMFS
After more than three decades of research, there is still public
concern regarding exposure to EMFs and the increased risk of
childhood cancer. This concern largely derives from studies of
people living near power lines or working in electrical-related
occupations. Some of these studies appear to show a weak
association between exposure and power-frequency EMFs and
the incidence of some cancers. Concerns about the EMFs of
power lines were first raised in a 1979 study that associated an
increased risk of childhood leukemia with residential proximity
to power lines [2]. In 1998, an international panel of experts
convened by the National Institute of Environmental Health
Sciences reported that EMFs like those surrounding electric
power lines should be regarded as a possible human carcinogen
[1–3]. Some diseases reportedly caused by electromagnetic
radiation include childhood leukemia, brain tumors, and neurodegenerative diseases, such as Alzheimer disease. Health risks
from high-voltage power lines are not limited to children, and a
study published in 2008 reported an increase in the incidence of
Alzheimer disease in a population living near high-voltage
power lines [3]. Recent laboratory studies suggest that EMFs
with intermittent or transient characteristics may produce
biological effects [4]. Many studies [1–7] have attempted to
determine whether childhood cancer can be linked to magnetic
fields from power lines. Different confounding factors, such as
air pollution, water contamination, exposure to hazardous
chemicals, heavy traffic, and housing density, could conceivably
contribute to cancer. Experimental studies [10–14] conducted
on more than 2,500 animals of different species (mice, cats,
rabbits, and monkeys) have aimed to evaluate the most sensitivities, body nervous and immune systems, and also vital
activity. The results of this research confirm a relatively
biological activity of 50 Hz magnetic fields. It was concluded
that the biological effects of 50 Hz magnetic fields depend on
the exposure intensity and duration. The obtained data on
changes in the immune and other systems indicated that a value
of 0.04 μT magnetic flux density during 4 hours per day of
exposure had adverse health effects on the experimental animals.
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This value is higher for humans and depends on body area and
the value of the line current. All these studies clearly reveal that
the health risks associated with high-voltage power lines and
can affect a significant amount of people living in proximity to
these lines.
IV. SOFTWARE PACKAGE
MATLAB is one of the most powerful engineering applications. In this work, we used MATLAB to develop a program to
calculate the EMFs around transmission lines in three-phase
systems. The input parameters included the voltage of wires, the
current, the height of transmission towers, the diameter of wires,
and the position of the phases. By using input data and based on
the equations in Section II, EMFs around distribution systems
at a constant height from the ground or in a fixed width of the
transmission tower can be calculated. The main menu of the
developed software is shown in Fig. 1.

Fig. 2. Line conductor configurations of 20 kV lines.
Table 1. The data for 20 kV cases
Voltage (kV)
Diameter of wires (mm)
Maximum current (A)

20
13.2
200

V. CALCULATION OF EMFS AROUND ELECTRICAL
DISTRIBUTION LINES
In Iran, several line configurations are installed for different
distribution voltage levels. Fig. 2 shows several typical latticetype configurations for the 20 kV level.
The data for these cases are listed in Table 1.
Fig. 3 shows the most common configurations for 400 V
lines.
The data for these cases are listed in Table 2.
VI. RESULTS AND SAFE MARGIN CALCULATION

Fig. 3. Line conductor configurations of 400 V lines.
Table 2. The data for 400 V cases
Voltage (V)
Diameter of wires (mm)
Maximum current (A)

400
3.9
150

According the previous studies that mentioned above, maximum allowable electric fields is 4–5 kV/m and maximum allow-

Fig. 4. Power distribution lines close to residential buildings.

Fig. 1. The main menu of the developed software.
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able magnetic field is 0.04 μT for small animals and about 4–
100 μT for humans, and it will depend on the percentage area
of the human body with respect to the animal’s body area and
also on the value of the line voltage and current. The results of
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Fig. 5. The curve of an electric field near a 20 kV line.

Fig. 8. The curve of a magnetic field near a 400 V line.
Table 3. Safe margin around EDLs
Safe distance (m)
20 kV
400 V

Fig. 6. The curve of an electric field near a 400 V line.

Based on electric field

Based on magnetic field

0.9
0.27

10
7.5

• The magnetic fields of EDLs are a form of environmental
pollution, and based on previous studies, living near power
lines can be detrimental to human health.
• Environmental pollution in the form of magnetic fields is
much greater than environmental pollution in the form of
electric fields and should be studied carefully.
• Living close to EDLs may be hazardous.
• Based on electric distribution design standards in Iran,
there must be a minimum horizontal distance of 3 m between any part of a building and the closest 20 kV line and
1.5 m between any part of a building and the closest 400 V
line. It seems that the safe distance standards for power
distribution lines should be reviewed.
VII. CONCLUSION

Fig. 7. The curve of a magnetic field near a 20 kV line.

this study are listed in Table 3.
Based on these results, it can be concluded that:
• Environmental pollution in the form of electric fields is
minimal and can be contained; therefore, the health effects
relating to electric fields are negligible.

This paper investigated environmental pollution caused by
EMFs near EDSs in Iran. A software package was developed
using MATLAB to calculate these EMFs. Using this software,
EMFs near 20 kV and 400 V distribution lines were determined. Based on the results and on safe EMF levels, safety
margins around EDLs were calculated. It was shown that environmental pollution in the form of electric fields is minimal, but
environmental pollution in the form of magnetic fields is significant enough to warrant careful study. It seems that the safe
distance standards for power distribution lines should be reviewed.
REFERENCES
[1] M. Nafar, "Magnetic field calculation around 230kV bun175

JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 19, NO. 3, JUL. 2019

dled transmission lines," International Journal of Engineering
Innovations and Research, vol. 2, no. 6, pp. 463-466, 2013.
[2] N. Wertheimer and E. D. Leeper, "Electrical wiring configurations and childhood cancer," American Journal of Epidemiology, vol. 109, no. 3, pp. 273-284, 1979.
[3] R. M. Lowenthal, D. M. Tuck, and I. C. Bray, "Residential
exposure to electric power transmission lines and risk of
lymphoproliferative and myeloproliferative disorders: a casecontrol study," Internal Medicine Journal, vol. 37, no. 9, pp.
614-619, 2007.
[4] A. Ahlbom, "Neurodegenerative diseases, suicide and depressive symptoms in relation to EMF," Bioelectromagnetics, vol. 22, no. S5, pp. S132-S143, 2001.
[5] A. Huss, A. Spoerri, M. Egger, and M. Roosli, "Residence
near power lines and mortality from neurodegenerative diseases: longitudinal study of the Swiss population," American
Journal of Epidemiology, vol. 169, no. 2, pp. 167-175, 2009.
[6] V. C. Motrescu and U. V. Rienen, "Computation of currents induced by ELF electric fields in anisotropic human
tissues using the Finite Integration Technique (FIT),"
Advances in Radio Science, vol. 3, pp. 227-231, 2005.
[7] A. Ahlbom, A. Green, L. Kheifets, D. Savitz, and A.
Swerdlow, "Epidemiology of health effects of radiofrequency exposure," Environmental Health Perspectives, vol. 112, no.
17, pp. 1741-1754, 2004.
[8] J. R. Reitz and F. J. Milford, Foundations of Electromagnetic

Mehdi Nafar
received his B.S., M.S., and Ph.D. degrees in electrical engineering in 2002, 2004, and 2011 from
PWIT University, Amirkabir University of Technology, and Islamic Azad University, Science and
Research Branch, all in Tehran. He graduated from
all programs with First Class Honors. He is currently
Assistant Professor in the Department of Electrical
Engineering, Marvdasht Branch, Islamic Azad University in Marvdasht, Iran. He is the author of more than 50 journal and
conference papers. His teaching and research interests include power system and transformer transients, lightening protection, and optimization
methods in power systems.

176

Theory, Reading, MA: Addison-Wesley, 1960.
[9] B. Florkowska, A. Jackowicz-Korczynski, and M. Timler,
"Analysis of electric field distribution around the highvoltage overhead transmission lines with an ADSS fiberoptic cable," IEEE Transactions on Power Delivery, vol. 19,
no. 3, pp. 1183-1189, 2004.
[10] I. Katsuo and N. Hayashi, "Characterization of electric and
magnetic fields at ground level under EHV transmission
lines," in Proceedings of International Symposium on High
Voltage Engineering, Dresden, Germany, 1991.
[11] M. O. Melo, L. C. Fonseca, E. Fontana, and S. R. Naidu,
"Electric and magnetic fields of compact transmission
lines," IEEE Transactions on Power Delivery, vol. 14, no. 1,
pp. 200-204, 1999.
[12] L. L. Dvorak and L. Romero, "Evaluation of grounding
methods used for maintenance of transmission lines,"
IEEE Transactions on Power Delivery, vol. 12, no. 3, pp.
1379-1384, 1997.
[13] P. S. Maruvada, A. Turgeon, D. L. Goulet, and C. Cardinal, "An experimental study of residential magnetic fields
in the vicinity of transmission lines," IEEE Transactions on
Power Delivery, vol. 13, no. 4, pp. 1328-1334, 1998.
[14] R. G. Olsen and P. S. K. Wong, "Characteristics of low
frequency electric and magnetic fields in the vicinity of
electric power lines," IEEE Transactions on Power Delivery, vol. 7, no. 4, pp. 2046-2055, 1992.

JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 19, NO. 3, 177~187, JUL. 2019

https://doi.org/10.26866/jees.2019.19.3.177
ISSN 2671-7263 (Online) ∙ ISSN 2671-7255 (Print)

Analysis and Modeling of GPR Signals to
Detect Cavities: Case Studies in Morocco
Gamil Alsharahi1,* · Ahmed Faize2 · Carmen Maftei3 · Mohamed Bayjja1 ·
Mohamed Louzazni4 · Abdellah Driouach1 · Abdellatif Khamlichi5

Abstract
This research studied the detection of cavities and other abnormalities in subsoil utilizing ground penetrating radar (GPR) and an algorithm developed under MATLAB. The study also analyzed and modeled GPR signals to find the exact location of cavities in the subsoil.
The algorithm was based on the finite difference time domain (FDTD) method to simulate cavities and compare them with an experimental study. This study used GPR with 400 MHz and 200 MHz to investigate and detect cavities. Three different areas were chosen
with different proprieties of subsoil to detect the cavities: mountainous, coastal, and lowland areas. The results show high accuracy in the
detection of cavities using GPR.
Key Words: Algorithm, Detection, FDTD, Ground Penetrating Radar, Subsoil.

I. INTRODUCTION
In civil engineering, cavities and fragile areas are the most important obstacles in construction zones and quarries when deciding suitable places for using explosives [1]. In environmental,
industrial, and urban construction points of view, the existence
of cavities underground is a potential source of dangerous phenomena [2]. Ground penetrating radar (GPR) is a non-invasive
subsurface prospecting technique based on the propagation of
electromagnetic waves [3]. Its measurements are sensitive to
dielectric permittivity variations between the cavity and the external environment [4]. The development of imaging to estimate the electromagnetic properties of the medium include the

dielectric permittivity ε (F/m) and the electrical conductivity σ
(S/m), which are critical issues for a physical interpretation of
the target structures. Moreover, GPR is based on the transmission and reception of 10 MHz–2.6 GHz electromagnetic waves
into the ground. The dielectric permittivity of the target overwhelms the permittivity of other soil components, and the presence of water in the soil principally governs GPR wave propagation. The system transmits a pulse in very short duration waves
in the material and records the amplitude and time of arrival of
each wave. Reflection waves are produced to the right of any
changes in the properties of conduction of electric current in the
middle (dielectric constant). Its amplitude is determined from
the contrast of dielectric permittivity between the banking and
the target. One part of the transmitted wave energy continues to
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spread in the middle until it is attenuated to be detected. The
attenuation of the transmitted signal is extremely variable and
depends greatly on the electrical conductivity of the materials.
Any field with high electrical conductivity will very strongly
attenuate the radar waves and vice versa [5, 6]. There are numerous applications for GPR radar in various research areas:
geology, mining, environmental, geotechnical, civil engineering,
hydrology, archeology, and others [1–3]. A high-resolution seismic reflection was used to detect and characterize underground
cavities [2]. An experimental detection was also used [3] as a
geophysical survey routine for the detection of doline areas in
the surroundings of Zaragoza, using two techniques. The first
was magnetometry and electromagnetic multi-frequency radiation to examine the entire survey area to determine anomalous
subsoil behaviors; the second was GPR electric tomography, or
seismic methods, to generate an indirect view of the subsoil
structure to detect cavities [7, 8]. Cavity detection has been considered one of the primary targets in geophysical prospecting,
representing a principal goal for the prevention of risk. For example, cavity detection in urban areas is important to prevent
accidents related to possible collapses, and in archeology, these
cavities are even more important [9]. Most of the techniques
proposed lie in the detection of water or air-filled voids whose
physical properties (density, electrical resistivity and conductivity,
dielectric constant, magnetic susceptibility) are considerably
different from the host sediment or rock [3]. In previous studies,
the detection of cavities could not fully distinguish those cavities
from others due to the similarity between certain materials and
the properties of constant dielectric cavities and iron. In this
work, we have developed a numerical program to present the
amplitude of the buried object’s signal during exploration. The
program has been effective distinguishing the cavities. In order
to conduct a preliminary study of the signal’s characteristics of
GPR reflections from cavities, numerical simulations were first
studied using the gprMax program. This program is a GPR
simulator based on the finite difference time domain (FDTD)
method developed by Antonis Giannopoulos [4]. This method
is widely used in various fields due to its generality and simplicity [10], such as using optical analysis for an optical device, including waveguide array and antenna analysis. The FDTD
method discretized the electrical and magnetic fields into the
dual lattice in space and time coordinates. However, the FDTD
method is essentially based on the integral of Maxwell’s equations.
This paper examines cavity detection in different fields with
experimental and theoretical simulation. The use of geophysical
methods, such as GPR and seismic methods, provides an effective alternative for cavity detection. Our analyses of cavity detection were conducted with high precision at several location areas
178

with different physical properties. To validate the accuracy of
the experimental results, a numerical simulate was developed to
detect the cavities. The theoretical and experimental results
show high accuracy for using GPR and simulation for real applications in various fields. Also, GPR and the developed code
can be used in several areas of civil engineering, such as for
buildings and bridges, or to detect human bodies under ruins
after earthquakes.
II. THEORETICAL BACKGROUND
FDTD or Yee’s method is a numerical analysis technique
widely used for modeling the dynamical system based in a differential equation [10]. To implement the FDTD method in
Maxwell’ equations, a computational time domain must first be
determined. Generally, the computational domain is the physical
region over which the simulation will be performed or the area
scanned with GPR.
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The FDTD method is based on the numerical resolution of
Maxwell’s equations expressed in cylindrical coordinates by following the adapted Yee scheme [11, 12], shown in Fig. 1(a).
The chart of the FDTD method is given in Fig. 1(b). The reflection of the strength created by GPR in a perpendicular incident wave depends on the contrast of relative dielectric constants across the reflecting boundary. The reflection coefficient
RC can be expressed as in Davis and Annan [5, 13]:

(a)

(b)

Fig. 1. Positions of the electric and magnetic field components
according to the cylindrical Yee scheme in a 3D case (a) and
the FDTD method (b).
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where εr1 and εr2 are the relative dielectric constants of mediums
1 and 2, respectively. These constants are used in the calculation
of dielectric constant εr, according to the following equation
using c as the speed of light (0.3 m/ns) and h as the depth:
 ct 

2
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(5)

III. MATERIALS AND METHODS
1. Materials
The GPR experimental data were collected using a GSSI
SIR-3000 device with two antennas, 400 MHz and 200 MHz,
for the center frequency. These antennas were adapted to be
used in different geological conditions. The main adjusted settings were the acquisition gains that were measured in signal/
noise and time. A simulation was made to detect several cavities
and distinguish them from others using different targets and
different forms using RADAN 7 for data processing.
2. Description of the Antennas
The antennas used for this study were an RC loaded bowtie
designed for the 300 MHz to 3 GHz frequency range, as described in [14]. Fig. 2(a) presents the geometry of the GPR an-

Fig. 3. Mode scan and offset constant: (a) A-scan, (b) B-scan, and
(c) C-scan.

tennas, constituted by two half-ellipses. The capacitive loading
was designed in periodic slots cued on the antenna arms, and a
graphite sheet of 1 mm thickness was placed over each arm to
provide the resistive load. The antenna was fed using a vertical
microstrip to parallel stripline transition. Fig. 2(b) illustrates the
simulated and measured magnitude of the S11 parameter for the
RC bowtie antenna.
3. Mode Scan and Method of Prospection
The experimental data obtained by GPR were analyzed and
interpreted as an image of a vertical slice of the basement. The
image was received by the concatenation of the A-scan and Bscan data recorded by GPR along the measured area [15]. Objects that fled the basement were marked by the presence of the
hyperbole in the B-scan (Fig. 3(b)) and C-scan (Fig. 3(c)) [1].
IV. RESULTS AND DISCUSSION
1. Cavity Detection in the Laboratory and Simulation

(a)

(b)
Fig. 2. (a) Geometry of RC bowtie antenna and (b) S11 variation.

1.1 Comparison of simulation and experimentation results
(1,600 MHz)
In order to simulate and measure the electromagnetic wave
reflected by cavities and to validate the theoretical results obtained by the simulation, we created a laboratory experiment.
We buried in the ground two iron bars (diameter of 16 mm)
and two plastic tubes with vide (diameter 32 mm) that have
dielectric permittivity of 7 F/m and conductivity of 0.001 S/m
as shown in Fig. 4. The antenna we used had a central frequency
of 1,600 MHz. Because the iron bar and the tubes had the same
dielectric permittivity, we used empty tubes.
Fig. 5(b) shows the direct waves: the first strong amplitude is
the combined reflection between the antenna and the reflected
signal. It has a negative reflection coefficient due to the air between the antenna and the land surface. The amplitude difference at t = 1.4 ns is (1.4, 500) and at t = 1.8 is (1.8, -800)
shows the effects of a cavity on the GPR signal.
1.2 Simulation of the cavity’s detection using 400 MHz
In this part of the study, we detected the cavity of a rectangu179
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Tube with vide

Medium of soil

Depth=0.87 m

(a)
Fig. 6. Schema of the rectangular target buried in soil (50 cm × 25 cm).

(b)
Fig. 4. (a) Image shows an empty tube buried and (b) radargram of
experimental results.

(a)
Direct wave

Reflection from of cavity

(b)

(c)
Fig. 5. (a) Simulation results of the empty tube, (b) amplitude signal obtained from modeling, and (c) zoom of (b).
180

lar object (50 cm × 25 cm) presented in Fig. 6 using a simulation of GPR measurements. The response was from the surface
buried in a homogeneous medium with a dielectric permittivity
of 7, a conductivity of 10-3, and a depth of 0.87 m as shown in
Fig. 5 by gprMax2D and MATLAB programs. Fig. 5(a) presented in the radargram shows the presence of hyperbola in Fig.
7(a) due to the total diffraction of the wave inside the cavity and
its reflection at the end. Fig. 7(b) shows the evolution of the
electric field. The amplitude Ez of the electric field for the first
travel time starts the diffraction for negative direction and then
has a very strong diffraction in the other direction, due to the
presence of the cavity, which has no conductivity.
Fig. 8(a) shows the simulation result for the detection of a
square conductor target. We note that the hyperbola in this figure is clearly visible because of the conductivity of the target. Fig.
8(b) shows the results of modeling for detection of the conductor targets. The total reflection of the electric field amplitude Ez
is shown in the first travel time for the positive direction and
then has a very strongly reflection in the other direction caused
by high electrical conductivity.
Fig. 9(a) presents the simulated detection of a rectangular dielectric target. We observe that the hyperbolas in this case is less
clear compared to the case of the conductor target. This is because the reflection and diffraction waves are approximately
equal, and because the positive and negative amplitude are approximately equal, as shown in Fig. 8(b). In order to detect the
difference between cavities and hyperbolas, the following conditions are used:
(1) The dielectric constant of the cavity is equal to one and
the conductivity is zero;
(2) The hyperbolas of the cavity are in white and black;
(3) The amplitude of the signal has a minimal value in the
negative direction and a maximum value in the positive
direction.
2. Results of Investigation of Cavities in a Subsurface in Homogeneities using Data Acquisition
This section uses three GPR surveys perpendicular to the
ground in three different areas. We measured the GPR data in
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Fig. 9. (a) Simulation to detect rectangular plastic and (b) trace
amplitude of the wave reflection and refraction.
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Fig. 7. (a) Simulation to detect rectangular cavities, (b) trace amplitude of the wave reflection and refraction of the evolution of
the electric field, and (c) zoom of (b).

(a)

2.1 Cavity detection in a mountainous area: a quarry in Khamis
Anjara
The importance of this cavity detection in quarries is to identify suitable areas for the placement of explosives during the
production of gravel, sand, and other elements. This is the basis
of all construction in civil engineering. It is necessary to locate
these cavities and to record their coordinates with precision on
the ground so as to designate future areas for explosives and to
avoid fragile zones and cavities. If the explosives are placed in
cavities or fragile ground, there will be no explosion, causing loss
of money, effort, and time. The stone quarry located next to the
village of Khamis Anjara in a region of Tetouan city was used in
this study.
In Fig. 10(a), the cavity extends from 0.5 m to 5.3 m and the
depth ranges from 1 m to more than 2.5 m.

Direct wave

2.2 Cavity detection in a flat area (road project)
The aim of this survey in this area is to detect cavities in an
urban area. A cavities were found during work on the construction of a new road project. In this zone, a GPR survey was conducted at a survey distance of 1,000 m and a depth of 6 m.
(b)
Fig. 8. (a) Simulation to detect a rectangular conductor and (b)
trace amplitude of the wave reflection and refraction.

2.2.1 Methodology
In this part of the study, an antenna with 200 MHz was used
to detect an object at 8 m depth in the road. The results are giv181
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cavity

(a)

zones of reflections and diffractions represent cavities. The three
areas where we found a long cavity were more than 5 km. The
specific areas that were considered in this study have a length of
1 km per area, divided into several radargrams, where we could
not present all the data (information about targets). Twodimensional and 3D investigations are described and presented
below. Furthermore, the simulation of cavity detection in the
fourth section by the signals and radargram was applied, and the
work confirmed the results.
2.2.2 Investigations in zone 1B-scan mode (2D)
At the beginning, we carried out 2D investigations that began from 246 km to 247 km of the road. In the first zone (Fig.
12), we chose to investigate deep cavities at a depth different
from 2.2 m to 6 m.
Fig. 12 shows a GPR image obtained on the ground. At the
travel time of 120 ns and depth of 6 m, a strong reflection was

(b)
Fig. 10. Radargrams of the profiles detecting the cavities (site
Khamis Anjara): (a) Profile 1 and (b) Profile 2.

Study zone

(a)

(a)

(b)
(b)
Fig. 11. (a) Localization of the project in El Jadida city and (b) a
diagram of the work area survey.

en in B-scan mode. The road (El Jadida-Safi, 143 km) was divided into four 4-km-long profiles for each investigation (SafiEl Jadida). The distance between each profile was 2 m (Fig. 11).
The radar profiles show an overview of the studied site, with
3D profiles acquired along the road and illustrating the contrast
below the surface on different sections of the road. In order to
facilitate the reading of the radargram, the red squares of the
182

(c)
Fig. 12. Radar data showing cavities on the road project: (a) Profile
1, (b) Profile 2, and (c) Profile 3.
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(a)

(c)

(b)

(d)

Fig. 13. Profiles of radargrams in zone 2 (profiles 18 and 23) along 251–52 km and depth 5 m: (a) from 45 m to 85 m, (b) from 485 m to
530 m, (c) from 730 m to 775 m, and (d) from 930 m to 975 m.

detected, which is considered the electromagnetic wave reflected
from the cavity. In Profile 1, there are cavities from 0 m to 30 m.
In Profile 2, there are cavities from 600 m to 660 m. In Profile 3,
there are cavities from 485 m to 520 m.
2.2.3 3D investigation of zone 2 by C-scan modes
In this part of the study, we carried out 3D investigations on
lengths of 1 km and 6 km, respectively, divided into several radargrams and at a depth of 5m and a width of 2 m.
The second zone begins from 251 km and 252 km as a length
of the road at 3 km shown in Fig. 13. The coordinates of zone 2
are at depth different from 2.2 m to 6 m, length along 251–252
km (1 km), and width is 2 m.
2.3 Cavity detection in a coastal area: Harhoura
For this part of the study, we positioned the radar profiles as
shown in the map below. On the basis of indications of the plan
in Fig. 14, we indicate the various anomalies by area. The different profiles performed in this area show that several areas have
empty attendance indices, soil destructuration, or simple fractures with small voids. The profile in Fig. 14 shows an evolution
of anomalies with a fracturing of the subsoil that connects the
two anomalies. The first anomaly evolves in depth with the

presence of empty franc, an increase of the surface of the third
anomaly with the presence of a vacuum, and the presence of a
1m deep fracture that connects the two anomalies with a scattered void.
The profile in Fig. 15 shows an evolution of anomalies and
fractures with the presence of voids throughout the profile
length and shows the presence of a significant cavity starting
from a depth of 4.5 m. The profile of Fig. 16 shows continuity
of the deep cavity with an increase in the volume of the anomaly
detected at the surface, mainly for the anomaly above the cavity,
with ramifications between them. We will indicate the results of
the additional auscultation that we have achieved to determine
the maximum depth of the cavity detected in zone 1.
We carried out radar profiles of deep cavity detection areas in
order to define in depth as seen in Figs. 14–16. The radar profiles carried out on that cavity could reach 15 m deep into usable
signals on this depth, and we have delimited the cavity at 8.20 m
depth. Beyond 8.20 m deep, the pitch becomes homogeneous.
V. CONCLUSION
In this work, we conducted numerical and simulated results,
as well as experiments and surveys in mountainous, flat, and
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Cavity
Cavity

Fig. 14. Profile 4 next to zone 1.

Cavity

Cavity

Cavity

Cavity

Fig. 15. Profile 5 next to zone 1.

Abnormal

Cavity

Cavity

Fig. 16. Profile 6 next to zone 1.
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coastal areas. We found great similarity between the results from
our modeling and the experimental results and field surveys. We
have been able to identify cavities in subsoil in an effective and
successful way. We observed that the hyperbola resulting from
the reflection of waves from the cavities in coastal areas is very
thin (faint) and different from the other regions due to the high
humidity in this area. Also noteworthy is that the hyperbolas are
insufficient to identify cavities so the use of an amplitude of
reflected waves is needed. The results obtained show the presence of cavities at different distances and depths in the places
studied. It is noted in this study that the depth of the investigations reached 8 m using a 400 MHz antenna, which can indicate that the ground has distinctive characteristics and very low
conductivity. The detection of the cavity in the coastal area was
difficult compared to the mountainous and flat areas, which
were easier and more obvious.
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Abstract
A compact receiving (Rx) antenna integration for 3D direction-finding passive radar is proposed. The proposed antenna integration consists of two Yagi antennas and two waveguide slot antennas. The antennas are mounted on four sides of a parallelepiped polycarbonate
module with the same type of antennas facing each other on the opposite sides of the module. The antenna is designed for a directionfinding radar system as an Rx terminal on an avionic vehicle with a separate Tx base station on the ground. The proposed antenna integration demonstrates a maximum return loss of 9.6 dB (voltage standing wave ratio 2:1) ranging from 9.7 to 10.2 GHz in the X band and
has suitable radiation patterns for direction-finding system in both the xz and yz planes. In addition, the proposed antenna integration
has the compact size and light gross weight of 37 mm × 46 mm × 50 mm and 97 g, respectively, making it suitable for application in an
avionic system.
Key Words: Direction-Finding, Radar, Waveguide Slot Antenna, Yagi Antenna.

I. INTRODUCTION
With the rapid development of commercial and military avionic radar systems, interest in antenna design technology for
guidance and control systems for avionic vehicles has increased
explosively during the past few years. To meet the performance
requirements of the antennas mounted on an object for direction-finding, many studies have been conducted [1–6]. To reduce power consumption, the antenna usually operates in passive Rx mode, with an additional Tx base station on the ground
[7], as shown in Fig. 1. The Tx station first transmits a signal to
the target in the air. When the reflected signal from the target
hits the Rx antenna, the front-end receiver module deduces the
amplitude of it as DC voltage [8, 9]. After processing and com-

Reflected signal

Target

Aviating platform (Rx)
Transmitted signal

Ground base station (Tx)

Fig. 1. Operating principal of the application.

puting that voltage value, the direction of the incoming signal
can be found by analyzing the differential amplitude of the volt-
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z

x
y

(a)
(b)

(a)

(b)

Fig. 4. A brief example of ideal gain difference between ANT1–
ANT2 and ANT3–ANT4 in (a) xz plane (b) yz plane.

Fig. 2. Four antennas mounted on a paralleled piped module for
direction-finding application: (a) perspective view and (b)
front view.

(a)
(a)

(b)
Fig. 3. A brief example of ideally suitable radiation patterns on xz
plane (a) and yz plane (b).

age measured from each Rx channel. Thus in the industrial field,
multi-channel Rx antenna integrations are generally used [10].
Each antenna is mounted on four faces of a parallelepiped antenna module on an avionic vehicle as shown in Fig. 2. When
using the amplitude comparison scheme for direction-finding,
ambiguity of the gain amplitude can become an issue that affects the accuracy of the system [11]. To eliminate that ambiguity in a four-channel direction-finding system, the radiation patterns of the four antennas in Fig. 2 should be similar to the patterns shown in Fig. 3 [12]. In the ideal of that case, the gain
difference between ANT1–ANT2 and ANT3–ANT4 in xz
and yz planes can be graphically deduced as the plots given in
Fig. 4. To satisfy all those properties, we here propose a compact
and light-weight Rx antenna integration suitable for a 3D direction-finding radar system.
II. DESIGN OF SINGLE ANTENNA ELEMENTS
With reference to the radiation patterns in Fig. 3, four antennas need to be chosen to generate the required beam patterns.
However, because the Tx antenna of a ground base station system usually has a sharp beam with linear polarization [13, 14]
(e.g., dipole or patch array), the linearly polarized planes of the

(b)

Fig. 5. Comparison of space occupancy between two types of antenna integration using (a) four identical antennas and (b)
two types of antenna pairs with polarization orthogonal to
each other.

four Rx antennas must coincide with one another to receive the
reflected signal from the target. One way to obtain that property
is to use four identical antennas, such as a dipole antenna on
each side of the platform, as shown in Fig. 5(a). However, that
configuration requires a significant amount of space for the antennas. Therefore, we propose two Yagi antennas and two waveguide slot antennas for ANT1–ANT2 and ANT3–ANT4 in
Fig. 2, respectively, as shown in Fig. 5(b), which requires much
less space.
1. Microstrip Yagi Antenna
The single element for a microstrip Yagi antenna is illustrated
in Fig. 6. The antenna consists of an SMA connector, dipole
element, rear reflector, front driver, polycarbonate (PC) spacer,
bottom reflector, and two PC bolt screws. Parameters of the
antenna were calculated using the basic properties of a general
Yagi antenna [15], as shown in Table 1, and then fine-tuning
them using HFSS software (version 2016.2, Ansys Corporation,
Pittsburgh, PA, USA). The simulated return loss of the antenna
is shown in Fig. 7. The bandwidth of the antenna to achieve
voltage standing wave ratio (VSWR) 2:1 is 9.25–11.8 GHz. As
a conventional Yagi antenna, the antenna has a directive and
nearly symmetric radiation pattern in the xz plane [16], as
shown in Fig. 8. On the other hand, the antenna exhibits a tilted
beam from the +z to +y direction at 50°, as shown in Fig. 8,
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Table 1. Theoretical values for parameter of Yagi antenna
Parameter
Distance
Reflector to dipole
Director to director
Width
Dipole
Director
Length
Dipole
Director
Reflector

Theoretical value
0.2-0.35λ
0.2-0.35λ
0.015-0.025λ
0.015-0.025λ
0.45-0.49λ
0.4-0.45λ
≈0.5λ

Realized gain [dBi]

10

(a)

5
0
-5
-10

xz-plane(w reflector)
yz-plane(w reflector)
xz-plane(w/o reflector)
yz-plane(w/o reflector)

-15
-20
-90

-60

-30
0
30
Theta [deg]

60

90

Fig. 8. Simulated radiation pattern of the Yagi antenna element at
10 GHz with and without bottom reflector.

(b)
Fig. 6. Geometry of the proposed Yagi antenna element: (a) top
view and (b) side view.

Return Loss [dB]

0
5
10
15
20
25
9.0

9.5

10.0
10.5
Frequency [GHz]

11.0

Fig. 7. Simulated return loss of the Yagi antenna element.
(a)

due to the bottom reflector made of FR4 substrate with a full
metal pattern on its upper side. In addition, the antenna is linearly polarized in the xz-plane according to the nature of a dipole
antenna [17].
2. Waveguide Slot Antenna
The single element of a waveguide slot antenna is designed as
shown in Fig. 9. The resonant frequency is determined by the
half-wavelength (λ/2) central slot on the top of the waveguide.
190

(b)

Fig. 9. Geometry of the proposed waveguide slot antenna element:
(a) top view and (b) cross-sectional side view.

Impedance matching was achieved by placing a conducting
metal block inside the waveguide and adjusting the gap between
the feeder pin and the block. The simulated result shows that
the bandwidth of the antenna to achieve VSWR 2:1 is 9.85–
10.23 GHz, as shown in Fig. 10. Unlike conventional waveguide slot antennas [18–20], the waveguide slot antenna in this
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Fig. 10. Simulated return loss of the waveguide slot antenna element.

paper has three corrugation grooves on the top wall of the
waveguide. The one in the rear is for suppressing the surface
wave toward –z direction, and the two in the front induce more
surface wave toward the +z direction. The former is placed λ/2
away from the slot and the latter are located close to the slot to
obtain the tilted main beam [21–23]. Fig. 11 illustrates the effect of each corrugation on the main beam direction of the antenna in the xz plane. As a final optimized result, the main
beam of the waveguide slot antenna in the xz plane is tilted 45°
from the +x direction to the +z direction while being symmetric in the yz plane, as shown in Fig. 12. In addition, the antenna
is linearly polarized in the xz plane according to the nature of a
waveguide slot antenna [17].
III. ANTENNA INTEGRATION DESIGN
As illustrated in the previous section, the antenna integration
consists of two Yagi antennas (Y1 and Y2) and two waveguide
slot antennas (B1 and B2) mounted on each side of the plastic
module, as shown in Fig. 13. Considering the position of the
mounted antennas, the linearly polarized plane of the four antennas is identical (i.e., coincides with the xz plane) due to the

-30
-90

-60

-30
0
30
Theta [deg]

60

90

Fig. 12. Simulated radiation pattern of the waveguide slot antenna
element in both xz and yz planes at 10 GHz.

(a)

(b)

Fig. 13. Geometry of the proposed antenna integration: (a) perspective view and (b) rear view.

polarization characteristics of the antenna types. The module for
mounting the integrated antennas is made of PC (𝜀 = 2.8),
which is economical, easily machinable, and lightweight. The
simulated return loss characteristics of the antenna mounted on
the module are shown in Fig. 14. All four antennas satisfy the
maximum return loss level of 9.6 dB (i.e., VSWR 2:1) from
9.85 GHz to 10.15 GHz. Fig. 15 briefly illustrates the E-field
distributions of both antennas mounted on the module to verify
the origination of the tilted main beams in both the xz and yz
0

Return Loss[dB]

5
10
15
20
25

B1&B2
Y1&Y2

30
9.0

Fig. 11. The effect of corrugation grooves on the radiation pattern
of the antenna in xz plane.

9.5

10.0
10.5
Frequency[GHz]

11.0

Fig. 14. Simulated return loss of the proposed antennas.
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Fig. 15. E-field distributions of two antenna types at 10 GHz: (a)
waveguide slot antenna in xz plane and (b) Yagi antenna
in yz plane.

10
5
0

planes. Compared with the proposed Yagi antenna in the yz
plane, the waveguide slot antenna has a broader radiation pattern in the xz plane due to the nature of the antenna mechanism.
Therefore, to obtain a steeper gradient—i.e., larger value of
(dBi/theta degree)—for the gain plot in the xz plane, both
waveguide slot antennas are rotated about 3° toward the z-axis,
which makes the radiation pattern similar to that in Fig. 3. As
shown in Fig. 16, the gradient of the gain decrement versus
theta becomes steeper in general as the antenna is rotated but
starts to flatten from 4°. Fig. 17 illustrates the optimized result
for simulated radiation patterns of the proposed antenna integration at 10 GHz in the xz and yz planes. As shown in the
figure, the radiation patterns of the B1 and B2 are identical in
the yz plane and symmetric in the xz plane. On the other hand,
the radiation patterns of Y1 and Y2 are identical in the xz plane
and symmetric in the yz plane. In addition, the maximum gains
of the B-type antennas in xz plane and the Y-type antennas in
yz plane are 7.5 dBi and 8.1 dBi, respectively.
To analyze the suitability of the radiation pattern illustrated
in Fig. 3, we conducted a graphical manipulation. The plots in

Realized gain [dBi]

10
5
0
rotation=0deg
rotation=1deg
rotation=2deg
rotation=3deg
rotation=4deg
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-90
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30
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90

Theta[deg]

(b)
Fig. 17. Simulated radiation patterns of the proposed antenna at 10
GHz: (a) xz plane and (b) yz plane.

Fig. 18 indicate the gain difference between the antennas with
identical types in the xz and yz planes at 10 GHz. The gradient
of the gain difference plots between B1 and B2 in the xz plane
and Y1 and Y2 in the yz plane are steep, whereas that between
B1 and B2 in the yz plane and Y1 and Y2 in the xz plane are
relatively flat. Thus, the antenna integration generally satisfies
the property explained in Fig. 4. However, there is a certain
range within which its performance deteriorates (e.g., |theta|
40° in both the xz and yz plane). Outside that range, the
radiation patterns of the proposed antenna integration offer good
performance for direction-finding application. On the other
hand, the slope of gain differences of Y1 and Y2 in the yz plane
and B1 and B2 in the yz plane are not identical to each other.
However, this can be overcame by employing calibration factor
to the gain difference slope at the signal processing stage in order to eliminate possible error of the direction finding system.
IV. EXPERIMENTAL RESULTS

90

Fig. 16. Effect of the rotation of the waveguide slot antenna on the
gradient of the gain versus theta in xz plane.
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1. Fabrication of the Proposed Antenna
Because the proposed antenna integration combines four antennas onto a plastic assemblage module, three mechanical pro-
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the bolts used to fasten the subparts were made of PC. Fig. 19
illustrates the finalized antenna integration. The total dimensions of the proposed antenna integration are 37 mm × 46 mm
× 50 mm and its gross weight is 97 g. Therefore, the proposed
antenna integration is both compact and light, which are great
features for being mounted onto an avionic vehicle system.
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2. Measured Results
The return loss and radiation pattern of the assembled anten-
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Fig. 20. Measured return loss of the proposed antennas.
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Fig. 18. Gain difference between B1–B2 and Y1–Y2 at 10 GHz vs.
theta: (a) xz plane and (b) yz plane.
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Fig. 19. Fabricated antenna integration: (a) perspective view and (b)
rear view.

cessing techniques were used to fabricate the whole structure.
First, computer numerical control (CNC) machining was used
to manufacture the PC module and spacer. PC was used because
it is inexpensive, easily machinable, and has a relatively high tolerance to heat and impact [24]. Second, an etching process was
used to fabricate the Yagi antenna and FR4 reflector. For the
waveguide slot antennas, electroforming was applied because the
bent inner space is difficult to realize using CNC machining
[25]. To minimize unexpected degradations in performance, all
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Fig. 21. Simulated and measured radiation patterns of the proposed
antenna at 10 GHz: (a) xz plane and (b) yz plane.
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Fig. 22. Comparison between simulated and measured gain difference between B1–B2 and Y1–Y2 at 10 GHz vs. theta: (a) xz plane and (b)
yz plane.

na integration were experimentally verified. Fig. 20 shows the
measured return loss characteristics of the proposed antennas.
As shown in Fig. 20, the 9.6 dB return loss bandwidths are
from 9.7 to 10.2 GHz for B1–B2 and from 9.1 to 10.2 GHz for
Y1–Y2. Fig. 21 shows the measured radiation patterns of the
proposed antenna. As shown Fig. 21, the radiation patterns for
B1–B2 are symmetric and mostly identical in the xz and yz
planes, respectively. On the other hand, the radiation patterns of
Y1–Y2 are mostly identical and symmetric in the xz and yz
planes, respectively as illustrated in Fig. 22. By evaluating the
measured gain difference between the two antennas of the same
type, the plot of B1–B2 (i.e., gain difference between B1 and B2
vs. theta) and Y1–Y2 (i.e., gain difference between Y1 and Y2
vs. theta) in both the yz and xz planes are similar to those in Fig.
4. In addition, the integrity of the proposed design is verified
because the simulated and measured results agree well with each
other. Therefore, the proposed antenna integration is suitable
for direction-finding. Furthermore, based on the result shown
in Fig. 22, the ranges of the detection angle (theta) for direction-finding in the yz and xz planes are excellent: |theta|
30° and |theta| 45°, respectively. In addition, as shown in

Fig. 21, the simulated and measured results agree well with each
other except for a small range of angles, verifying the integrity of
the antenna integration design. The overall performance of the
proposed antenna integration is summarized in Table 2.
V. CONCLUSION
In this paper, we have proposed a compact, lightweight Rx
antenna integration suitable for 3D direction-finding radar. The
proposed antenna integration exhibits a return loss value under
9.6 dB in the frequency band range from 9.7 to 10.2 GHz. The
radiation patterns of the proposed antenna in both the yz and xz
planes are generally suitable for a direction-finding system. In
addition, the proposed antenna integration is both compact and
light. Therefore, when combined with an appropriate receiver
module for extracting DC voltage, it is a good antenna candidate for a direction-finding system for an avionic object.

This research was supported by the Agency for Defense
Development, Korea.

Table 2. Summary of the performance of the proposed antenna integration
B1

B2

Y1

Y2

VSWR 2:1 bandwidth (GHz)

9.8-10.3

9.7-10.2

9.1-10.2

9.2-10.4

Main beam (dBi@deg)

7.1@43

7.0@-42

7.5@50

7.4@-52

xz-plane

59

61

49

50

yz-plane

65

63

57

55

Half power beamwidth (deg)

Gradient of gain difference (dB/deg)
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xz-plane

Average 0.27 (relatively steep)

Average 0.05 (relatively flat)

yz-plane

Average 0.02 (relatively flat)

Average 0.77 (relatively steep)
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Photoacoustic Tomography System for Roughly
Painted Micro Objects
Andreas Setiawan1,2,* · Fransiscus Dalu Setiaji3 · Gunawan Dewantoro3 · Nur Aji Wibowo1,2

Abstract
Subsurface imaging is challenging; it is difficult to detect objects visually. In this research, a novel non-contact photoacoustic (PA) imaging system was developed to detect subsurface objects. The Rosencwaig-Gersho (RG) model was successfully employed to capture microobject images covered by rough paint. The experiments were conducted using a copper ring with a 1-mm diameter fully coated by rough
paint with an average thickness of 2.3 μm. The resulting PA images exhibited up to 72% consistency despite the rough paint; the shapes
of the objects were clearly recognized before and after coating. To conduct the experiment, simulations and image acquisitions were arranged. Then, the system capability to produce tomographic images was improved by adjusting the thermal diffusion lengths, and subsurface object images were successfully acquired at depths of 2.0, 2.6, 9.8, and 52 μm. The detailed composition of image slices displayed the
structure profile of subsurface objects appropriately.
Key Words: Imaging, Mesoscopic, Photoacoustic, Subsurface, Tomography.

I. INTRODUCTION
Optical imaging plays a significant role in observing defects in
objects [1–5]. Its main advantage lies in its broad observation
spectrum characteristics and high resolution. However, optimal
imaging faces difficulties in observing an object at subsurface
levels due to scattering photons and stops at a tissue depth of
about 10 μm. This means that the bulk of photons propagating
through a tissue slice will experience at least one scattering event,
resulting in image blur [6].
Acoustic modality has also been commonly used in subsurface imaging because of its better subsurface attenuations, which
utilize piezoelectric materials as transducers for both transmitters and receivers. However, the selection of piezo material must

be carefully considered to avoid mismatched impedance and
yield optimal efficiency.
To yield optimal efficiency, the air-couple transducer has
been developed by combining several impedance-matching materials so that the increase of impedance can be adjusted gradually. However, the minimum focal diameter of such technology
is still greater than 1 mm [7, 8]. Therefore, the air-couple technique for acoustic imaging still leads to problems when dealing
with micro objects.
Photoacoustic (PA) methods have overcome the challenges
found in acoustic coupling by using laser light to excite and
probe acoustic disturbances without contacting the sample [9,
10]. Moreover, the laser-driven piezoelectric technology with
femtosecond laser pulse has successfully generated acoustic
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waves in order of terahertz [11].
PA has been reported to detect surface defects in metals [12–
14]. With an optical resolution photoacoustic microscopy (ORPAM) system configuration and water coupling, a full-width at
half-maximum (FWHM) of up to 2.5 μm has been accomplished. Nevertheless, defects can also occur at the subsurface
level, and these defects are challenging to detect due to invisibilities [15, 16]. Therefore, PA imaging has been used satisfactorily at subsurface levels for applications such as detecting hidden
underdrawings in paintings [17]. Indeed, the drawing of a pencil coated with paint can be clearly restored through PA imaging.
In this experiment (subsurface imaging of hidden underdrawings in paintings), direct contact with the object via a watercouple transducer was necessary. Some alternative methods have
been employed to create non-contact PA imaging; for example,
the all-optical PA microscopy method uses a Fabry-Perot
transducer customization [18]. In this study, a novel noncontact PA imaging system was proposed to capture subsurface
images without transducer customizations. A PA imaging
mesoscopic system and tomography for micro objects using a
focused laser beam was developed [19], and the application of
the Rosencwaig-Gersho (RG) model to acquire subsurface images was successfully demonstrated [20].
By means of thermal diffusion length adjustment, imaging at
a certain depth was accomplished, which generated non-contact
tomographic images for micro objects. The experiment object
was a copper ring coated by rough paint, and the results showed
that the original object shape could be restored completely.
Comparisons between pre-coated and coated objects were also
performed. The PA images gave superior consistency compared
to that of the optical images. Additionally, the system capability
to capture tomographic images of an object was also demonstrated. By varying the thermal diffusion length, images could
be constructed layer by layer, generating the subsurface structure
of the object. The complete experiment results are presented in
Section III.
II. EXPERIMENTAL METHOD
1. Materials
The arrangements of the systems are shown in Fig. 1(a). A
modulated laser diode was used to generate thermal contraction
of the object. To adjust the thermal diffusion length, a computer-controlled signal generator was employed. Fig. 1(b) shows
the interaction between the laser and the coarse surface. There
were numerous possible paths, including path 1 and 2.
Throughout path 1, the interaction between the laser beam and
the material occurred only once, which resulted in a normal
198

Fig. 1. The proposed PA imaging system. (a) The focused laser
formed a mesoscopic system in an open cell configuration. (b) For coarse objects, the surface contour resulted
in an increasing absorption coefficient (path 2).
absorption coefficient (i.e., dielectric function of the Drude
model).
Although the electronic interactions were unchanged, the absorption coefficient increased significantly along path 2. This
was because the surface geometrical profile captured the light,
which led to repeated reflections. A more detailed experiment of
this kind was performed in [21], in which the surface roughness
level more significantly influenced the absorption coefficient
compared to the laser wavelength variation. This conclusion
remained consistent even when tested under wider ranges (532–
1,064 nm).
Regarding the PA process, this absorption coefficient determined the acoustic initial pressure: p0 = ΓηthβF, where Γ, ηth, β,
and F are the Gruneisen parameter, energy conversion efficiency,
optical absorption coefficient, and laser optical fluence, respectively [22]. Therefore, the PA response on the rough surface
was assumed to be insensitive to the laser wavelength variation,
and the experiments were conducted using only one wavelength
(805 nm, ML520G12; Mitsubishi Electric). A Behringer
ECM8000 microphone was utilized to acquire the acoustic
waves with a sensitivity of -39.2 dB (11 mV/Pa). The microphone was mounted 10 mm away from the object, forming a 45°
angle with the normal line. The collimator lens used was the
Mitutoyo Objective Lens BD Plan Apo 7.5×, whose parameters are specified in Table 1.
The tested material was a copper ring with a thickness of 0.05
mm and an outer diameter of 1 mm. The ring lay on the surface
of an acrylic printed circuit board. Different object and background materials were chosen to acquire better PA image conTable 1. Optical parameters of the lens
Numerical aperture
Lens focal length (mm)
Beam divergence (mrad)
Beam spot size (μm)

0.21
26.7
87.5
9
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trast resulting from different thermal properties. As a comparison, a standard air-couple-based imaging system—namely, the
Examet Union 81837 digital microscope (Ogawa Seiki Co.
Ltd.)—was used.
2. PA Multilayer Analysis
According to the RG model, the PA amplitude (QPA) correlates with the thermal diffusion length of the material. Thus,
QPA specifies the complex envelope of the sinusoidal pressure
variation in the form of acoustic magnitude generated by the
PA process. For opaque materials (μa << l, μa << μs), QPA is proportional to two states, as follows:

QPA

  12
j1

, for  j  l j
 2 f k j1

1
2
 j
for  j  l j
 2 f k ,
j


(1)

where f, α, and k are laser modulation frequency, diffusivity, and
thermal conductivity of the material, respectively [23]. Indices a
and s in μ represent air and solid. Afterward, index j is used to
represent the order of solid layers. Meanwhile, μj and lj are
thermal diffusion length and material thickness, respectively.
The first state occurs when the material is under thermally thin
conditions (e.g., μj > lj), whereas the contrary condition is called
thermally thick. The two conditions can be achieved by adjusting laser modulation frequency using the following equation:
12

 
j   j 
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Eq. (1) shows that the PA amplitude depends on the comparison of the thermal diffusion length and the thickness of the
material. Therefore, any alteration of layers can be discovered by
gradually varying the modulation frequency. When the modulation frequency satisfies the condition μj < lj, the PA amplitude
can be determined by the material at layer j. However, when the
frequency is varied until it satisfies the condition μj > lj, the amplitude changes drastically according to the (j + 1)th layer’s characteristics.
III. RESULTS AND DISCUSSION
1. Modeling and Simulation
The interaction scheme between the thermal diffusion length
and the paint depth is shown in Fig. 2(a). Rough paint was
characterized by the thickness of the paint (lpaint) that enclosed
the object surface. According to Eq. (1), three possible conditions existed: μpaint < lpaint, μpaint = lpaint, and μpaint > lpaint. The first

Fig. 2. (a) The resulting amplitude QPA due to various surface roughness. (b) The cross section of the roughly-coated copper
ring model on 500 × 500 pixels. Simulations of PA images
with a roughness mean of 2.0 μm (c) and 3.0 μm (d), where
μpaint = 2.46 μm.

condition took place when the paint coat was thicker than its
thermal diffusion length and the PA amplitude was determined
by the first material layer, QPA (μpaint, kpaint). When the paint
coating layer was thinner than its thermal diffusion length, the
third condition was satisfied, and the amplitude became QPA
(μobject, kobject). Theoretically, despite the variation of the paint
depth, the PA amplitude did not respond directly. Any alteration occurred only when the paint coat thickness exceeded the
threshold of the thermal diffusion length. This became the
principal difference between optical and PA imaging due to
insensitivity to the surface roughness. The second condition
occurred when the paint coat thickness was the same as the
thermal diffusion length. Then, the QPA experienced a transition from the preceding two conditions.
To run simulations, a number of computations were performed using GNU Octave version 5.1.0 programming. To
generate a PA image, Eq. (1) was employed with each associated material parameter. To establish the object, an array was
constructed with a dimension of 500 × 500 pixels, on which a
copper ring was laid as shown in Fig. 2(b). For simulation purposes, the rough paint was assumed to have a normal distribution with a mean of 2 μm and 3 μm. These values were chosen
to approach the thermal diffusion length of the paint, which
was 2.46 μm (αpaint = 2.1 × 10-7 m2/s at modulation frequency
of 11 kHz). Thus, the distributions above and below the mean
were expectedly balanced.
The PA image resulting from the simulation using these parameters is depicted in Fig. 2(c) for μpaint > 𝑙
, where 𝑙
was the average thickness of the paint. The copper region gave
weaker QPA in the order of about 0.39 × 10-9 (a.u). At this state,
the shape of the copper ring was displayed clearly because its
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thermal property significantly affected the QPA. Since the thermal conductivity of copper was far different than that of the
background (kcopper = 386 W/mK and kacrylic = 0.40 W/mK), the
pixel intensity level could be distinctly discriminated and therefore yielded a higher image contrast.
When 𝑙
was increased to 3.0 μm, the results changed,
as shown in Fig. 2(d). At this state, the condition of μpaint <
𝑙
was more likely to happen, and the amplitude QPA was
dominated only by the paint’s thermal property. Since the thermal conductivity of the paint (kpaint = 1.45 W/mK) was much
closer to that of the background (acrylic), the resulting QPA parameters were similar in the order of 4.5 × 10-9 (a.u). Due to
this similarity of pixel intensity levels, the image contrast decreased, and the copper ring image became blurred.
2. Roughly Painted Object Imaging
Fig. 3(a) shows the object image prior to being coated. By
adhering to the prior simulation parameters, a modulation frequency of 11 kHz and a rough paint coating with an average
depth of 2.3 μm were used. A commercial acrylic epoxy spray
paint (Dull Black-4, RJ London) was applied gradually. The
subsequent layer was applied immediately after the previous
layer to avoid multilayer coating. After accomplishing the coating process, the average paint depth was measured using the
Mitutoyo 193-111 micrometer.
At the initial stage, a single object point was measured, and
the signal was recorded for 0.5 seconds. Then, Fourier transformation was performed to obtain the signals spectrum (Fig.
3(b)). Since an open cell configuration was used, the position of
the microphone could be arranged to obtain the optimum result.
The signal QPA was intensely detected with a peak of 11 kHz in
accordance with the modulation frequency. The spectrum exhibited a microphone response up to 20 kHz with a background
intensity of -70 dB and a peak of up to -57 dB. Due to this
large difference, the PA signal could be detected directly.
Prior to measurements, the object image was captured by

Fig. 3. (a) Photograph of the copper ring prior to being coated, as
indicated by the arrow. (b) The PA signal response with a
modulation frequency of 11 kHz.
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means of a microscope. The optical pre-coated object image is
shown in Fig. 4(a). Visually, the image possessed an excellent
quality with high and evenly distributed contrast so that the
object shape could be acquired clearly. However, a different
result arose for the coated object, as depicted in Fig. 4(b). The
rough paint coat created many disturbances in the form of light
reflections and randomly distributed high absorbance; as a consequence, the object was barely displayed.
Next, the experiments for PA imaging were conducted using
same object. The first scanning result is shown in Fig. 4(d). The
PA image showed a high contrast, as was expected from the
prior simulation. The object shape was easy to recognize and,
accordingly, could be shown as a whole.
Fig. 4(e) shows the PA image of the roughly coated object.
Both PA images did not indicate significant changes visually,
regardless of the presence of coating. To test this consistency,
image subtractions for both modalities were conducted after
normalizing each image. The result for the optical images is
shown in Fig. 4(c). The inconsistency of the object intensities
before and after the coating process were shown; thus, the image subtraction failed to display the object completely. Unlike
the optical image, the PA images gave better consistency, and
the corresponding image subtraction displayed the real object
shape, as shown in Fig. 4(f).
Furthermore, line spread function (LSF) curves were established for all images, as shown in Fig. 4(g) and (h). As indicated
before, the optical image had a large change of LSF curves (Fig.

Fig. 4. Object image captured by microscope (a, b, c) and PA (d, e,
f). (a) and (d) are real object images. (b) and (e) are images
of the coated objects. (c) and (f) are subtractions of the two
previous images, followed by normalization. (g) and (h) are
LSF curves for optical and PA image, respectively. Index
“sub” corresponds to LSF for roughly painted and coated
objects.
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4(g)). Therefore, it could be inferred that the curve widened due
to the rough paint coating. The FWHM measurement implied
a change of values from 4 μm to 34 μm, giving a consistency of
only 12%. The PA images, however, had a smaller change (i.e.,
from 55 μm to 76 μm), giving a consistency of up to 72%.
3. Tomography Object under Paint
The tomography process was carried out by adjusting the
penetration depth by changing the value of the thermal diffusion length of the first layer (paint), as given by Eq. (2). In this
experiment, four different frequencies were employed: 15.8 kHz,
12.5 kHz, 9.7 kHz, and 1.5 kHz. These corresponded to thermal diffusion lengths of 2.0 μm, 2.6 μm, 9.8 μm, and 52 μm.
These frequencies were chosen so that the image slices were
distributed to distinct layer depths. Then, the laser beam energy
for each modulation was measured using a laser power meter
(Sanwa LP1); the results are shown in Table 2.
The resulting tomographic images associated to object depths
are shown in Fig. 5(a). When the thickness of the paint coating
and copper ring were 2.3 μm and 50 μm, respectively, the image
slice for the inner part of the paint coat could be obtained with a
modulation of 15.8 kHz (Fig. 5(b)). When the frequency was
decreased to 12.5 kHz, the image slice arose from the paint–
ring junction, as shown in Fig. 5(c). Since it the image slice was
closer to the ring surface, several scratches were seen on the image, as indicated by the arrows in Fig. 5(c). Furthermore, when
the frequency was decreased to 9.7 kHz, the middle of the copTable 2. Modulated laser beam energy
Frequency (kHz)
1.5
9.7
12.5
15.8

Energy per time (μJ/s)
944
47
31
22

per ring could be observed (Fig. 5(d)).
At this depth, the copper’s thermal property dominated the
establishment of the PA amplitude, as in Eq. (1). Therefore, the
resulting image was different from the two preceding images.
Compared to the previous images, the intensity of the ring was
darker than its background because the thermal conductivity of
copper was higher than that of the paint, and the magnitude
QPA decreased. This transition process also verified that the tomography process occurred at the desired layer. When the frequency was further decreased to 1.5 kHz, the thermal diffusion
length of the copper ring surpassed its thickness so that PA imaging produced the base layer image, as shown in Fig. 5(e). At
this frequency, the thermally thin condition was satisfied.
Therefore, the copper ring became photo-acoustically transparent. In this transparent condition, PA imaging penetrated
through the ring and captured the image below it.
IV. CONCLUSION
A PA imaging system was developed for opaque micro objects coated by rough paint. This imaging method was robust
against disturbances and was able to display the objects clearly.
Furthermore, it demonstrated effectiveness in providing tomographic images by means of thermal diffusion length according
to the RG model. By using this simple method, the threedimensional condition of the object could be reconstructed in
accordance to the desired depth. Despite the aforementioned
facts, the PA FWHM value was still much lower than that of
the optical image. This was mainly due to the X-Y stage accuracy used during the scanning process; this accuracy enhancement
was expected to improve the captured PA image.
This work was supported by the Universitas Kristen Satya
Wacana through Fundamental Research Grant with S.K.
No. 062/Penel./Rek./3/V/2019.
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A Simple Empirical Model for the Radar Backscatters
of Skewed Sea Surfaces at X- and Ku-Bands
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Abstract
This paper presents a new simple empirical model for the backscattering coefficients of skewed sea surfaces. Instead of using a complicated bispectrum function for the backscattering coefficient of a skewed sea surface, a simple modifying term is multiplied to the autocorrelation length of the surface. The unknown constants of the modifying term are obtained by com-paring the simple empirical model
with an extensive database for various wind speeds, incidence angles, polarizations, and frequencies. The accuracy of the new model is
verified using measurement datasets.
Key Words: Backscattering, Simple Empirical Model, Skewed Sea Surfaces, Wind Direction.

I. INTRODUCTION
The radar remote sensing of the sea status is crucial for weather forecasting, navigation, and scientific studies. Radar backscatter from the ocean surface depends on the surface roughness
and the dielectric constant of the water, in which the roughness
of the sea surface mainly depends on wind speed and wind direction [1]. The measurement and characterization of the sea
surface roughness is difficult, and so is the computation of the
backscattering coefficient of a sea surface.
The backscattering coefficients of various sea surfaces were
measured using spaceborne and airborne scatterometers [2–4].
The satellite synthetic aperture radar systems also provided a
tremendous amount of radar backscatter data for various frequencies, angles, polarizations, and wind vectors [5–7]. Owing
to the difficulty of theoretical modeling, attempts have been
made for empirically modeling the backscattering coefficient of
sea surfaces based on the radar measurements for various wind

speeds and wind directions, the so-called “geophysical model
functions (GMF)” such as SASS-2 for Ku-band [8], XMOD2
for X-band [7], CMOD5 for C-band [9], and L-GMF for Lband [6]. These empirical models are based on the functional
form of σ0=A+Bcosϕ+Ccos2ϕ, where ϕ is the azimuth angle
of the wind direction relative to the radar look direction. The
coefficients A, B, and C of each GMF model are determined
empirically based on the experimental data sets for each frequency band as functions of radar parameters (frequency, angle,
and polarization) and wind speed. However, each of these empirical models has limited ranges of frequencies, polarizations,
incidence angles, and wind vectors.
To obtain a wider validity region of a radar scattering model
for various radar and sea-surface parameters, theoretical models
of the backscattering coefficients for sea surfaces were developed
on the basis of the approximated surface roughness characteristics and the integral equation method (IEM) model [10–13].
Surface roughness moments are related to its second-order and
third-order cumulant functions known as correlation and bi-
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coherence functions, respectively. The Fourier transforms of the
correlation and bicoherence functions are the roughness spectrum and bispectrum. The sea surface can be modeled as a timevarying, anisotropic, and skewed rough surface, in which “skewness” is defined by the difference in the backscattering coefficients between the upwind (ϕ=0°) and downwind (ϕ=180°)
directions, and “peakedness” is defined by the difference between the upwind (ϕ=0°) and crosswind (ϕ=90°) directions.
The surface skewness is described by the bicoherence or the
bispectrum. Then, the backscattering coefficient of a sea surface
can be estimated by adding a term associated with the roughness spectrum (correlation function) and the other term with
the bispectrum (bicoherence) [1, 10]. The first term can be obtained by the traditional IEM, with the roughness spectrum
corresponding to a correlation function with a root-meansquare (RMS) height and a correlation length. The second term
may be obtained with a complicated bispectrum computation
for the skewness effect. The bispectrum calculation involves one
unknown parameter s0 (skewness factor) that may be empirically
determined for a given wind speed.
To avoid computing the complicated bispectrum function
B(k)=BS(k)+jBa(k) with an unknown parameter (skewness factor), which should be empirically determined for each wind
speed, we attempted to generate an empirical expression for
representing the skewness effect. In the computation of the first
term of the theoretical model [10] associated with the correlation function, the correlation length of a sea surface is represented by the function of the correlation length of the upwind (Lu)
and crosswind (Lc) directions and the azimuth angle of wind
direction ϕ. We found that the correlation length could also
include the skewness effect without the complicated second
term when the correlation length is multiplied by a Gaussiantype functional form of the wind azimuth angle ϕ. In other
words, the skewness effect can be practically accounted for by
controlling the correlation length of a sea surface. The coefficients of the new multiplying function can be obtained by comparing the new model with an extensive experiment database.
Unlike the existing model, which is complicated and has skewness factors that are determined for each wind speed, this new
model is simple without the complicated bispectrum function
and needs only the empirical determination of the coefficients
for each frequency and polarization for a wide range of wind
speeds. The accuracy of this new model was verified with the
extensive experiment database at X-band. Surprisingly, the
model agreed well with the Ku-band independent radar measurements [14].
II. THE EXISTING MODEL
The IEM model has been widely used for estimating the

backscattering coefficients of rough surfaces including rough sea
surfaces [11]. The IEM model was applied to the measurement
data in [2, 4] at X- and Ku-bands for VV and HH polarizations
for various wind speeds and incidence angles using a simple
exponential correlation function [11]. The IEM consists of two
parts: 𝜎
𝜎 (N)+𝜎 (S), where the first part represents
the backscattering coefficients of the non-skewed surfaces, and
the second part represents the skewness effect.
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where Ipp, W(K, ϕ), fpp, Fpp, and B(K,ϕ) are given in [11], k1is the
wavenumber, θ is the incidence angle, and hrms is the RMS
height of a sea surface. The W(n)(K, ϕ) is the nth-order surface
roughness spectrum, which is the Fourier transform of the nthpower of a correlation function. For an exponential correlation
function, the roughness spectrum has the form of W(n)(K,
ϕ)=nlc[n2+(Klc)2]-1.5 with K=2k1sinθ and lc=Lucos2ϕ+Lcsin2ϕ,
where the correlation length lc can be obtained from the upwind
and crosswind correlation lengths, Luand Lc, respectively, with
the azimuth angle ϕ. The upwind and crosswind correlation
lengths are given in [11] for the various wind speeds. As previously mentioned, a skewness factor s0 is used when describing
the skewness effect. This constant is empirically determined at a
wind speed, and thus it does not have the physical characteristics for wind speed. Moreover, Eq. (1b) is complicated, and the
accessibility is poor. Therefore, we proposed a new simple model that does not need Eq. (1b) and has the physical characteristics for wind speed.
205

JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 19, NO. 3,JUL. 2019

III. NEW SIMPLE EMPIRICAL MODEL
In general, the RMS height and correlation length are mainly
used to describe the roughness of a rough surface. As the
roughness increases, the backscattering increases. As the RMS
height increases and/or the correlation length decreases, the
roughness increases. Therefore, if the correlation length decreases, the backscattering increases. We also used the roughness characteristic of the correlation length increasing in the
order of upwind, downwind, and crosswind. Using these characteristics, we proposed a modified correlation length, which is
the function of the azimuth angle. The peakedness and skewness of the backscattering coefficients at the azimuth angles of 0°
≤ ϕ≤ 360° can be controlled by the surface correlation length.
Therefore, we proposed the following form of a modified correlation length with unknown constants: a, b, and c.


     2  
  c
lc   Lu cos 2   Lc sin 2     a exp  

 

b

 


(2)

For example, Fig. 1 shows the typical angular responses of the
backscattering coefficient 𝜎 (N) at a wind speed of 9.3 m/s,
f=10 GHz, and θ=32° with various values of the unknown
constants a, b, and c. The constant a in Eq. (2) mainly controls
the skewness effect, as shown in Fig. 1—the solid line (a=0.5)
and the dashed line (a=0.1) with fixed b and c. The comparison
between the solid line (b=3) and the dotted line (b=1) shows
that the constant b controls the peakedness (Fig. 1). The role of
the constant c is mainly to control the level of the backscattering
coefficient, as shown in Fig. 1—the solid line (c=0.7) and the
dash-dot line (c=0.3) with fixed a and b. Therefore, the skewness and peakedness can be simply controlled by selecting the
optimum values of a, b, and c.
We used measurement data [1] to propose the model using
Eq. (2). The data used were measured in the sea near Japan and

the Pacific Ocean using an airborne microwave scatterometer–
radiometer system and showed how the backscattering coefficients changed for the wind direction. The backscattering coefficients were measured as combined functions of the microwave
frequency (10.0 GHz and 13.9 GHz), polarization (VV and
HH), incident angle (0°–70°), azimuth angle (0°–360°), and
wind speed (3.2–19.4 m/s). In the data processing procedure for
obtaining one point of data, the standard deviations for the
wind direction were less than 1°, and the standard deviations for
the backscattering coefficients were 0.3–1.0 dB.
An extensive database was obtained from [11] (originally [2,
4]), which consisted of 462 measurement data-points for VV
and HH polarizations at various wind speeds (i.e., 3.2, 9.3, and
14.5 m/s at 10 GHz measurements at 32° and 52°, and 4.2, 5.5,
7.5, 12, 15, and 19.4 m/s for 13.9 GHz measurements at 40°).
The optimum values of the unknown constants were obtained
using the minimum root-mean-square errors (RMSEs) between
the scattering model and the database as functions of wind
speed u in the following forms:

a  0.01u  0.47
b  0.12u  4.90
c  0.80



 for VV-polarization, and


(3a)

a  0.02u  0.92
b  0.09u  2.08
c  0.73



 for HH-polarization.



(3b)

If we use the correlation length using Eqs. (2) and (3), we can
control the skewness effect without using the complex Eq. (1b).
In the existing model, the skewness factor s0, which was obtained empirically for a wind speed, was applied, but the new
model with (3) became much simpler because the correlation
length is a function of wind speed. We can also predict the
backscattering coefficients for continuous wind speeds.

backscattering coefficient, dB

IV. VERIFICATION OF THE NEW MODEL

Fig. 1. Backscattering coefficients 𝜎 (N) with various values of
unknown constants a, b, and c.
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To verify the accuracy of the new simple model that was empirically developed with Eqs. (2) and (3), we compared the new
model with the existing model and the experimental datasets.
For the existing model, the complicate skewness term 𝜎 (S)
with the unknown skewness factor s0 was used. Conversely, the
new model is simpler than the existing model for computing the
backscattering coefficients of skewed sea surfaces.
Figs. 2 and 3 show a typical comparison among the new simple empirical model, the existing model, and the measurement
data. Both the new and existing models agree well with the
measurements except for several points at the crosswind direction, as shown in Fig. 2. The accuracies of both models are
comparable, as shown in Figs. 2 and 3.
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Table 1. RMSEs under various conditions
Freq.

Incidence
Polarization
(GHz) angle (°)
10

32

Fig. 2. Comparisons between the existing model and the new model with 10 GHz measurements for a wind speed of 9.3 m/s
at 52°.

backscattering coefficient, dB

Average
(a)

(b)
Fig. 3. Comparisons between the existing model and the new model with 10 GHz measurements at 32° for VV-polarization (a)
and HH-polarization (b).

Table 1 shows the RMSEs between the measurement data
and the new model and those between the measurement and
the existing model. For example, the RMSEs for the data at 10

40

New

(m/s)

model

3.2
9.3
14.5
3.2
9.3
14.5

0.65
0.40
0.57
0.61
0.80
0.73

0.49
0.44
0.49
0.79
0.78
0.81

3.2
9.3
14.5
3.2
9.3
14.5

0.42
0.84
0.75
0.52
0.49
0.33

0.48
0.85
0.63
0.36
0.33
0.82

VV

4.2
5.5
7.5
12
15
19.4

0.26
0.64
0.68
0.80
0.53
0.46

0.44
0.59
0.74
0.69
0.68
0.34

HH

4.2
5.5
7.5
12
15
19.4

1.16
0.61
0.47
0.61
0.72
0.26

1.30
0.59
0.55
0.75
0.52
0.39

0.60

0.61

VV

VV

HH

13.9

RMSE (dB)
Existing
model [11]

HH

52

Wind
speed

GHz and 3.2 m/s for the VV polarization (crosses in Fig. 2) are
0.65 dB and 0.49 dB for the existing model and the new model,
respectively, and for the data at 14.5 m/s (circles in Fig. 2), the
RMSEs are 0.57 dB and 0.49 dB for the existing and new
models, respectively, as shown in Table 1. Also Table 1 shows
the comparable RMSE values for other datasets between the
existing and the new model.
Fig. 4 shows the comparison of the new simple model with
independent datasets [14] and the existing model. The RMSEs
are the same at 0.71 dB for the existing and new models. The
new empirical model agrees well with the experimental data,
although the model is simpler than the existing model.
This new model has two main advantages over the existing
model with comparable accuracies. First, this model is easily
understandable and conveniently applicable because of its simplicity. Second, the calculation time is dramatically reduced with
this new model. For example, when we compute the backscattering coefficients of sea surfaces for various conditions with 10
wind speeds, 360 wind directions, 90 incidence angles, 10 frequencies, and 2 polarizations (total of 6,480,000 data) using a
personal computer, it takes only 73 seconds with this model and
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Fig. 4. Comparisons between the existing model and the new model with independent datasets acquired at 13.9 GHz for a
wind speed of 12.8 m/s at 40°.

7 hours with the existing model. In short, the calculation time is
reduced to 1/345.
V. CONCLUSION
A new empirical scattering model for estimating the backscattering coefficients of skewed sea surfaces was proposed. This
model is simpler and more practical than the existing model.
Instead of using the complicated skewness term 𝜎 (S), a modified correlation length was used in the new model to include
the skewness and peakedness effects. The new simple empirical
model agreed well with experimental datasets, and its accuracy
was comparable with that of the existing model.
This research was supported by the Basic Science Research
Program of the National Research Foundation of Korea (No.
2016R1D1A1A09918412).
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Abstract
In this study, we propose an approach for the design and satisfy the requirements of the fabrication of a reliable and stable high-frequency
downconverter for the millimeter-wave (Ka band) and detail the contents of the approach. We design and fabricate a stable downconverter with a low noise figure, flat gain characteristics, and multi-channel characteristics suitable for millimeter-wave bands. The method
uses the chip-and-wire process for the assembly and operation of a bare MMIC device into the RF path. To compensate for the mismatch among the many components used in the module, W/G transition, an image rejection mixer, a switch, and an amplifier suitable for
millimeter-wave frequency characteristics are designed and applied to the downconverter. To reject the spurious signals generated from
the complex local oscillation signals, the downconverter is designed to not affect the RF path. In the Ka-band downconverter, the gain is
measured from 41.89 dB to 42.83 dB at 33–35 GHz with flatness of about 0.94 dB. The measured value of the noise figure at CH1 is
4.936 dB with a maximum value in the 0.75–1.25 GHz intermediate frequency. The third intermodulation measurement result is 61.83
dBc under a -50 dBm input power and above gain, and the switching to select a channel takes about 622 μs.
Key Words: Downconverter, Front-End, Ka Band, Low Noise Figure, Millimeter-Wave, SIGINT System.

I. INTRODUCTION
An aircraft signal intelligence (SIGINT) system is used strategically and tactically to gather signals from radars and communications systems. SIGINT systems are commonly divided
into communications intelligence and electronic intelligence
systems. As SIGINT systems require the ability to locate the
source of enemy signals [1], direction finding (DF) to support
this capability is an important requirement, and SIGINT systems generally operate in a wide frequency range of 20 MHz–40
GHz [2].
For electronic warfare (EW) requirements covering the Kaband spectrum, a channelized receiver is highly desirable. The
Future Combat Systems (FCS) radar and communications allo-

cations exist in this band of the spectrum [3].
Broadband receivers with wide millimeter-wave bands are essentially required for electronic support systems. Millimeterwave systems with at least 30 GHz millimeter-wave bandwidths
with broad dynamic ranges, improved sensitivity, and front-end
complexity are commonly required in the fields of communication, radar, and wireless communication. To satisfy such high
requirements, general millimeter-wave systems include local
oscillator (LO) and downconverter functions in their front-end
receiver connected to an antenna. Moreover, the mixer, amplifier, and the many necessary components generally require multichannels in which the frequencies have been converted into suboctave bands to satisfy the system requirements because of their
bandwidth and dynamic range limits. Channelized receivers
divided into multiple channels can be optimized to satisfy the
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requirements of ESM receivers. The problems with this architecture include the fact that the multiplied local oscillation signals are fed back into the antenna path because of the low isolation between the RF and LO ports of the mixer and the reduced dynamic range due to the cascade structure that down–
converts the frequencies [4–7].
Although numerous studies have been conducted to design
millimeter-wave ultra-wideband receivers suitable for electronic
support systems, many constraints remain on the design and
manufacturing of such broadband downconverters. To make the
receivers have low noise figures, flat gain characteristics in the
band, wide dynamic ranges, and band-specific frequencies that
can be selected with low-loss transmission lines, a local oscillator
circuit necessary for frequency conversion should be incorporated in the module, and a closed structure is needed to avoid
signal interference from other devices (IFF transponder, Doppler radar, communication system, etc.) in the system environment where the receivers are installed [8, 9].
In this paper, a design approach is proposed not only to improve the signal acquisition accuracy by maximizing the number
of receiving input ports (25 input channels) but also to convert
the signal frequencies of 33–35 GHz in the millimeter-wave
Ka-band into the intermediate frequency (IF) 1 GHz (instantaneous frequency: 500 MHz) before the signals are delivered to
the signal processing unit. The content of the design approach
is as follows.
First, as the 33–35 GHz band received by an antenna through the free space medium has a waveguide structure, a transition structure should be designed to convert the channels into
micro-strip transmission lines. To implement 25 channels in the
form of grids in a limited space, the channels are designed using
the Rogers RT/duroid 5880 5-mil PCB material for small insertion losses and better impedance matching.

Second, the signals are downconverted into IF signals with a
center frequency of 1 GHz and a frequency band of 500 MHz
through a low-noise amplifier (LNA) and a frequency converter
(packaging type) including an image suppression function. At
this time, the local oscillator signals necessary for frequency conversion are phase locked with the internal voltage-controlled
oscillator (VCO) with an 8 GHz band using the external reference frequency of 1 GHz supplied by the system. As the voltage
turning (VT) voltage of the VCO is high, the structure of the
loop filter connected to the phase-locked loop (PLL) output
terminal was designed as an active type instead of a passive type.
Third, as the RF lines must be designed considering the amplitude matching among multiple channels (25 channels), the
RF lines of the individual channels are designed not only to be
electrically the same but also to have the same component
mounting positions and wire bonding length.
Fourth, to secure the degree of isolation between the input
and output channels, the mechanism is designed to prevent signals from flowing into other channels using valley form equipment.
II. MILLIMETER-WAVE DOWNCONVERTER STRUCTURE
In this paper, a Ka-band multi-channel (25) millimeter-wave
downconverter module mounted on the front-end terminal of
an antenna is designed. This module has a complicated structure with 25 RF input (33–35 GHz) channels and 16 IF output
(0.75–1.25 GHz) channels. The module is divided into module
#1 and module #2 when it is mounted because of space restrictions for the entire system and to secure excellent noise figures. Module #1 is mounted near the antenna. A conceptual
diagram of the entire system is shown in Fig. 1.
Fig. 2 is a detailed block diagram of the multi-channel down-

Fig. 1. Configuration of the entire millimeter-wave downconverter.
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Fig. 2. Detailed block diagram of the millimeter-wave downconverter.

converter necessary for the SIGINT system. The multi-channel
downconverter amplifies signals with a center frequency of 34
GHz (bandwidth 2 GHz) received from the antenna using an
LNA and converts the amplified signals into IF signals with a
center frequency of 1 GHz (RF bandwidth 2 GHz) through a
frequency converter (MIXER), which includes an image suppression function. At this time, the local oscillator signals,
which are necessary for frequency conversion having a frequency
sweeping function with a 1 GHz bandwidth, are phase locked
with the internal VCO with an 8 GHz band using the external
reference frequency of 1 GHz supplied by the system, converted
to have a 16 GHz band through a frequency doubler, and input
into the LO port of the MIXER.
The frequency converter (MIXER) is a component that contains a doubler inside, and the 16 GHz band is converted into a
32 GHz bandwidth inside the MIXER. In this case, the frequency converter has a frequency variable function, so that the
local oscillator signals have a bandwidth of about 1.5 GHz (after
multiplying).
III. DESIGN AND SIMULATION
1. W/G to M/S Line Transition Simulation
In most millimeter systems, the waveguide and the microstrip are the two commonly used transmission lines. The waveguide is usually employed to connect the antenna and the millimeter receiver or transmitter because of its low insertion loss
212

[10]. To transmit signals in the super high 34 GHz frequency
band from the waveguide (W/G) form to the micro-strip line
structure, the electric field mode must be converted through a
transition design.
As shown in Fig. 3(a), a transmission line with a single-layer
structure was placed at a point of the height of the Lambda/4
(about 1.7 mm) of the center frequency from the bottom surface
of the instrument of the W/G structure. For fine impedance
matching, signals were simulated in the form of patches at the
end of the transmission line, where the electric field is propagated. As shown in Fig. 3(b), the design results indicated the insertion loss was not larger than 0.1 dB and that the reflection coefficient was not larger than -23 dB in the 32–36 GHz band.
To relieve the problems by comparing the design value and
the actual measured value before installing on the module, a jig
was fabricated to make back-to-back measurement possible
using an Rogers RT/duroid 5880 PCB with permittivity of 2.2,
as shown in Fig. 4(a). As a result of the measurement in Fig.
4(b), insertion losses not exceeding -1 dB and reflection coefficients not exceeding -13 dB were obtained. The reason why the
measurement graph was wider by 1 GHz upward and downward from the band (33–35 GHz) was that the frequency drift
was considered because of the errors that could occur in the actual fabrication.
2. PLL Design for the LO Section
To design the PLL local oscillation that is phase-synch-
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Fig. 5. Block diagram of the PLL for local oscillation.

(a)

(b)
Fig. 3. (a) Transition structure to convert the waveguide form into
the micro-strip line. (b) Result of the transition simulation
to convert the waveguide form into the micro-strip line.

ronized with the external reference frequency, the external REF
applied to the REF port of the PLLIC was injected after converting it into 200 MHz using a five-divider, and the LO frequency in the 16 GHz band was created in the VCO output
using a doubler.
As shown in Fig. 5, to synchronize the phase with the phaselocked external reference frequency, the output frequency of the
VCO was N-divided in the PLLIC, the phase was compared
with the reference frequency in the phase detector (PD), the
error voltage corresponding to the phase difference between the
two signals was outputted, and the VT terminal of the VCO
was controlled through the secondary passive loop filter, which
has the properties of a low-pass filter [11]. In this case, as the
maximum frequency input into the RF port of the PLLIC is
generally not higher than several GHz, although it may differ by
PLLIC, the VCO output frequency should be made to be inputted after two or four divisions using a prescaler. Likewise, as
the maximum frequency allowed to the RF port of the PLLIC
is not higher than several hundred MHz even when the external
reference frequency provided is high, the external reference frequency should be made to be inputted after five divisions using
a prescaler [12].
The equation for the VCO frequency phase synchronized
with the external reference frequency is expressed in Eq. (1).

𝑓
(a)

𝑃

𝐵

𝐴

,

(1)

where

𝑓 : Output frequency of the VCO,
𝑃: Dual modulus prescaler (8/9 or 16/17),
𝐵: Division ratio of the 13-bit counter,
𝐴: Division ratio of the 6-bit counter,
𝑓
: External reference frequency (here, frequency after
the prescaler),
R: Division ratio of the external reference frequency.

(b)
Fig. 4. (a) Photo of the evaluation jig to verify the transition structure.
(b) Measurement results obtained with the evaluation jig.

The final analyzed phase noise values in the 16 GHz band
were expected to be -78.5 dBc/Hz at 1 kHz offset and -81.5
dBc/Hz at 10 kHz offset, and the value of the reference phase
noise was a five-divided value from a 1 GHz external reference.
The overall phase noise of the analog PLL (Table 1) is as follows:

213

JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 19, NO. 3, JUL. 2019

Table 1. Analyzed values of the phase noises in the 16 GHz band for local oscillation
BW (kHz)

PFD (MHz)

FO (GHz)

N

Analog PLL (VCO)

10

10

8.05

805

Frequency (Hz) @ OFFSET

10

100

1,000

1.0E + 04

1.0E + 05

1.0E + 06

VCO phase noise

−30.0

−30.0

−65.0

−88.0

−103.0

−125.0

Reference phase noise

−127

−137

−155

−165

−165

−165

Prescaler phase noise

0.0

0.0

0.0

0.0

0.0

0.0

−97.9

−97.9

−97.9

−97.9

−97.9

−97.9

High pass attenuation (HF)

100.0

60.0

20.0

0.0

0.0

0.0

Low pass attenuation (LF)

0.0

0.0

0.0

0.0

20.0

40.0

−68.9

−78.9

−96.9

−106.9

−106.9

−106.9

No. 1 VCO output

−130.0

−90.0

−85.0

−88.0

−103.0

−125.0

No. 2 Reference output

−68.9

−78.9

−96.9

−106.9

−126.9

−146.9

No. 3 Prescaler output

0.0

0.0

0.0

0.0

−20.0

−40.0

−97.9

−97.9

−97.9

−97.9

−117.9

−137.9

Total PLVCO's phase nose

−68.9

−78.5

−84.5

−87.5

−102.8

−124.8

16.1 GHz PLVCO PN (X2)

−62.9

−72.5

−78.5

−81.5

−96.8

−118.8

PD phase noise

Reference multiply

No. 4 Phase detector output

𝑇𝑜𝑡𝑎𝑙 𝑃𝑁

10 ∗ 𝐿𝑂𝐺 10
10

10
.

10
(2)

The phase noise of the final output was calculated by Eq. (2)
[13].
The local oscillation signals in the 16 GHz band generated as
such were inputted into the frequency mixer for frequency conversion. As the mixer included a doubler, the actual local oscillation signals were in the 32 GHz band.
3. Analysis of Noise Source in Low Dropout Regulators
The difference between insignificant noises and significant
noises is the degree to which the noises affect the operation of
the circuit in question. For example, a switching power supply
has a significant amount of output voltage ripple at 3 MHz. If
the circuit power by it has a bandwidth of only a few hertz, such
as a temperature sensor, this ripple may be of no consequence.
Conversely, if the same switching power supply powers an
RF PLL, the result can be quite different [14].
A low dropout (LDO) that shows excellent power supply rejection ratios (PSRR) in PLL circuits using VCO was applied.
Fig. 6 shows the PSRR characteristics of LDOs with improved
PSRR characteristics. The phase noise characteristic value expected at 10 kHz offset points was -81.5 dBc/Hz. Selecting and
applying LDOs with lower characteristic values than the previous is important.
4. Design for the Synchronized Main Path versus Monitoring
Port
214

A switch (SP25T) was designed so that when the signals received through 25 channels were converted into IF frequencies
and transmitted to the signal processing area of system #1, a
power divider was applied to each main path output to sequentially select the 25 paths. A switch was provided to a separate
system #2 to design a monitoring port that could determine the
signal intensity and the channels where the signals come in Figs.
7 and 8 illustrate the block diagram and simulation results.
In addition, a circuit was designed to supply the synchronized
control signals that fit the monitoring port. As timing is important when selecting channels 1–25, the switching time
should be considered when selecting the RF switch.

Fig. 6. Characteristic graphs by the frequency offset of LDOs with
excellent PSRR characteristics.
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Fig. 7. Block diagram of the systems where one output trigger is designed for 25 channels.

(a)

Fig. 8. Simulation results of the synchronizing signals and output
signals when channel 1 is selected.

IV. FABRICATION AND MEASUREMENT
A millimeter-wave Ka downconverter, which has 25 RF input ports (33–35 GHz), 16 output ports (0.75–1.25 GHz), and
one external reference frequency (1 GHz) input port, consisted
of module #1 (millimeter-wave unit) and module #2 (control
and switching unit). Module #2 was designed and fabricated in
the form of four submodules. Fig. 9(a) illustrates the entire setup in which the two modules are connected to each together.
Fig. 9(b) is a photograph of the inside of module #1, which is
an area where the RF frequency is mixed with the LO frequency in the mixer (Hittite's HMC1065LP4E), which includes an
image rejection function to output IF signals in the 1 GHz
band. The PCB was designed to be installed using the epoxy on
the entire bottom surface of the equipment, so that the frequency in the Ka-band could be transmitted through the transmission line without any loss or distortion.

(b)

(c)
Fig. 9. (a) Photograph of the complete setup (from 33–35 GHz to
1 GHz). (b) Photograph of module #1 (RF section). (c)
Photograph of module #1 (DC section).
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RT/duroid 5880 5-mil PCB was used up to the mixer stage
where the Ka band exists, and Rogers RO4003 20-mil PCB

(a)

(a)

(b)

(b)

(c)

(c)

(d)

(d)

Fig. 11. Results of the measurement of gain using a Scalar Net
Work Analyzer: (a) 33.0–33.5 GHz band, (b) 33.5–34.0
GHz band, (c) 34.0–34.5 GHz band, and (d) 34.5–35.0
GHz band.

Fig. 10. (a) Photograph of module #2. (b) The PLL board including the PLLIC and VCO. (c) The IF board including the
AMP and filter. (d) The switch module including the distribution board.

was used at low frequencies in the L band converted into IF to
make SMT possible.
Fig. 10(a) shows the inside of module #2, Fig. 10(b) the PLL
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board that generates the LO signal needed to convert the RF
frequency into the IF frequency, Fig. 10(c) the IF board for amplifying and filtering the IF signal, and Fig. 10(d) the distribution board in which 25 paths are distributed and switched to 16
paths.
1. GAIN Measurement Results
Fig. 11(a)–(d) show the total gain of channel 1 from the RF
input port to the IF output port. As the bandwidth of the IF
frequency was about 500 MHz, the total gain was measured
four times after changing the RF and LO frequencies to 500
MHz.
The total gains were as follows:
Up to 42.83 dB in the 33.0–33.5 GHz band
Up to 42.15 dB in the 33.5–34.0 GHz band
Up to 41.89 dB in the 34.0–34.5 GHz band
Up to 42.26 dB in the 34.5–35.0 GHz band

Fig. 13. Results of the measurement of IM3 (IF band).

fast the signal can be received. It took 622 μs to switch to another channel and select the channel through which the signals
came in Fig. 14.
V. CONCLUSION

2. NF Measurement Results
As for the results of the measurement of noise figures at the
IF frequency in the L band that was changed from the Ka band,
which is a receiving frequency band, the value measured at the
0.75–1.25 GHz band was 4.936 dB with a maximum value.
This result is mainly due to the noise figure characteristics from
the W/G transition structure to the mixer in which the LNA is
included. Therefore, the characteristics vary greatly depending
on how much the insertion loss is minimized, as shown in Fig.
12.

4. Switching Speed Measurement Results
Switching speed is important at the system level because the
speed of the switch used to select the RF path determines how

In this paper, we designed and fabricated a Ka-band downconverter module with a 25-channel RF input port with a low
noise figure, flat gain characteristics, and reliability by applying
the chip-and-wire process for assembly into the RF path and
operation of a bare-type MMIC device. To compensate for the
mismatch among the many components used in the module,
W/G transition, an image rejection mixer, a switch, and an amplifier suitable for millimeter-wave frequency characteristics
were designed and applied to the downconverter.
The main RF line was a dielectric substrate (RT/duroid
5880), which had a relative dielectric constant of 2.2 and a dielectric thickness of 0.127 mm, and AI203 (ceramic, ATC Co.),
which had a relative dielectric constant of 9.8 and a dielectric
thickness of 0.254 mm. In the Ka-band downconverter module,
the gain was 41.89–42.83 dB at 33.0–35 GHz, with flatness of
about 0.94 dB. The measured value of the noise figure at CH1
was 4.936 dB, with a maximum value in the 0.75–1.25 GHz IF
frequency. The third intermodulation measurement result was
61.83 dBc. The switch to selecting a channel took 622 μs.

Fig. 12. Results of the measurement of noise figure (IF band).

Fig. 14. Results of the measurement of the switching speed.

3. Third Intermodulation Measurement Results
In channel #1, which is representative, the third-order IMD
characteristics that show the linearity of the module measured at
the center frequency of 1 GHz of the IF frequency was measured as 61.83 dBc (Fig. 13).
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The millimeter-wave (Ka band, 33–35 GHz) 25CH downconverter module proposed in this paper is considered applicable to the modules that are installed at the rear end of the antenna of the SIGINT system in the field of EW to collect signals precisely. However, further studies on how to satisfy and
increase the dynamic range still have to be conducted.

This work was funded by the technology development
business fund of the Ministry of SMEs and Startups in 2019.
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