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Abstract— Determining the location of the beam source of 

WLAN devices causing harmful interference to TWDR in the 

U-NII-2-Extended band requires effective methods and 

devices. Research regarding the construction of the directional 

finding antennas in this band is still lacking. An intelligent 

electronically steerable parasitic array radiatory (ESPAR) 

antenna design was constructed in this study to perform two 

critical tasks, i.e., to determine the direction and the location of 

the radiation source that causes interferences. An 

electronically beam steerable antenna was implemented in such 

way using a digitally controlled PE42424 SPDT switch which 

connected directly to each parasitic element. This allows each 

parasitic part to stay in one of the two states, i.e., ON or OFF. 

The RF switch circuit was designed on the plated-through-hole 

PCB structure. In the ON state, this connects the parasitic 

elements and the grounding part to reflect the induced RF 

signal of each element to all OFF-stated parasitic directions. 

The numerical computation of the designed antenna shows 

consistent radiation from the main beam pattern which varies 

at every 45° angle. The maximum gain achieved was up to 8.76 

dBi. The reflection coefficient and VSWR obtained through the 

numerical assessment were -22.3 dB and 1.53, respectively. 

Keywords—Intelligent ESPAR, Steerable Antenna, Direction 

Finding, TDWR Application, U-NII-2-Extended band, WLAN 

device, Beam Steering, SPDT RF-switch. 

I. INTRODUCTION 

The increasing need for internet access, especially at 
home and in the office, has driven the increase in the use of 
WLAN device. The most widely use of WLAN devices as a 
transmission link of the access point operates in the 5 GHz 
frequency band. However, the use of frequencies in the 
increasingly dense U-NII-3 band results in interference so 
that the throughput is also decreased [1]. Therefore, users of 
WLAN devices often use frequencies other than the U-NII-3 
band, such as the U-NII-2-Extended (5470 MHz - 5725 
MHz) band. However, this has the potential to cause harmful 
interference to the Terminal Doppler Weather Radar 
(TDWR) operating in the C-band [2][3][4][5]. This 
endangers public safety because of a decrease in the quality 
of the data obtained by radar imagery which can lead to 
underestimation or overestimation of weather forecasts for 
aviation. Dynamic frequency selection (DFS), which is a 
standard that need to be applied to WLAN devices operating 
in the 5 GHz frequency band, is not optimal in preventing 
harmful interference to TDWR [6][7]. In fact, the result of 
investigations in the field shows that in addition to the failure 
of the DFS function in several cases, users of WLAN devices  
have even disabled the DFS function on these devices to 
operate in U-NII-2-Extended band [4]. Therefore, the 

emission source's location needs to be identified so the 
activity that causes harmful interference can be stopped. 

Determining the location of the transmitting device for 
WLAN devices in indoor and outdoor conditions is very 
different. In an indoor environment, research can be carried 
out using a handheld device such as a smartphone without an 
additional antenna [8][9]. This method uses RSS fingerprint 
crowdsourcing where the determined location is carried out 
in two phases: the offline phase and the online phase. In the 
offline phase, a radiomap is made by measuring all reference 
points (RP) which are then stored in a database. In the online 
phase, the coordinates of the beam source position are 
estimated by comparing the measurement results in real time 
with the fingerprint database obtained in the offline phase 
[10]. The obtained WLAN fingerprint database is strongly 
affected by the measurement conditions [11]. Therefore, the 
changes in the environmental conditions of measurement 
require updating of the database. Apart from RSS, 
crowdsourcing fingerprinting can be done using Channel 
State Information (CSI) [12][13]. In practice, to obtain a 
better performance, a sub-carrier is selected that is slightly 
affected by multipath [14]. The crowdsourcing fingerprint 
method requires large database storage and processing, so 
this method is not suitable for very dynamic outdoor 
environment whether it is affected by moving vehicles with 
WLAN devices on them or landscape changes coupled with 
the area on a square kilometer scale. 

A study uses a smartphone to determine the location of a 
WLAN devices emission source in an outdoor environment 
using the doppler technique [15]. This research proposes to 
use 2.4 GHz since it has a longer range than 5 GHz. Standard 
antenna gain in smartphone is not adequate to accomplish 
this task. Therefore, to determine the location of the WLAN 
devices in an outdoor environment on the 5 GHz band, an 
additional antenna is required.  

In addition to using RF fingerprint crowdsourcing, 
determining the location of WLAN devices is carried out by 
using the Time of Arrival (TOA), Time Difference of Arrival 
(TDOA), Received Signal Strength (RSS) and Angle of 
Arrival (AoA) techniques [16][17]. The TOA and TDOA 
techniques require clock synchronization at each monitoring 
station which raise deployment cost [18]. RSS measurement 
is the most widely implemented technique due to its lower 
cost and ease of implementation. The AoA technique only 
requires a minimum of two measurement angles to estimate 
the location of the emitting signal. With each of its 
advantages, the RSS technique can be combined with the 
AOA technique [19].  
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Research on antennas to determine the location of 
WLAN devices is generally carried out in the frequency 
band below 5 GHz and optimized to operate at band 2.4 GHz 
for indoor or building use [20]-[28]. Prototype antenna array 
for direction finding initially by using variable capacitance 
diodes on passive elements for beamforming [20]. In 
addition to using a varactor, beamforming can be done using 
a switch. The switch can be a P.I.N diode or SPDT [21][22]. 
Intelligent antennas in the form of low gain antennas that are 
arranged linearly are calibrated. Then programming is 
carried out on the client's beamforming weight value 
obtained for scanning each angle. By using the triangulation 
technique indoors, an error resolution of 1 m is obtained with 
a probability of 0.821 [23]. Another study in the indoor 
environment showed that the interferometry technique with 
two antennas combined with OFDM Channel State 
Information could show DoA with a median error of 8° - 15° 
[24]. 

In addition to using antennas with specific characteristics, 
the direction finding uses algorithms to compute the received 
signal. The antenna is designed to estimate DoA based on 
signal strength (RSS) using the Power Pattern Cross 
Correlation (PPCC) and Support Vector Machine (SVM) 
algorithm that can provide a precision level of 5° - 7° and 1° 
- 6° for SNR 30 dB to 0 dB, respectively [26]. In addition, 
the amplitude and phase parameters obtained from the 
received IQ signal samples can be used to estimate DoA 
using the Multiple Signal Classification (MUSIC) algorithm 
with a better level of precision [21]. This algorithm is based 
on eigenvalue decomposition so that as a tradeoff, the 
required computation time is higher [29].  

To the author's knowledge, the study of direction finding 
antenna in the 5 GHz frequency band is only the ESPAR 
antenna that has been simulated and prototyped for V2X 
applications at a frequency of 5.89 GHz [19]. The simulation 
result shows that the maximum gain on the horizontal plane 
obtained is 2.05 dBi with a precision of 1° - 5° for SNR 20 
dB and 0 dB. To receive better signals, especially in outdoor 
environments, an antenna with a higher gain is needed. The 
above algorithm can be used in various configurations of 
ESPAR antennas designed for direction finding. An ESPAR 
antenna operates in the 5 GHz band using a cavity-backed 
slot antenna [30]. The antenna is designed for wireless 
communication systems so that the beam steering only 
covers 46 degrees in the E plane. 

DoA estimation for WLAN devices in the 5 GHz band 
using conventional WLAN devices is very time consuming 
and laborious because DoA estimation is done by rotating 
the directional antenna to find the maximum RSS while 
moving toward direction that shows an increase in RSS. 
Using the R&S®ADD207 Compact UHF/SHF DF antenna 
[31] with the R&S® MobileLocator [32] is very effective for 
locating the interference source. However, this device is not 
designed to display the SSID and Mac Address of the signal 
source. Therefore, an antenna is proposed for an effective 
direction finding and can be used in estimating the DoA of 
the emitting source causing harmful interference in the U-
NII-2 Extended band with an acceptable level of precision. 

In this paper, research is conducted to design a smart 
antenna to operate in the U-NII-2-Extended band precisely to 
estimate the DoA of WLAN telecommunication devices that 
potentially cause interference in TDWR. Radiation patterns 
with high directivity are required. A novel parameter other 

than structural parameters in the design of ESPAR antennas 
that affect the characteristics of ESPAR antennas in the 5 
GHz band to obtain a higher gain compared to previous 
studies [19][34] is proposed. The main contribution of this 
paper is adjusting the track length between parasitic elements 
and ground which has a significant impact in increasing the 
gain ESPAR antenna especially in 5 GHz band.  

Simulations are carried out to obtain a low back lobe and 
side lobe. The antenna is intelligently designed to have a gain 
of up to 8 dBi so that signal reception can be better than the 
previously studied ESPAR antennas in the 5 GHz band. 
SPDT switches are used in this antenna due to the use of 
variable capacitance diodes and P.I.N. diodes, it is still 
necessary to regulate the voltage on the switching network to 
obtain the best antenna performance [20][33]. In the DoA 
estimation, the designed antenna uses only one RF feed. 
Therefore, the antenna based on the ESPAR method is 
simpler and cheaper than the antenna system that uses digital 
beamforming, which uses a lot of RF feeds.  

II. ANTENNA DESIGN FOR DIRECTION FINDING ON U-NII-2-

EXTENDED BAND 

The smart antenna design is expected to receive signals at 
whole 360° coverage area. Therefore, this antenna is 
designed from several elements arranged in a circle. Spatial 
electromagnetic field coupling between radiating elements 
forms a radiation pattern. For RF signal processing to carry 
out faster, only one receiver is used, so it proposes to use one 
active element in the center of the ground plane with eight 
parasitic (passive) elements arranged in a circle with a 
symmetrical configuration. A 45° angle separates the 
arrangement of the passive monopole elements as in Fig. 1. 
Therefore, this smart antenna is called a Circular Nine 
Monopole Element. 

As the calculation base, the frequency used in this design 
is 5.6 GHz because the frequency is in the middle of the U-
NII-2-Extended band. In addition, TDWR also operates 
around this frequency. Therefore, this design is aimed to 
obtain a wide antenna bandwidth to cover the U-NII-2-
Extended band. 

The material that is used as an active and passive element 
is brass, while the dielectric material used is FR-4 with ɛ = 
4.3 and μ = 1.0. The height of the active and passive 
elements is λ/4, with the distance between the active and 
passive elements of λ/2. The space of active and passive 
elements is very influential in the formation of the beam. 
Distance that is too far can result in the beam direction being 
out of focus according to the passive element configuration. 
On the other hand, if the distance is too close, the antenna 
manufacturing process becomes more difficult. Each passive 
element (P1, P2, …., P8) is connected to the ground using       
a switch adjacent to the plated through hole (PTH). The  

TABLE I.  ANTENNA DIMENSION OPTIMIZATION 

No Parameter Size  Calculation 

(mm) 
Optimized 

(mm) 

1 Monopole element length λ/4 12.7 12.3 

2 Substrate radius 1.1 λ 55.9 55.9 

3 Ground radius λ 50.9 50.9 

4 Distance between active 

and passive element 

λ/2 25.4 25.4 

5 Distance between passive 
element and PTH 

λ/3 16.9 15.5 
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Fig. 1. The proposed antenna layout 

 

Fig. 2. The optimized antenna dimensions 

 

Fig. 3. Normalized directivity for various distance between parasitic 

elements and PTH 

 

(a) 

 

(b) 

Fig. 4. Effect of various of distance between passive element on PTH, (a) 

less than 0.2 λ, (b). more than 0.25 λ  

dimensions of the proposed antenna are optimized to obtain 
the dimensions as in TABLE I. and Fig. 2. 

The smart antenna can determine the direction of the 
beam source based on the RF signal received through the 
passive element configuration. The beam direction is 
changed by adjusting the condition of the eight passive 
elements to the ground plane. The condition is either short or 
open. To set short and open conditions, SPDT PE42424 is 
used. The configuration of the passive element condition on 
the ground plane is carried out using an RF switching circuit 
based on the signal processing results obtained from the 
processing unit. By providing a digital signal 1 on the digital 
control logic input PE42424, the RF signal on the passive 
element monopole is connected to the ground via the RF1 
pin. If a digital signal 0 is given, then the RF signal on the 
passive element monopole is not connected to the ground 
because it is connected to the RF2 pin which is left open. The 
configuration shift of the sorted passive elements is carried 
out sequentially when the RF signal parameter measurement 
results are obtained. 

III. COMPUTING RESULTS AND DISCUSSION  

A. Radiation Pattern 

Passive element switching is simulated by adjusting the 
length of the trace connecting the monopole passive element 
to ground via the PTH to obtain an open or closed path. A 
short condition is simulated by connecting passive elements 
to ground, and vice versa.  

For each combination of shortened passive elements, a 
different radiation pattern is produced. The resulting 
radiation pattern is directed away from the shortened 
element. The RF signal converges in opposite directions in 
the trace between the shortened passive elements and the 
PTH. Therefore, the signal is amplified away from the 
shortened passive elements. Unlike the open element, the 
current in the trace between the passive element and the PTH 
is unidirectional. In other words, a short passive element 
functions as a reflector, while an open passive element 
functions as a guide. 

The results of the previous research [34] show that the 
structural parameters in ESPAR antenna design are the 
number of passive elements, the length of active and passive 
elements, and the distance between passive and active 
elements. In this research, the results of the proposed antenna 
simulation show the distance between passive elements with 
PTH also affect the radiation pattern (see Fig. 3). At a 
distance less than 0.2λ, the radiation pattern is towards the 
shortened because the current from the PTH is higher than 
the current at the bottom of the shortened passive element, as 
shown in Fig. 4. (a). While more than 0.25λ-0.35λ, the 
radiation pattern direction is away from the shortened 
element because the current from the passive elements and 
PTH is almost similar but have opposite direction (see Fig. 4. 
(b)). 

The configuration of shortened passive elements required 
for direction finding use is a configuration that produces a 
radiation pattern with directivity with a large level difference 
between the main lobe and the side lobe, and the main lobe 
and the back lobe. The configuration of these elements is 
expressed as SxOy, where x represents the number of 
elements that are shortened, and y represents the number of 
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TABLE II.  DIRECTIVITY AND GAIN IN VARIOUS ANTENNA CONFIGURATIONS 

 

 

Fig. 5. Smart antenna normalized radiation pattern with 4 different 

configurations 

 

Fig. 6. Smart antenna normalized radiation patter with 8 direction  

 

Fig. 7. Reflection coefficient with various configuration 

 

Fig. 8. VSWR with various configuration 

open elements. Shortened PN element is denoted by 1 while 
open elements are denoted by 0. Fig. 5 shows the radiation 
pattern of the simulation results for each combination of 
shortened passive elements. Each passive element 
configuration produces a different radiation pattern. The 
radiation pattern for the S1O7, S2O6, and S7O1 
configurations are not shown in the figure since the radiation 
pattern produced has side lobe or back lobe that is almost the 
same size as the main lobe, while the other configurations 
radiate small side lobe and back lobe. In contrast, the other 
configurations radiate the small size of back lobe and side 
lobe. 

To perform a 360° scan horizontally, a shift in the 
configuration of the short and open elements is performed. 
Each shift in the configuration of the shortened element will 
result in a shift in the direction of the main lobe by 
approximately 45° as shown in Fig. 6. 

B. Reflection Coefficient, VSWR, and Bandwidth 

In Fig. 7, the reflection coefficient of the proposed 
antenna simulation shows that the configuration with 1 to 5 
shortened elements meet the criteria below -10 dB in the 
required band. Changing the configuration of the passive 
element of the antenna produces a significant deviation of the 
reflection coefficient because each configuration produces a 
different current distribution in the passive element and its 
impact on the input impedance of the antenna [35]. For 
example, the value of the reflection coefficient of the antenna 
with the S4O4 configuration at a frequency of 5.47 GHz is -
22.30 and increases to -13.56 at a frequency of 5.725 GHz. 
Whereas, in antenna configurations with 6 and 7 shortened 

No. Configuration  

Directivity (db) Gain (dBi) 
Main lobe 

direction  

Back lobe/ side 

lobe direction Main 
lobe 

Side lobe / 
back lobe 

Difference 
Main 
lobe 

Side lobe / 
back lobe 

Difference 

1 
S1O7 

[10000000] 
6.88182 6.88147 0.00035 6.6576 6.65724 0.00036 103 257 

2 
S2O6 

[11000000] 
6.56013 0.422989 6.137141 6.30474 0.167606 6.137134 134 21 

3 
S3O5 

[11000001] 
6.9806 1.9788 5.0018 6.640222 1.63842 5.001802 180 46 

4 
S4O4 

[111000001] 
9.19906 2.01956 7.1795 8.75745 1.50965 7.2478 203 322 

5 
S5O3 

[11100011] 
8.775 1.876 6.899 8.24482 0.785693 7.459127 180 0 

6 
S6O2 

[11110011] 
8.04625 1.67343 6.37282 7.4667 1.09389 6.37281 205 25 

7 
S7O1 

[11110111] 
6.82671 1.12603 5.70068 6.03 0.329357 5.700643 131 329.5 
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TABLE III.  COMPARATIVE PERFORMANCE OF ESPAR ANTENNA 

No Freq (GHz) 

Max. 

Gain 

(dBi) 

VSWR Coverage Ref. 

1 0.923 8.52 <1.92 
360°, step 
size 60° 

[36]  

2 
1.8, 1.9, 2.3, 

2.4, 2.5 
7.37 <2 

360°, step 
size 60° 

[37] 

3 2.484 7.5 - 
360°, step 

size 45° 
[27] 

4 2.4-2.5 11.4 - 
360°, step 

size 45° 
[28] 

5 2.45 5.1 - 
360°, step 

30° 
[38] 

6 5.1-5.3 6.05 - 
46° (from -
26° to 20°) 

[30] 

7 5.89 2.05 - 
360°, step 

size 30° 
[19] 

8 5.47 – 5.725 8.76 <1.54 
360°, step 

size 45° 
This 

elements, the reflection coefficient does not meet the criteria 
some of desired frequency band. 

The simulation results show that in the frequency range 
of 5.470 - 5725 GHz, the VSWR value for configurations 
with 1 to 4 elements is shortened, the VSWR value is < 1.54, 
while in the S503 combination, the VSWR value is < 1.85. 
The VSWR values obtained in different configurations are 
shown in Fig. 8. 

The bandwidth obtained based on the simulation results 
in the configuration of 1 element to 5 shortened elements is 
about 2.3 GHz. In the S6O2 and S7O1 configurations, the 
reflection coefficient values at a frequency of 5.6 GHz are 
above -10 dB. Therefore, these configurations cannot be 
used. 

C. Gain and Directivity 

The radiation pattern that produces the highest directivity 
with the maximum difference between the main lobe, side 
lobe, and back lobe is obtained in the S4O4 configuration 
where four passive elements are shortened (switching ON) 
and four are open (switching OFF). The maximum gain and 
directivity for each radiation pattern can be seen in TABLE 
II. The simulation results show that the configuration with 
the difference in the number of short and open elements 
results in a lower gain and lower directivity, because the 
emitted RF signal does not point in one direction.  

Comparison results of the performance analysis of the 
proposed antenna with the previous ESPAR antenna research 
is shown in TABLE III. In 5 GHz band the previous research 
did not achieve a gain of 7 dBi as is commonly obtained in 
2.4 GHz band and below. Most of the research results we 
compared used passive elements connected to a circuit 
switch directly connected to ground on the opposite side via 
a via. The use of 0.305 λ track between parasitic element and 
ground, reflects the induced RF signal well so that a higher 
gain is obtained. 

IV. CONCLUSION 

The circular configuration of the nine-monopole elements 
intelligent ESPAR antenna has been designed to operate on 
the U-NII-2-Extended band. By optimizing track length 
between parasitic element and PTH ground antenna at 0.305 

λ, the antenna produced a radiation pattern that has a gain of 
more than 8 dBi. Those optimum gain were obtained by 
setting-up 4 or 5 parasitic elements to be shortened (meaning 
4 or 5 elements connected to grounding plane), respectively. 
Under these configurations, significant impacts were also 
encountered on the coefficient reflection and VSWR values. 
This antenna design could cover 360° angle direction 
reception with eight steps in the horizontal plane (every step 
~ 45° angle). The simulation results show that the proposed 
antenna has the excellent performance parameters that can be 
used to locate WLAN devices in the U-NII-2-Extended band. 
Due to the very compact dimensions of the antenna design, 
this antenna allows it to be implemented in handheld use or 
mounted on a car. 
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