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Design of Hemispherical Patch Antenna with Conformally
Spaced Log-Periodic Elements for Multi-Directional
and Multi-Band Operation

Venkatesh Nuthan Prasad®> *, Eshwar Dhanush GowdaZ, Krishnappa Indiral,
Ananya Kodukula?, and Diksha Arora*

Abstract—In this paper, the design of an Ultra Wide Band (UWB) hemispherical antenna with Log-
Periodic Elements (LPEs) capable of operating at multiple resonating frequencies lying in L, S, C, X, and
Ku frequency bands is presented. The design consists of a complex structure of silver hemisphere with
LPE mounted on an FR-4 substrate fed by a 50 Q2 microstrip line. The dependency of the inclination of
log-periodic elements mounted on the hemisphere is analyzed with parametric study. The proposed
miniaturized antenna uses LPEs to obtain an impedance bandwidth of above 100% and a multi-
directional radiation pattern. The measured results show that a wide operating band of 12.63 GHz
(1.68 GHz-14.31 GHz) (8.52 : 1) has been achieved with a multi-directional radiation pattern with a
peak realized gain of 8.12dBi.

1. INTRODUCTION

Antenna is a key element in wireless telecommunication systems. Different types of antennas for various
applications have been developed and investigated. The current trend and demands from end users are
light weight and compact devices with enhanced performance. As the dimensions are small, they
occupy very little space in systems. Over the past few years, the demand for antennas which are
miniaturized and can offer competent performance for numerous implementations has significantly risen.
The applications like GSM, WiMAX, IMT-2000, Wireless Area Networks, and computer networks
use L, S, C, and X bands. Cloud computing devices, direct broadcast satellite services, and Multi-
Protocol Label Switching (MPLS) use Kurz-under (Ku) bands. Airport Surface Detection Equipment
(ASDE) uses Kurz (K) band radars as they provide high resolution and are suitable for short range
communication.

The design of a multi-band patch antenna is significant today as it would enable the utilization of
a single antenna for multiple wireless applications. Hemispherical antennas have interestingly become
quite an active topic of research. Several studies have been conducted on spherical structures consisting
of an array of antennas [1-12].

Multi-polarization and multi-directional energy harvesting antenna array would be conformed to a
hemispherical ground plane. The hemispherical antenna provides better reception of incoming signals
in all the directions by the virtue of its physical design [13].

The degree of inappropriateness in the spatial aliasing, antenna positioning, and measurement
noise are assessed by the analysis of spherical antenna array via spherical harmonics decomposition
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using Gaussian, equiangular, and uniform spatial sampling techniques for the antenna array elements
positioning on a sphere [14].

Patch antennas have been gaining importance in electromagnetic devices owing to useful features
such as simplicity of fabrication, low cost, minimal weight, and negligible body effect [14, 15]. However,
one area that these antennas lack is bandwidth enhancement for practical applications. There exist a
multitude of ways to solve this concern. The patch antenna bandwidth is inversely proportional to the
quality factor. The quality factor in turn depends on substrate parameters such as dielectric constant,
e, and substrate thickness, via inverse and direct relation, respectively [16]. The effect of increasing
the thickness of the substrate and lowering dielectric constant, ¢, leads to an increase in surface wave
power levels which result in poor radiation efficiency [14].

The design of UWB antennas facilitates high data rate applications for real time video and data
transmission and would be most desirable in military and aerospace applications.

Summarizing the constituents of this paper, Section 2 examines the design procedure of the
envisioned antenna, including its operation and geometry. Section 3 highlights the simulation results
and the assessment of the proposed antenna design. Section 4 details the validation of proposed antenna
design, and lastly the result is covered in Section 5.

2. ANTENNA DESIGN PROCEDURE

The model of proposed antenna is initialized by determining the number of log-periodic cylindrical silver
elements having uniform radius of 0.3 mm and varying length as a function of scaling factor 7 [17,21]
given in Eq. (1), where L, is the length of the nth log-periodic element (1 < n < 10). The total surface
area (A) of the hemisphere is calculated using Eq. (2).

1 Ly
Z 1
T Lyt ( )
A = 37R3 (2)

LPEs are mounted onto the solid silver hemisphere of radius Ry = 3.978 mm having total surface
area of 14.914mm?. The effective radius of base of the hemisphere is calculated using Eq. (3) plugging
in the geometrical parameters of the prototyping antenna (R, and Ty).

1
2T TRy, 2
Rye = Ry, [1 + —h <ln < 5T, > =+ 1.7726)] (3)

The antenna is excited with TM5; mode [13,14]. The zeros X;; of the derivative Bessel function
Jm(x) determine the order of resonating frequencies. The first value of X;; is X1 = 1.8412, and the
resonant frequency fri is calculated as 10.38 GHz using Eq. (4).
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where C' is the speed of light in vacuum. Fig. 1(a) and Fig. 1(b) show the designed antenna with 50 {2
feed impedance and side view of the hemisphere along with cylindrical silver elements mounted on it,
respectively.

The length of the longest (major) (Lmax = L1) and shortest (Lyin = L11) elements is calculated
using Eq. (5).

f7”z'j=

A max,min
L(max,min) = (260(\/;?) (5)
The effective permittivity €. = 3.33 [16] is calculated using Eq. (6) as
1 -1 1
= Er + " Er y
2 2 EE T,
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The width-to-height (W%?) ratio of microstrip line is 1.861, and characteristic impedance of 50 §2
and 2 microstrip line is calculated using Eq. (7) as
60 8T, w
Zy = >+ (7)
Veeln \ W 4T,

where W is the width of 50 € feed line or quarter wave transformer (%) The antenna under consideration
in this paper has dimensions as shown in Table 1.

Table 1. Design parameters.

Parameters Description Value Unit
Jmin Minimum frequency 3.12 GHz
Jmax Maximum frequency 13.32 GHz

Ry, Hemisphere radius 3.978 mm
T Thickness of substrate 1.0 mm
T, Thickness of patch 0.035 mm
Wy Width of substrate 25.0 mm
Ly Length of substrate 37.018 mm
T, Thickness of ground 0.035 mm
Wy Width of ground 25.0 mm
L, Length of ground 37.018 mm
N Number of elements 11 -
Wso Width of 50 ) feed 1.861 mm
L 50 Length of 502 feed 10.0 mm
Ly Length of % strip 17.048 mm
W% Width of % strip 1.062 mm
Ly Length of longest element  26.315 mm
L1 Length of shortest element 6.171 mm

The hemisphere is placed on an FR-4 substrate (thickness, Ty = 1.0mm and relative dielectric
constant, £, = 4.4). A finite copper trace at bottom of the substrate acts as ground plane having
dimensions 37.018 mm x 25.0 mm. The radiation efficiency deterioration is generally associated with the
use of substrate having high dielectric constant [18]. The elements are placed with decreasing lengths
from pole to base region of the hemisphere and are conformally spaced with their positions defined by
angles rather than distances.

The inclination angles ¢1 and ¢2 are considered for elements measured along 6 and ¢ in the spherical
coordinate system respectively as shown in Fig. 1(c). The elements are represented by circle (major
element) and ellipses (minor elements) on the surface of the hemisphere as shown in Fig. 1(d).

The angles of inclination (Aol) ¢1 and ¢2 are varied in the range [12°, 39°] and [15°, 25°] in steps
of 10 respectively within the specified limit, and parametric simulations are carried out, yielding 308
combinations. At extreme angles as shown in Fig. 2, elements overlap with other elements and generate
erroneous results. The angles are chosen such that elements do not overlap with substrate and other
elements as shown in Fig. 3, which may lead to erroneous results during computation.

In order to study the effect of LPE position and inclination, each element is allowed to take two
degrees of freedom with respect to Aol with reference to the origin. The Aol also governs the position
of elements along the hemisphere, such that the longest element is fixed at the origin of the hemisphere.
The inter-elemental distance is not linear and changes accordingly with Aol along the surface of the
hemisphere as shown in Fig. 4. The arc distance C,, between any two elements specified by the angles
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Figure 1. The physical structure of the proposed antenna used in the simulation. (a) Antenna without
elements (Ant_1). (b) Antenna with elements (Ant_2) (¢1 = 33° and ¢2 = 17°). (c) Side view along

with inclination angles. (d) 2D top view of hemisphere illustrating position of minor elements from
central major element.

(0",0%) (0°,45%) {45°,0%) (45°,45%) (90°,90%)

Figure 2. Elements positioned at extreme angles (¢1, ¢2) overlapping with other elements.

(12°,15°) (20°,15%) (35°,16%) (39°,16°) (33°,17°)

Figure 3. Position of elements on the hemisphere at chosen combinations of (¢1,¢2) without
overlapping on other elements.

(p1’, ¢2") and (¢1, ¢2) in a 3D space is computed with the aid of Cartesian subtraction [19] using Egs. (8)
and (9)

dn =\ (AX)? + (AY)’ + (AZ)? (8)

where
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Figure 4. Arc length calculation between P and Q points on hemisphere.

AX = (2} — xn) = Ry (cos ¢l cos ¢p2' — cos ¢1 cos ¢2)
AY = (y] — yn) = Ry, (cos @1’ sin ¢2' — cos ¢1 sin ¢2)

AZ = (2} — zp) = Ry, (sin g1’ — sin ¢1)

dn,
C,, = 2R, sin”! <2Rh> (9)

where (2, v}, 21) for (¢1’,$2') = (0°,0°) and (2, Yn, 2n)V(¢1, $2) (41", $2') = (0°,0°) are the coordinates
of major elements and minor elements, respectively. Each element of antenna picks up a different
frequency corresponding to its length being approximately equal to (3) and resonates in the active
region whereas other elements behave as reactive components. All the elements are designed with a
uniform radius of R, = 0.3mm. The longest element is placed at the pole of the hemisphere, and the
minor elements are placed circularly in increasing order of lengths from the left portion of the feed
with increments in height over the hemisphere. The elements, which are placed in close proximity to
the input feed, cancel each other’s radiation out owing to being nearly out of phase. The active region
varies between the elements whose length is approximately equal to half the wavelength of corresponding
frequency [20].

To match the impedance between the source and load, a quarter wave impedance transformer [16] is
designed between source feed line and the load. The impedance of (%) transformer strip is the geometric

mean of source characteristic impedance Zj and load resistance Ry, and is calculated using Eq. (10) as

Zy = V' ZoRy, (10)

where Ry, is the load resistance.
The length of the quarter wave transformer is calculated using Eq. (11) as
A
4,/ec
The characteristic impedance of the cylindrical elements [11] are calculated using Eq. (12) as

Zo =120 x [m (f{) - 2.25] (12)

e

Ly= (11)

where L, is the length of element.

Width-to-height ratio of (%) strip is maintained to match the impedance calculated in Eq. (7), and
also the length is designed to obtain 90° phase shift. The quarter wave transformer strip line matches
input feed impedance with the load resistance, ensuring minimum reflection from the load to source.
As a result, standing waves are generated in (%) strip. Multiple reflections occur between the source

and load due to the presence of different impedance strips. The input power may not be able to radiate
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completely from the antenna due to the presence of impedance mismatch at various junctions. The
mismatch loss 1) is a function of reflection coefficient and is computed based on Eq. (13) as

¥ = —10log (1 —+?) (13)
The antenna scaling factor is chosen to be 7 = 0.865, and each element is designated with a diameter of
D, = 0.3mm. The average characteristic impedance of log-periodic elements is calculated by computing
individual impedance as tabulated in Table 2.

Table 2. Impedance calculation of LPE.

Length of the elements Characteristics Impedance of elements

Sl No Lus1 = 7Ly, [mm] Z. = 120 x [m <%) — 2.25] QO (14)
1 L1 = Lyax = 26.3157 71 = 266.8980
2 Ly =7L; = 22.7631 Zy = 249.4931
3 Ls = 72L; = 19.6901 Z3 = 232.0900
4 Ly=713L1 =17.0319 7, = 214.6880
5 Ls = 7m4L; = 14.7326 Zs = 197.2794
6 Le¢ = m°L1 = 12.7437 Zg = 179.8746
7 L; =70 =11.0233 Z7 = 162.4748
8 Lg = 7"L; = 9.5352 Zg = 145.0730
9 Lo =780, =8.2479 Zg = 127.6732
10 Lig=7L, =7.1345 Z1o = 110.2614
11 Ly =70 =6.1713 Z11 = 92.8600

The average characteristic impedance is calculated by Eq. (15)
11

2 2

e=1

Z =
“ 11

(14)

3. SIMULATION RESULT AND ANALYSIS

The simulation results obtained from High Frequency Structure Simulation (HFSS v19.2) application
details the comparison between hemispherical antennas with and without elements. The preliminary
results without elements were not satisfactory according to bandwidth requirement determined through
Voltage Standing Wave Ratio (VSWR) < 2. Thus, to improve the performance of hemispherical patch
antennas, LPEs are introduced on the hemisphere.

It is observed that LPE plays a vital role in reducing the reflection coefficient (S11) below —10dB,
thereby improving the impedance bandwidth. The major analysis is carried out by varying ¢1 in the
range [33°, 39°] and ¢2 [16°, 17°] which offers the same resonating frequencies over the combinations
in relation to Ant_1. These combinations are also advantageous in fabricating the structure. The
optimized dimensions of the LPE is as shown in Table 3. The coupling between the elements affects the
overall characteristics of the antenna performance. As the spacing between adjacent elements increases,
the coupling decreases at higher order frequencies. The non-collinear placement of 4 elements also
contributes to reduced coupling between the elements.

The reflection coefficients across different frequency sweep are simulated with and without elements
and compared with respect to VSWR and shown in Fig. 5. The input impedance variation with respect
to frequency is as shown in Fig. 6.

The magnitude of the impedance is approximately equal to source impedance at resonating
frequencies. The antenna offers capacitive impedance of (47 — j5) Q at 5.1 GHz and inductive impedance
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Table 3. Optimized parameters of antenna.

n 1 2 3 4 5 6 7 8 9 10 10+1
LY [mm] 2631 22.76 19.69 17.03 14.73 1274 11.02 953 824 7.13 6.17
4 [mm] - 246 222 222 222 246 425 3.79 379 3.79  3.79
Cp[mm] - 250 225 225 225 250 449 396 396 3.96 3.96

* Measured from surface of the hemisphere.

** Straight line distance d,, (A chord passing through the hemisphere connecting two points)
between minor element and major element.

of (46 + j8) Q, (52 + j3) Q, and (45 + j2) Q at 7.9 GHz, 9.3 GHz, and 13.1 GHz, respectively. The current
distributions plotted on the surface of Ant_2 at different resonating frequencies are as given in Fig. 7.
The elements have maximal current density at resonating frequency with their length approximately
equal to Eq. (5). These elements are active contributors to radiation. The 5th, 10th, and 11th elements
actively radiate at 5.1 GHz, 7.9 GHz, and 13.1 GHz, respectively.
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Figure 5. The reflection coefficient (511) measured in dB (shown in top curve) and the VSWR (shown
in the bottom curve) versus frequency plot.
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Figure 6. Simulated input impedance variation plotted against frequency for Ant_2 having Aol (33°,
17°).
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Figure 7. Simulated surface current density (Jsurf) plotted over the Ant_2 having Aol (33°,17°) at
(a) 5.1 GHz, (b) 7.9GHz and (c) 13.1 GHz.

4. VALIDATION CHARACTERIZATION

In an effort to authorize the simulation conclusions, the submitted antenna is fabricated as given in
Fig. 8(a). The RC measurement is recorded using Agilent N5230A PNA series network analyzer, and
radiation pattern measurements are recorded by placing the antenna in an anechoic chamber as shown
in Fig. 8(b) and Fig. 8(c), respectively. The fabricated antenna is fed through a Reverse Polarity SMA
(RP-SMA) connector. The measured results are recorded in the frequency sweep of 1 GHz to 15 GHz.
S11 lies below —20dB at resonating frequencies with VSWR < 1.5.

(a)

(b) (©)

Figure 8. (a) Fabricated structure of the proposed antenna depicting top and bottom planes. (b)
Antenna connected to VNA for reflection coefficient measurement. (c) Antenna placed in anechoic
chamber for radiation pattern measurement.
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Figure 9. Comparison curves between simulation and measured results. The reflection coefficient (Si1)
measured in dB (shown in top curve) and the VSWR (shown in the bottom curve) versus frequency
plot.
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Figure 10. Realized gain comparison between simulation (Ant 1, Ant 2) and measured results.

The antenna satisfactorily operates in the desired frequency range as it is evident in simulation
results. The measured S7; and VSWR results are compared with the simulation result of Ant_2 as
shown in Fig. 9. Higher order frequencies are also present due to surface current distribution over the
shorter elements.

Peak Realized Gain (PRG) is the maximum gain over all the directions in far field. The variation
of realized gain plotted against frequency is depicted in Fig. 10. There is no significant improvement in
the simulated gain performance between the antennas with and without elements. The degradation of
gain at some frequencies is due to a multi-directive radiation pattern. The peak gains of the measured
antenna were 4.17, 3.24, 4.80, 5.689, 8.12, and 5.45dBi at frequencies 2.25, 5.79, 7.9, 9.3, 10.5, and
13.1 GHz, respectively.

The impedance matching is acceptable, and the pattern characteristics will not be significantly
altered. Some differences between the computer-generated and experimental field patterns are due to
the alignment errors, interference, noise, and oxidation of silver. The presented model is the first of its
kind, and similar studies are not found till today.

The E-plane (zz and yz-plane) and H-plane (xy-plane) radiation patterns of envisioned antenna
are multi-directional, and the polar plot of the simulation and the experimental normalized radiation
patterns appear fairly omnidirectional as shown in Figs. 11(a) and (b), respectively. The measured values
for radiation pattern are in good agreement with the simulated result and almost omnidirectional in both
co-polarized and cross-polarized E and H planes. The multi-directional capability of the hemispherical
array will lead to reception of different frequency signals irrespective of the arrival angle. As a result,
the antenna is a better receiver.
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Figure 12. (a) Antenna connected to spectrum analyzer. (b) Display of frequency channels detected
by the antenna in voltage vs time graph.

The trans-receiving capability of the proposed antenna is measured using Keysight N9322C
spectrum analyzer as shown in Fig. 12(a). With the 10 dB attenuation and —6 dBmV reference voltage,
the antenna measurement is recorded in the frequency range 9kHz—4 GHz. The antenna is capable of
detecting 947 MHz, 1.826 GHz, and 2.147 GHz channels allocated in GSM900 and GSM1800 (Global
System for Mobile communication) frequency bands as shown in Fig. 12(b) with the peak amplitude
—5.73dBmV, —16.08dBmV, and —4.86 dBmV, respectively.

The affinity of the proposed antenna with the prevailing system is assessed by connecting to
GSM sim900A module to receive and transmit text messages with mobile terminal over wireless radio
frequency (RF) link, worldwide [22]. Considering a 3-phase AC motor setup in irrigational land, the
ON/OFF operation of the motor is operated using single pole dual throw (SPDT) relay switch as given
in Fig. 13(a) and controlled with atmega2560 micro-controller. The relay can be turned on/off by
definite text commands to enable or disable the state of the AC motor as sent by the user. The physical
model of the GSM based AC motor is controlled using a micro-controller with the envisioned antenna
positioned in irrigational land as given in Fig. 13(b). The proposed antenna can receive transmitted
text commands to verify the motor state to the user via SMS (Short Message Service). The motor will
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Figure 13. (a) Functional overview. (b) Experimental setup. (c¢) Motor in OFF state with ammeter
reading 0 A. (d) Motor in ON state with ammeter reading 9 A.

be deenergized upon receiving OFF command resulting in no deflection in the ammeter as shown in
Fig. 13(c). The motor will be energized by ON command resulting in deflection in ammeter as given in
Fig. 13(d).

5. CONCLUSION

This paper puts forth a novel approach which highlights the effect of Log-Periodic Elements (LPEs)
in achieving higher bandwidth, reduced S;; below —20dB, and multi-directive radiation pattern.
Prototype of the antenna was simulated, tested, verified, and compared with simulation results. The
proposed antenna has a —10dB impedance bandwidth of 158% from 1.68 GHz to 14.31 GHz (8.52 : 1)
in measurement and suitable for UWB applications.

The measured results has fewer resonating peaks than simulation results due to mechanical
discontinuities while the antenna structure is fabricated. The formation of silver dioxide on hemisphere
and microairgaps in the hemisphere caused the difference between measurement and simulation results.

Due to variation in placing the elements on the surface of hemisphere, a few inconsistencies are
found between simulated and measured results.
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