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ABSTRACT

A planar inverted-F antenna with symmetrical split beams and loaded with radio frequency absorbers (here
Eccosorb MCS) for 5G communication is proposed. The multi-beam antennas reduce the requirement of number of
antennas and provide wide coverage. But they require a complex system such as a phased array or MIMO antennas.
On the other hand, multi-beam antennas do not have such requirements. In this work, we propose a PIFA antenna
which achieves multi-beam behaviour by six slabs of absorbers placed periodically between the PIFA patch and
substrate to split the beams into two directions at +26°. The proposed antenna obtains a frequency band of 24.2-
25.7 GHz and achieves a high gain of approximately 10 dB at +26°. The performance of the proposed antenna is
suitable for G communication. All simulations of the antenna are carried out using Ansys HFSS. The design was
validated by simulations and later confirmed with measurements.

Keywords: Eccosorb MCS; Absorber; Beam split; PIFA; 5G; mm-wave

1. INTRODUCTION

The fifth generation (5G) wireless technology is required
to provide high network coverage, continuous network
connectivity with wide bandwidth. The mm-wave band has
an unused wide spectrum to overcome all wireless service
issues'?.

The mm-wave ranging from 1-10 mm wavelength (10-
100 GHz) has many limitations. The tiny wavelength wave
is affected by raindrops, oxygen absorption, and line of sight
during its propagation. The beamforming, beam splitting,
and directive antennas are the key solutions to overcome the
problems raised at mm-wave. The multibeam antenna offers
independent beams in which the selected beams reduce
the interference and provide the greater coverage in desired
direction which is the compulsory requirement of 5G°. The
short wavelength allows the design of antennas to be compact
along with high directivity*>. For the functionality of beam
splitting, beam scanning, planar inverted-F antenna is one of the
best choices for 5G implementation because of its low profile,
compactness and ease of fabrication. Several parameters of the
PIFA antenna affect its performance. The air gap between the
top patch and substrate affects the return loss and bandwidth
while the distance between shorting and feed controls the
impedance®’. Next, we discuss past research of PIFA and other
antennas for 5G.

In®, the coverage of the desired direction with beam
steering capability ranges from -90° to +90° in theta plane is
presented where the scanning capability is obtained by three
identical subarrays of patch antennas which are fed by switching
to particular subarrays. In’, the radiation pattern at mm-wave
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is distorted by the scattering of the signals. Meanwhile,
the damage of the patch antenna is controlled by placing
conventional radome on the patch. But due to the comparable
wavelength of the antenna with the radome thickness, the
radiation pattern gets distorted, which reduces the radiation
directivity of the antenna. The radiation pattern improvements,
as well as high gain achieved by stacking of six pieces of the
substrate are placed in a radome, but it also affects its reflection
coefficient. A circular patch along with a parasitic circular ring
is used to obtain an ultra-wideband of 3.03 GHz bandwidth
in'®, In'!, planar inverted-F antenna (PIFA) with slots having
wide bandwidth ranges from 27.57-30.75SGHz and peak gain
of 8.3 dBi is reported. Whereas 8-element PIFA antenna arrays
were used to steer the beam by varying phase shift of each
element in'2. In'3, The dimension of the substrate is 110 mm x
60 mm which is large enough for mm-wave applications. The
proposed antenna comprising an array of 4*4 patch antenna is
fed by the L-probe. The radiation performance and reduction
of surface waves were achieved through metal strips on the soft
surface structure via fences. However, high gain with a tilted
beam without using an array is reported. The two L-shaped
slots etched on the patch, which are fed by a single coax feed,
obtain two frequency bands of 28/38 GHz. The improvement
of impedance matching and the axial ratio is achieved with
the optimisation of the slots'*. However, the wide beamwidth
between 100° and 125° is achieved by parasitic patches with
multiple resonances and a wide bandwidth of 13%, which
covers 34.1 to 38.9 GHz frequency band through multi slotted
microstrip patches'. The radiation pattern reconfigurability in
respect of broadside radiation and end-fire radiation has been
achieved by rectangular slots and dielectric loading respectively.
It is observed in'®, the wide bandwidth along with high gain
has been achieved through high impedance surfaces (HIS),
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which suppress the surface waves. The impedance bandwidth
of 32% covered 2.68 GHz to 3.65 GHz band and exhibited 4.5
dBi gain value, which is higher as compared to without HIS.
However, the size of the antenna is 60*60*5.77mm?, which
seems to be very large for wireless portable devices. Beam
splitting capability of the antenna provides high data transfer
rates reported in'’!8, In®, split beams are achieved using digital
metasurface along with a lens in which radiation in boresight
direction is improved through the lens, and beam splitting is
achieved through digital metasurfaces. However?’, proposed
an ultra-thin polarisation beam splitter using the property of
the transmissive phase gradient metasurface (TPGM). The
proposed antenna achieved more than 600 MHz bandwidth.
In?!, three pairs of metamaterials (MTM) arrays for 5G MIMO
applications were used. The first pair of MTM arrays with
high refractive index was deployed to achieve a wide beam,
whereas the second pair of MTM arrays were arranged such
that the single wide beam splits into dual beams at +30°. Gain
of the antenna is enhanced by using a third pair of anisotropic
MTM arrays. Triple periodic dual beam microstrip leaky wave
antenna is presented in??. Dual radiation beams with wide
bandwidth directed at +35° and -33° is reported in?.

In this manuscript, a combination of Eccosorb MCS
absorber in a slotted planar inverted-F antenna (PIFA) is
presented for mm-wave applications. The periodic structure
of absorber in between the patch and substrate provides split
beams in the H-plane at +26°. The absorber loaded substrate
reduces the surface waves, which constructively enhances the
bandwidth as well as the gain of the antenna.

2. DESIGN OF SLOTTED PIFA ANTENNA

The configuration of the proposed slotted planar
inverted-F antenna is shown in Fig. 1. The antenna has been
designed on 1.6 mm thick RT/duroid substrate, with the
dimensions of 20 mm x 10 mm and the dimensions of the
patch are 0.90A, x0.72A, x0.32A_ where A is 12.24 mm for
frequency of 24.5 GHz. The employed laminate has relative
permittivity (€, ) of 2.2 and a dielectric loss tangent (tand ) of
0.0009 . The thickness of the copper patch is 0.035mm. The air
gap between the patch and the substrate is 0.18), . The shorting

w
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plate SH,(2mm) and SH,(10mm) are soldered to both ends of
the radiator to the ground at distances of Fyand F, from the
feed position. The distance between both shorting plates and
feed helps to maintain the impedance of the antenna. The top
copper radiator is fed by a 2.92mm N-type connector. As shown
in Fig. 1 (a), two slots (/, x, ) are etched on the radiator, and
there are also two stubs S, S, (0.27A, x0.0452 ) to maintain
the impedance bandwidth and the return loss.

The design equations of the PIFA antenna** define
dimensions as:

Lp+Wp_WSH| _WSHZ =% (1)

C
fo= )
AL, +W, ~Wy, Wy, )

where L, W, are the length and width of the top patch and
Wy, » Wy, are the width of the narrow and broad shorting plate
respectively. ¢ is the speed of light and A is the wavelength of
the desired resonant frequency (24.5 GHz).

The optimised parameters of the proposed antenna are
shown in Fig. 1 areL, =0.90,, W, =0.72A,, W =10mm
X, =3mm, X, =2mm, a=2mm, X, =3mm, W, =15mm,
[, =6mm, t=25mm, F,=64mm, F, =8.6mm , L=20mm
respectively.

3. DESIGN AND PARAMETRIC ANALYSIS OF

BEAM SPLITTING ANTENNA

The split beam absorber loaded PIFA antenna
configuration is shown in Fig. 2. The Eccosorb MCS absorber
from Laird Technologies, Inc. has high permittivity, €, of
15 which reduces the overall voltage standing wave ratio
(VSWR). This material is designed for the suppression of
surface currents over a wide range of frequencies. In MIMO
configuration, this material plays a very good role to reduce
the RF coupling. The conventional normal RF absorbers do not
have good response at high frequency. So, for high frequency,
high performance absorbers are needed and the Eccosorb MCS
serves the purpose. Eccosorb absorber is a highly lossy, flexible,

7
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Figure 1. Geometry of the proposed slotted PIFA antenna (a) top view of the slotted patch; (b) side view, and (c¢) 3D view of the

antenna.
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Figure 2. Geometry of the proposed beam splitting antenna
(a) side view; (b) 3D view (g =08, g=1, k=2,
C, =C, =0.1, g, =3, units in mm), and (c) parametric
analysis of the proposed antenna.

nonconductive broadband silicone absorber. In the antenna
structure, six strips of the Eccosorb MCS absorber are placed
periodically between the substrate and radiator. The bottom
part of the absorber is touched to the surface of the substrate
and the upper part of the absorber is touched to the radiator.
The separation distance between all absorbers is 1 mm denoted
by ‘s’ which plays a significant role in achieving split beams
and the height of the absorber is denoted by #,. The width of
the absorber is denoted by g and the gap g, is in between the
narrow shorting plate and absorber. The gap between the wide
width shorting plate and the absorber is g, . The overall size of
the beam splitting antenna is 3.2A  x2.54, x1.2A, .

The parametric analysis performed on the gap ‘s’ between
the absorbers of the antenna is shown in Fig. 2 (c). The value
of's is increased from 0.7 mm to 1.3 mm with a step size 0of 0.3
mm. It can be seen that the optimised value of s is 1 mm which
gives good return loss and bandwidth. The parametric analysis
is carried out with high frequency structure simulator (HFSS)
software.

4. BEAM SPLITTING TECHNIQUE
4.1 Theory of Beam Splitting

In this section, to get a better understanding of beam
splitting behaviour of the antenna, numerical equations are
derived and are discussed below.

When the absorber is embedded periodically in between
the patch and substrate with equal distance, the size of the
antenna is reduced in accordance with the decreased wavelength

[

ngf\/g=3.16mm 3)
whereas,

g, =15pn =Le, =Ly, =1 4)

For 6, =26°, 6, is found to be 6.48° as shown in Fig. 3.

Figures 4(a) and 4(b) show that the two cases of the
propagation are obtained:

Case (i) oblique incidence and reflection of a plane wave.

Case (ii) for parallel polarisation.

z

Absorber(medium1) Air (medium 2) Absorber(medium 1)

LA

€r1
H

B

Figure 3. Propagation of electric fields through different media.
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Figure 4. (a)Plane wave incident and reflection and (b) Parallel
polarisation of electromagnetic waves.
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Oblique incidence and reflection of a plane wave as shown
in Fig. 4.
where a, is the plane of incidence, 6, is the angle of incidence
between k and a, . As shown in Fig. 4(a), it seems that incident
and reflected waves are in medium | and transmitted or
refracted wave is in medium 2.

The incident electric field is given as

E, =E e *“ cos(oft—B,z+06, +180°) 5)
In Eqn (3), 180° phase shift is added because the electric

field is incident from dense media to rare media.
The reflected wave is given by,

E,=TE,

E =TE e * cos(wt—B,z+06, +180°) (6)
where 0, =6.48°,8, =0.13,z=0.001m

E, =E,e """ cos(wt —186.4°) (7)

The reflected electric field is calculated with the help of
the relation given below,

E,=TE,

where T'is the reflection coefficient which is computed
using

r=M=o.589
Ve +e,

and (8)
E,=TE,
E, =0.589(E, e """ coscos(owt —186.4%) )

The transmitted electric field is given as

E, =E, e * cos(wt—B,z+6, +180°) (10)
here, z = 0.002m,p, = 0.152,6, = 26°

E,=E,e """ cos(wt —205.9°) (11)

E, =E,e""" coscos(ot +6.47°) (12)

When the wave propagates from medium 2 (air) to
medium 1 (absorber),

0,=06,=6.48°,2=0.001m (13)

E,=E, (14)

E,= r'EiZ (15)
where,

SR TR

= \/;Jr\/é = (16)
E,, =—0.589E """ cos(ot +25.9°) (17)
E,=E,e* cos(ot—P,z +6,) (18)
here, z =0.002m,0, =6.48°
E, =E, e """ cos(ot +6.47°) (19)
The total incident wave is given as
E =E,+E, (20)
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E =E e """ (0t —186.4°)+ E e """ cos(ot + 6.47°)

The total transmitted wave is given as

E =E,+E, (21)
E, =E, e """ coscos(ot —205.9°) + E, e """ cos(wt +6.47°)

The total reflected wave is given as
Er = Erl + ErZ (22)

E, =0.589[E,e """ coscos(wt —186.4°]—0.589E, ¢ ' cos(wt +25.9°)

Figure 4(b) depicts the parallel polarisation of
electromagnetic waves.

E, =E,(cos0,a, —sin0,a_ )e /Hsndirzest) (23)
where as 0, =6.48°,0, =26°,B, =0.13,B, =0.512
n, =97Q,m, =377Q, x = 0.002m,z = 0.001m

E,=E,(a,—0.112a, )e """ (24)
H, zi_ije_jﬁl (xsino,.+zcos0,)ay (25)
H, =0.01E """, (26)
E, =E,(cos0,a, +sin a, )e /HCndmzeost) 27)
E, =E,(a, +0.112a )" (28)

The transmitted electric field in medium 2 (air) is given
by

E, =E,(cos0,a, —sin a_)e /Hremdrzcost) (29)
where as 0, =26°,3, =1,x=0.002m,z = 0.002m
E, =E,(0.89a, —0.43a_ )" (30)
H = ﬂefjﬁ(xsin91+zcosez)a , (31)
’ n, ’
H, =0.0026E, e """ (32)

The parallel polarisation reflection coefficient is given by

r, =Mecosd mmicosd 4y (33)
M, cos6, +n, cosb,

where
Ero = 1—‘llE'io (34)
E =047F, (35)

The expression for propagation constant for the parallel
polarisation is given as
E, 2n, cos 6,
E,

io

T, = ~1.63 (36)

- M, cos0, +n, cosb,

5. RESULTS AND DISCUSSION

The fabricated prototype of the proposed beam splitting
slotted PIFA antenna is shown in Fig. 5. The thickness of the
absorber, the number of strips and the gap between them are
optimised as discussed earlier.

5.1 3D E-field of the Beam Splitting Antenna
The electric field distribution of the patch which changes
the direction and propagation of the field in the absorber is
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(b)
Figure 5. Fabricated beam splitting antenna (a) cross section
and (b) top view.

depicted in Fig. 6. It can be seen that the electric field is diverted
into two directions and the current path has also changed which
gives the maximum radiation into two directions. However, in
the middle of the patch near to the feed position, the current is
very less, which gives a deep null in boresight direction. The
absorber produces constructive interference in two different
directions giving rise to two split beams. The pair of vertically
placed absorber slabs toward the wide shorting plate near feed
position have more electric field in two different directions that
produce the split beams at +26°.
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Figure 6. E-field distribution beneath the patch (in absorber)
and surface current density on the radiator of beam
splitting antenna at 24.5 GHz.

5.2 S-parameter
The reflection coefficient of the beam splitting antenna

is measured by R & S ZNB 40 vector network analyzer.
The measured and simulated S, of the antenna are illustrated
inFig. 7. The simulated S | of the antenna has an impedance
bandwidth of 8% in the frequency bands of 24.11-26.09
GHz. It can be seen that the measured S11<-10 dB in the
frequency bands of 24.2-25.7 GHz and has an impedance
bandwidth of 6%.

5.3 GAIN

The beam splitting antenna provides peak gain of 10.3
dB at 24.5 GHz. Figure 8 shows good agreements between
simulated and measured results for beam splitting antenna.
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Figure 7. Simulated and measured S, of the proposed beam
splitting antenna.

114

—— Simulated
10
— 9-
=
=2
£ 8-
=
S
74
6
5 T T T T T

24
Freq (GHz)

26

Figure 8. Gain of the proposed beam splitting antenna.

5.4 Radiation Patterns

The simulated and measured co and cross polarisation
pattern of the proposed beam splitting antenna is depicted in
Fig. 9. A deep null is observed in broadside direction and the
maximum gain is obtained at +26°. The half power beam width
(HPBW) of 28° and first null beam width (FNBW) is found to
be 52.82°.

5.5 Beam Splitting over the Frequency Band

To get better insights, Fig. 10 shows the 2D radiation
patterns of the proposed antenna at different frequencies. It can
be seen from Fig. 10 that the antenna achieves beam splitting
over the desired frequency band.
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Figure 9. Simulated and measured radiation patterns at 24.5° GHz.

(a) ¢= 0° cut (b) 9= 90° cut.
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Table 1 Comparison of the proposed antenna with previously reported work.

Ref Freq. Band (GHz) BW (GHz) Size (mm?®) Gain (dBi) Beam split Elements

[8] 21.5 1 110x55x4.5 12.5 Yes 8
11.5%, x5.71, x 0472,

[13] 28 26.9-29 30%19.9x0.79 7.4 Yes 1
421, x2.761, x0.112,

[19] 11 10.42-11.22 53.9%53.9%1.57 18.6 Yes 32
2,920, x2.92), x 0.8,

[20] 10 0.6 256%256x3 - Yes Multiple
13.61, x13.6, x 0161,

[21] 26 24.25-21.5 30%30.5x0.508 7.4 Yes MIMO
40, x3.91%, x0.065%,

[23] 5.5 5.18-5.8 67x74%3.175 7.92 at 35° Yes 1
122, x1.354, x0.058%, & 5.94 at-33°

Work 245 242-261 10x8x%3.6 10.07 at _260 & Yes 1
3.2Ah,x2.50, x1.21, 10.3 at +26°

= 242 GHz

Realized Gain (dBi)

—245GHz ]
=== 257 GHz '

-a0
-180 -120

-60 0 60 120 180
Angle (degree)

Figure 10. Beam splitting at different frequencies.

5.6 Performance of Proposed Work

Table 1 shows the comparison between the proposed
antenna and the previously published works in literature.

The presented antenna provides a better impedance
bandwidth along with beam splitting. It offers compact size
with good gain throughout the band compared with existing
structures.

6. CONCLUSION

This paper proposed a beam splitting antenna in which six
slabs of absorbers are periodically placed between the patch
and substrate. Placing of the absorber at optimised locations
showed beam splitting with two beams in directions of -26°
and +26° with a deep null in the broadside direction. The
measured results show that the beam splitting antenna has
realised a bandwidth of 6% with a maximum gain of 10.3 dBi
respectively. With these characteristics, the proposed antenna
can be a good candidate for 5G applications.
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