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Abstract. The increasing applications for nomadic com-
puting have experienced enormous development over the
preceding decade. This has eventually caused the lack of
bandwidth. Therefore, to accomplish the need of consum-
ers, compact antennas shall be designed for mmWave
wireless communications. Consequently, this paper pre-
sents a novel negative meander line based microstrip
antenna system being composed of inductors (L) and ca-
pacitors (C). A detailed impedance analysis of the configu-
ration is reported. The effects of changing the radiating
element’s width and length on the resonant frequency have
been studied. The finalized arrangement involved 243 sq.
mm area and functioned at 28 GHz with a bandwidth of
2.16 GHz. At resonant frequency, the system exhibited gain
and efficiency values of 8.40 dBi and 83.51%, respectively.
Furthermore, the proposed design demonstrated better
bandwidth and gain capabilities in comparison with the
conventional microstrip patch antenna and meander line
antenna.
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1. Introduction

The development of LTE-Advanced was predomi-
nantly driven by need for internet services [1], [2]. Still,
superior capacity networks are desired to accommodate the
demands of massive population. In addition, new data ser-
vices and traffic types are emerging to support concepts
like the e-health or smart grid. The next-generation system
drivers are expected to be more diverse by supporting these
applications seamlessly together with existing internet and
voice services. Furthermore, the future devices are pre-
dicted to adopt new portions of spectrum where much more
bandwidth is available such as the 28 GHz mmWave band.
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The antenna is regarded as a critical component in any
wireless communication system due to its capability to
transmit or receive electromagnetic waves [3]. The most
conventional version of an antenna is the microstrip ar-
rangement, which involves a metallic patch and a ground
plane printed on either side of a dielectric substrate. These
printed antennas are of active interest because of their
effortless manufacturing procedure, mechanical robustness
and all that. However, they suffer from some limitations
including large size, narrow bandwidth and low gain.
Research clarifies that wide antenna bandwidth can be ac-
complished by employing several techniques for instance,
optimizing impedance matching [4], mounting parasitic
elements [5], incorporating thick substrates [6], integrating
multiple resonances [7], exercising low effective permit-
tivity substrate [8], and employing reactive impedance
surface [9]. However, these methods experience a few
notable complexities like spurious coupling, larger extent,
reduced efficiency and low gain.

Recently, scholars have presented several printed an-
tenna design procedures for mmWave wireless communi-
cations. Thomas et al. [2] demonstrated a method of com-
bining rectangular and circular patch to achieve a gain of
6.62 dBi only. Similarly, Jandi et al. [10] utilized a rectan-
gular patch. In this antenna system however with compact
dimension, the resultant bandwidth and efficiency did not
appear to be optimum. In another approach, Yoon and Seo
[11] exercised multiple slots in the radiating patch but
found that a bandwidth of 3.35 GHz and a gain of 13 dBi
can be achieved at the cost of increased board area.

Generally, the conductors in a meander line approach
are fashioned by a sequence of sets of right-angled bends to
obtain configuration simplicity, large bandwidth and to
reduce the radiating element’s overall size [12—17]. How-
ever, this arrangement suffers from poor radiation effi-
ciency [18]. An efficient solution to overcome this short-
coming and enhance the transmission magnitude is to etch
periodic slots on the metal plate [19]. Therefore, this paper
presents a novel miniature design of radiating elements
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Reference | Area Size Bandwidth | Gain | Efficiency
No. (mm’) (A02) (GHz) | (dBi) (%)
[10] 361.00 | 1.77 x1.77 1.00 8.03 58.00
[11] 1899.80 | 3.85x4.29 3.35 13.00 N.A.
[20] 196.00 | 1.32x1.32 2.66 5.40 93.00
[21] 576.00 | 2.24 x2.24 1.70 15.20 84.00
[22] 420.00 | 1.96 x 1.86 6.00 7.00 N.A.
[23] 217.00 | 0.56 x 0.56 1.20 13.50 99.30
[24] 597.00 | 1.85x2.80 1.50 7.41 N.A.
[25] 400.00 | 1.86 % 1.86 0.85 8.00 N.A.
[26] 1050.00 | 2.80 x 3.26 4.10 8.30 82.00
[27] 1113.00 | 5.00 x 2.00 3.32 10.6 91.00
[28] 1219.00 | 4.94 x2.14 1.90 9.26 94.00

Proposed | 243.00 | 2.52x0.84 2.16 8.40 83.51
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(a) Top view and (b) bottom view of the proposed
negative meander line configuration; (c) coplanar
adjacent microstrip line patches at potentials +V giving
rise to a gap capacitance; (d) its equivalent circuit and
(e) the fabricated antenna.

Tab. 1. Comparison of antenna designs at 28 GHz.

called as a negative meander line antenna for mmWave
applications. The proposed configuration incorporated
meander line shaped slots between the microstrip line
patches to function like a combination of capacitors and
inductors. The finalized arrangement occupied 27 X 9 mm?
of board area to operate with a bandwidth of 2.16 GHz and
a gain of 8.40 dBi. Table 1 reviews the particulars of a few
antenna designs for the 28 GHz millimeter wave band.

2. The Negative Meander Line
Antenna

2.1 Design and Impedance Analysis

The geometry of negative meander line antenna sys-
tem is shown in Fig. 1(a) and 1(b). CST Microwave Studio
software [29] has been utilized for simulation purposes.
Taking into account the two adjacent unit cells illustrated
in Fig. 1(c), the two microstrip line patches will be at po-
tentials +/ contributing to an increase in the gap capaci-
tance (C). The current flow through the microstrip line
assembly acts as an inductor with inductance (L). The
equivalent circuit of the adjacent microstrip line patches
can be indicated as specified in Fig. 1(d). Duroid RO4003C
microwave substrate with a thickness of 0.813 mm and
dielectric permittivity of 3.38 was utilized to construct the
system as depicted in Fig. 1(e). Their design parameters are
tabulated in Tab. 2. A 2.4 mm series blunt post connector,
model no. HPC4312-12, manufactured by A-Info Inc was
used for the antenna prototype.

The value of capacitance can be determined with the
help of Fig. 1(c) where, a line z=0 is assumed at the
middle i.e. between the microstrip line structures.
Considering the 1 mm distance d between microstrip line
patches, the gap capacitance per unit length can be
estimated from the subsequent equation [30], [31],

Parameter A0 Al A2 BO Bl B2

Value (mm) 9 1 8 27 1 7

Tab. 2. Parameter values.

¢, =2 (1)

where k=z/z,, k'=+/1—-k* and z,, z, are the z-coordi-
nates of the edges of the microstrip line as depicted in
Fig. 1 (c). The complete elliptical integral can be articu-
lated from the next calculation [31],

/2 d¢
K(z)= [ —=2
(2) J(; J(1-2%sin® ¢) )

2 212 27222
ﬁ(1+122+13 z4+135 zé+...J, 2t <1.

2 2° 2’4 2°4°6°
After neglecting the higher order terms of K(z), the
above equation can be written as,

K(z)zZ(l+;zzj~ 3

Considering the length of every single microstrip line
to be s with half of the electric field in air and the remain-
ing field in the dielectric substrate [31], the total capaci-
tance can be obtained using the following expression,

CrCps. )

The surface impedance # =jv from the equivalent
circuit representation in Fig. 1(d) can be plotted by using
the successive equations [31],

. X X .
n=2Z. :JXCL—)C(L =X c ©)
where X, =Z,tan(kd), Q)

k= ke, » ™
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2.2 Magnitude of S11

The operating principle of negative meander line an-
tenna system was studied by concentrating on four catego-
ries (A, B, C and D) that we have defined. For a Category-
A Antenna, the overall dimension of the system was de-
cided by varying the number N of capacitive fingers from
one to nine (Fig. 2). Here, the width (A2) and length (B2)
of the inductive finger were kept stable at 8 mm and 7 mm,
respectively. The desired result of 28 GHz operating fre-
quency was yielded when nine capacitive fingers along
with one inductive finger were employed. A rise in the total
inductance was observed with an increase in the wire’s
length. Even though adding fingers witnessed a decrease in
the overall capacitance.

For a Category-B Antenna, the total size (27 X 9 mm?)
of the system was kept constant, while the width (A2) of
capacitive or inductive fingers was allowed to vary. Nine
distinct sizes from 1 mm to 9 mm were considered (Fig. 3).
An optimum outcome was observed for A2 = 8 mm.

For a Category-C Antenna, the length (B1) and width
(A2) of capacitive fingers were fixed to 1 mm and 8 mm,
respectively. Also, the width (A2) of inductive finger was
set to 8 mm. However, the length (B2) of the inductive
finger was varied from 1 mm to 9 mm (Fig. 4). It is evident
from the magnitude of S11 curves that B2 =7 mm is ideal
for 28 GHz resonance.

For a Category-D Antenna, the absolute extent of
system was set to 243 mm”. However, parametric simula-
tion analyses were performed for deciding the length (B1)
of capacitive fingers. Four unique cases were examined
notably 0.5 mm, 1.0 mm, 1.5 mm and 2.0 mm (Fig. 5). The
arrangement with B1 = 1.0 mm showed magnitude of S11
value of —23.866 dB at 28 GHz and covered the frequen-
cies 0f 27.039 GHz to 29.199 GHz.

Briefly, a comparable effect on the overall capaci-
tance was observed for all the categories of antenna. The
results illustrated in Figs. 2 to 5 prove that the anticipated
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Fig. 2. Simulated magnitude of S11 with variation in the
number N of capacitive fingers of the proposed
negative meander line antenna.
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Fig. 3. Simulated magnitude of S11 with variation in the
width (A2) of capacitive or inductive fingers of the
proposed negative meander line antenna.

0 o
R ™
™
-5
o
E-1U
g «vB2=1mm
s --B2=2mm
e -15 B2 =3 mm
2 --B2=4mm
5-20 -B2=5mm
L]
=
-25
—B2=8mm
-30
24 25 26 27 28 29 30 31 32

Frequency (GHz)

Fig. 4. Simulated magnitude of S11 with variation in the
length (B2) of inductive finger of the proposed
negative meander line antenna.

resonance of 28 GHz could be achieved with the parameter
values mentioned in Tab. 1. Furthermore, an ideal position
of the coaxial feed was determined by studying nine
different locations (L) as shown in Fig. 6. These include
(x, y) mm = (4, 13), (4, 13.5), (4, 14), (4.5, 13), (4.5, 13.5),
4.5, 14), (5, 13), (5, 13.5), and (5, 14). The finest results
were accomplished for (4, 13.5) mm. Consequently, an an-
tenna was constructed by employing these optimum dimen-
sions. Their measurements were performed by utilizing
Agilent’s N5245A PNA-X Microwave Network Analyzer

(Fig. 6).
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Fig. 5. Simulated magnitude of S11 with variation in the
length (B1) of capacitive fingers and measured mag-
nitude of S11 of the proposed negative meander line

antenna.
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Fig. 6. Simulated magnitude of S11 with variation in locations
(L) of the coaxial feed of the proposed negative
meander line antenna.

2.3 E-Field Vector and Surface Current
Distributions

The simulated e-field vector and surface current dis-
tributions of the concluded configuration at 28 GHz are
shown in Fig. 7(a) and 7(b), respectively. A coaxial feed
probe was employed to excite the system and yield the
charge distributions. This converted the TEM mode into
the parallel plate mode across the probe aperture and
thereby confined the higher-order mode’s evanescent
waves. Furthermore, the zero-order mode propagated away
to excite the antenna’s TM10 resonant mode. A charge
density was witnessed around the edges due to the repul-
sive force between these positive charges. In this way, the
fringing fields produced by the charges led to radiation.
Briefly, the vital electric fields were produced from the
capacitive fingers whereas the ground plane participated in
suppressing the back radiation which ultimately improved
the impedance matching of the radiating element.

2.4 Radiation Pattern

Figure 8 shows the simulated and measured radiation
patterns of the proposed negative meander line antenna in

N T

R

;
r

.
e
e

Simulated (a) e-field vector and (b) surface current
distributions of the proposed negative meander line
antenna at 28 GHz.
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Fig. 8. (a) Simulated 3D radiation patterns of the proposed
negative meander line antenna at 28 GHz. (b) Simu-
lated and measured 2D radiation patterns of the pro-
posed negative meander line antenna at 28 GHz.
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Fig. 9. Efficiency and gain of the proposed negative meander
line antenna.

two planes namely, E and H planes for operating frequency
at 28 GHz. The E and H planes patterns were computed
practically at the Anechoic Chamber, Universiti Sains Ma-
laysia. In the proposed negative meandering technique,
there is no physical connection between the patch at the
center and the adjacent metallic strips. Therefore, the patch
acts as the main radiator and the adjacent disconnected
microstrip lines act as parasitic elements which eventually
add up the antenna gain in phase. Moreover, the radiation
patterns were approximately omnidirectional. At 28 GHz
resonant frequency, the proposed negative meander line
antenna displayed gain and efficiency values of 8.40 dBi
and 83.51%, respectively, Fig. 9.
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3. Performance Comparison of the Antenna Size Bandwidth | Gain | Efficiency
Proposed Design with the Conven- Configuration ) | (GHo |@s] o
R Microstrip Patch 1.17 x 1.35 1.16 4.58 85.59
tional Antenna Systems u
y Meander Line 2.52 x0.84 1.24 6.90 47.99
Generally, meander line antennas are designed by ) _
bending the arms of a microstrip dipole at right angles to Negative Meander Line| 2.52 x 0.84 2.16 840 1 8331

establish an electrically larger radiating element in
a smaller area [12], [13]. In order to evaluate the perfor-
mance of the proposed negative meander line antenna,
a conventional microstrip patch antenna and a meander line
antenna was designed using CST Microwave Studio soft-
ware [19]. The typical configuration of a meander line
antenna, described in Fig. 10(a) and Tab. 2, was obtained
by replacing the microstrip line patches of the proposed
antenna with slots and vice versa. Additionally, a conven-
tional microstrip patch antenna, illustrated in Fig. 10(c),
was designed by employing equations mention in [32-34].
Duroid RO4003C with a thickness of 0.813 mm and die-
lectric permittivity of 3.38 was utilized as the substrate. It
is evident from the results shown in Fig. 10 that the mean-
der line antenna and the microstrip patch antenna offer
abandwidth of 1.24 GHz and 1.16 GHz, respectively,
which is very less as compared to the proposed design.
Similarly, the negative meander line antenna system
demonstrated a comparatively better gain of 8.40 dBi with
a reasonable efficiency of 83.51%. The results of all the
three configurations are summarized in Tab. 3.

4. Conclusion

In this paper, a novel negative meander line antenna
was presented to be used in the 28 GHz mmWave fre-
quency band. The system occupied 27 x 9 mm?’ of board
area and overall height of 0.813 mm. The manufactured
antenna was tested in a laboratory which demonstrated
an accurate simulation and measurement outcomes agree-
ment. The results confirmed a superior bandwidth and gain
values compared with the conventional microstrip patch
antenna and the meander line antenna. In addition, the
proposed system involved a simple layout which ultimately
confirms an appreciable choice for incorporation with the
recent compact devices.
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