Progress In Electromagnetics Research Letters, Vol. 88, 75-81, 2020

A Novel Lumped LC Resonator Antenna with Air-Substrate
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Abstract—The extending applications for mobile computing have experienced immense progress over
the previous decade. However, this has ultimately influenced the shortage of bandwidth. Therefore,
to fulfill the consumers’ demand, inexpensive antennas need to be uniquely designed for the next/fifth
generation (5G) frequency spectrum. Consequently, this paper presents a novel antenna composed of
inductors (L) or capacitors (C) on an air-substrate. Zinc (Zn) and copper (Cu) materials are utilized
to fabricate the lumped LC resonator prototype. The effects of antenna’s and substrate’s thickness on
resonant frequency or bandwidth have been studied. The finalized configuration engaged 1113 sq. mm
area and operated at 28 GHz with approximately 3 GHz bandwidth. At resonant frequency, the system
demonstrates peak gain and efficiency values of 10.6 dBi and 91%, respectively. The core objective of
this paper is to report an antenna featuring simple and economical design along with premium results
for 5G mobile terminals.

1. INTRODUCTION

Recent expansions in the handheld devices have fostered an augmenting need for the development of
cost-effective radiating elements with improved bandwidth [1,2]. Conventional printed antenna systems
possess many fascinating characteristics, but they suffer from a fundamental shortcoming of narrow
bandwidth [3,4]. This ultimately outlines a genuine challenge for engineers to achieve the broadband
necessities of modern communication devices.

Several bandwidth improvement procedures have been reported in the literature. Matin et al. [5]
and Croq and Papiernik [6] described one method of mounting parasitic elements over the main
radiating patch, whereas Huynh and Lee. [7] reported another method which introduced slots in the
antenna. However, these approaches proved effective at the cost of an increased profile. In order to
triumph wideband operation with compact outline Xiao et al. [8] excited the antenna’s TM10 and
TMO1 modes simultaneously. Likewise, several other authors were successful in getting an impedance
bandwidth above 12% by experimenting with the resonant modes [9-13]. It is evident from the
results presented in [14,15] that with a proper feeding arrangement, the operating bandwidth can
be extended above 28%. Nevertheless, this scheme is inappropriate for execution in an electrically
thin substrate. Introducing reactive impedance surface characterizes one more method [16,17]. Among
all these techniques, increasing the substrate’s thickness is one of the most conventional ones [18].
However, this practice is counterproductive because of the indication of the surface waves, which
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ultimately results into spurious coupling and poor efficiency. Then again, this inadequacy can be
eliminated by replacing thicker substrates with a low permittivity material for instance air and the
like. Furthermore, an enhanced antenna bandwidth can be accomplished by electromagnetic band
gap structures [19-21]. Significantly, the fifth generation of mobile communications is anticipated to
be a meaningful enhancement on the preceding networks by presenting superior bandwidth and other
considerations [22,23]. Consequently, this paper presents a network of inductors and capacitors as
the main resonating element with remarkable bandwidth for 28 GHz mobile terminals. The lumped
LC resonator antenna was designed such that the operating frequency can be tuned by adjusting the
number, length, and width of fingers. Considering the high electrical conductivity property in addition
to human body adaptation factors, Cu and Zn were selected as radiating materials in this study [24].
In order to reduce the cost of fabrication significantly, the air-substrate was incorporated in the design.
Table 1 summarizes the results of the antenna.

Table 1. Performance of the proposed lumped LC resonator antenna.

1 d
Size |Resonant Frequency | Gain |Directivity Gain|Return Loss|Bandwidth |Efficiency m(]())eh ar)lce
(mm?) (GHz) (dBi) (dBi) (dB) (GHz) (%) Y
RealImaginary
53 x 21 28 10.6 11.7 —29.898 3.321 91 50 0

2. DESIGN, CONFIGURATION AND ANALYTICAL MODEL

The antenna contains passive components including a set of inductors and capacitors (Fig. 1). The
lumped LC resonator prototype, designed in ADS software [25], consists of top (resonator) and bottom
(ground) layers (Fig. 2). These layers were separated by an air-substrate of 1 mm thickness having a
dielectric constant (e,) of 1.00059. Two coaxial-fed antennas were fabricated by employing Zn and Cu
of 1 mm thickness. The developed system is suitable for modern compact devices as it occupies an area
of only 5 lambda x 2 lambda.
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Figure 1. The antenna’s (a) geometry and (b)  Figure 2. The fabricated lumped LC resonator
equivalent circuit. antennas (left: Cu and right: Zn).

Inductors were typically outlined to function as conductors. The multiple strips with meandered
edges were fashioned to control their magnetic fields and magnitude. Furthermore, these inductors were
shorted across the capacitors to facilitate equal currents at the end of every finger which ultimately
decided capacitance values. The values of inductance (L) and capacitance (C') can be calculated using
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the following equations [26, 27],

2B1 Al
_ -9
L =200 x 107°B1 {m <A1 +t> + (0.50049 + —331>] (1)
C = (e, + 1) BL[(N — 3) X1 + X2] (2)

where ¢ is the conductor thickness, ¢, the dielectric constant of the substrate, N the number of fingers,
and X1 and X2 are the capacitance per unit length of the fingers and can be estimated from the
subsequent equations,

0.45
X1 = 4.409 tanh [0.55 <E> ] x 107¢ (3)

0.50
X2 = 9.920 tanh [0.52 <E> ] x 107¢ (4)

where h is the substrate thickness.
The total series capacitance of a capacitor can also be articulated by [28],

C = 2e0eep II(( ((:,)) (N-1)B1 (5)

where ¢q is the permittivity of free space, and .4 is the effective dielectric constant of the transmission
line of width (w) and can be accomplished by,

Sl g -1 10\ 7%°
ey = T4 T <1+_) (6)

2 w

Moreover, the ratio of complete elliptic integral of first kind K (k) and its complement K (k') is
given by the following equations,

K(k) _ 1. 1+ Vk -

RGN —1 2(1—\@)] for 0.707 <k <1 (7)
K (k) T

KR~ for 0<k<0.707 (8)

In

1
1—VE
where, k = tan? ((%) (ﬁ)) and K =\1—k2 9)

The resonant frequency (f) and impedance (Zy) of the coaxial feed can be achieved from the
successive equations,

1
f= QW\/E (10)
Zo = 1207 (1)

\/seﬁ [(5) + 1393 + 0667 () + 1.4444)

3. RESULTS AND DISCUSSION

3.1. Return Loss

The performance of the lumped LC resonator antenna system was analyzed by focusing on three classes
(A, B, and C) that we have defined. CST software [29] was utilized to obtain the optimized results.
For a Class-A Antenna, the thickness of the substrate was considered as 1.00 mm, and the total board
area of all the layers was selected as 1113 mm?. However, parametric simulation studies were carried
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Figure 3. Simulated and measured return loss of the lumped LC resonator antenna.

out for deciding the height of the resonator and the ground. Twenty-one different sizes were considered
for investigation notably 0.10 mm, 0.20 mm, 0.30 mm, 0.40 mm, 0.45 mm, 0.50 mm, 0.60 mm, 0.70 mm,
0.80mm, 0.90mm, 1.00mm, 1.10mm, 1.20mm, 1.30mm, 1.40mm, 1.50mm, 1.60 mm, 1.70mm,
1.80 mm, 1.90mm, and 2.00mm (Fig. 3). Among all these cases, the arrangement with 1.00 mm
thickness showed return loss value of —29.898 dB at 28 GHz and covered the frequencies of 27.519 GHz
to 30.840 GHz. Moreover, precisely comparable results were obtained for both Cu and Zn materials.

For a Class-B Antenna, the total size (53 mm x 21 mm) and height (1.00 mm) of the resonator or
ground were kept constant, while the thickness of the substrate was allowed to vary. Twenty distinct
sizes including 0.10 mm, 0.20 mm, 0.30 mm, 0.40 mm, 0.50 mm, 0.60 mm, 0.70 mm, 0.80 mm 0.90 mm,
1.00 mm, 1.10 mm, 1.20 mm, 1.30 mm, 1.40, 1.50, 1.60, 1.70 mm, 1.80 mm, 1.90 mm, and 2.00 mm were
considered (Fig. 4). Since each finger was instituted in the resonator of Class A and B Antennas,
the overall capacitance in the system decreased, even though the mutual capacitance in each finger
increased.

For a Class-C Antenna, the height of the substrate, resonator, and ground were fixed, whilst the
number of fingers was extended from one to eight (Fig. 5). A rise in the total inductance was witnessed
with an increase in the wire’s length. Although adding fingers confirmed a comparable effect on the
overall capacitance as expressed for Class A and B Antennas, the growth in inductance dominated.
Therefore, the resonant frequency decreased with an increase in the number of fingers.

The simulated Smith chart obtained from the equivalent circuit model and the measured results are
presented in Fig. 6. It is evident from the results illustrated in Figs. 3 to 6 that the desired resonance
of 28 GHz could be accomplished when and Cu or Zn = Air = 1.00mm and N = 8. Consequently,
these dimensions were preferred for fabrication. The measurements of the constructed systems were
conducted using Agilent’s N5245A PNA-X Microwave Network Analyzer.
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Figure 4. Parametric simulation studies for the  Figure 5. Simulated return loss with variation
design of substrate. in the number of fingers.
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(b) (©)

Figure 6. (a) Simulated smith chart obtained from the equivalent circuit and measured results for (b)
Cuor (c) Zn.

3.2. Surface Current Distribution

The vector field and current distribution of the finalized configuration is demonstrated in Fig. 7. The
charge distribution at the resonator and ground planes were produced by exciting them with a coaxial
feed probe. This ultimately transformed the TEM mode across the probe aperture into the parallel
plate mode. Therefore, the higher-order mode’s evanescent waves were confined in the vicinity of the
probe, whereas the zero-order parallel plate mode propagated away to excite the TM10 resonant mode
of the antenna. Additionally, the positive and negative field distributions produced due to the feed
effect was comparable to a printed patch antenna. The repulsive force between these positive charges
were accountable for producing a charge density (J (z/,v)) around the edges,

J(l’/,y/) Zl < ) ZI z] —égl’gé (12)

Iy forj =0

21_% otherwise Consequently, the fringing fields caused by these charges resulted in

where I (i,j) = {

radiation.

3.3. Radiation Pattern

Figure 8 shows the simulated and measured radiation patterns of the lumped LC resonator antenna at
28 GHz. The total field amplitude combining Ey and E, components was measured at the Anechoic
Chamber, Universiti Sains Malaysia. The radiation patterns of EY or H plane are nearly omnidirectional.

--Cu or Zn: Copolar (sim) = Cu: Copolar (mea)
-- Cuor Zn: Crosspolar (sim) = Zn: Copolar (mea) + Zn: Crosspolar (mea)

Figure 7. The vector field (top) and current  Figure 8. Simulated and measured radiation
distribution (bottom) of the antenna. pattern of the lumped LC resonator antenna.
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At resonant frequency, the system showed a peak gain and efficiency values of 10.6dBi and 91%,
respectively.

4. CONCLUSION

An innovative outline of the lumped LC resonator antenna was designed to operate at 5G band
(28 GHz). The proposed system involved a network of inductors and capacitors short-circuited to
the ground. The antenna’s operating frequency was tuned by varying the thickness of the resonator,
ground, and substrate. The radiating elements were engineered on an air-substrate which reduced
the fabrication cost significantly. In addition, the finalized design occupied a small volume and
demonstrated appropriateness for integration with modern miniature devices. The antenna was tested
in the laboratory which exhibited good agreement concerning simulation and measurement outcomes.
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