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Compact Dual Polarised Branch-Line Printed Inverted-F Antenna
Covering Both Cellular and Non-Cellular Bands
with Independent Tuning
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Abstract—1In this paper a novel branch-line printed inverted-F antenna (IFA) loaded with a rectangular
complementary split-ring resonator (CSRR) is proposed, designed, and experimentally studied. The
proposed antenna shows four operating frequencies and can be used for various cellular and wireless
applications (900 MHz/3.5 GHz/4.2 GHz/5.5 GHz). The antenna is compact in size having dimensions
0.059A9 x 0.053Xg x 0.002)y at the lowest resonance frequency. Each of the bands is independently
tunable and shows circular polarisation (CP) in the WLAN band with linear polarization (LP) in the
other three bands. The axial ratio (AR) bandwidth is 1.82% in WLAN band. The simulated and
fabricated results are reported in terms of S-parameters and radiation pattern. The prototype of the
antenna has been fabricated and measured using VNA and simulation done in ANSYS HFSS.

1. INTRODUCTION

The recent surge of wireless communication systems has increased the use of modern wireless devices
over the last decades. System applications such as WLAN and Wi-MAX have frequency bands which
are far from the cellular bands (GSM/DCS). So to design an antenna which can cover both cellular
and non-cellular bands together is proved to be a difficult task for researchers. Multiple services at
different frequencies while limiting the overall size of the wireless devices are a major challenge for
today’s researcher. Thus a single antenna offering multiband operation is the best alternative. In
literature, planar monopole antennas are found to be a good candidate for multiband operation due to
their low profile, light weight, and easy fabrication. In [1], a folded slit technique has been proposed,
but it covers a small bandwidth only GSM/DCS/PCS/UMTS bands. In [2], the monopole antenna is a
bended T-shaped structure with a parasitic shorted element. However, its large ground plane makes its
application limited. A planar monopole antenna with an E-shaped slot on the ground plane for triple
frequency bands is proposed in [3], but the size of the antenna is large. Recently, a multiband antenna
with three radiating strips is proposed in [4], but since it is fabricated on a single side of the substrate,
the system ground plane becomes big. In [5], a printed multiband antenna with a rectangular patch
and truncated ground plane is proposed. However, again the total size of the antenna is large. In [6, 7],
triple band monopole antennas with multi-stub loading and pairs of SRRs are designed respectively, but
they use costly substrate, and the size becomes the constraint. The shortcomings of the above antennas
are overcome by inverted-F antennas. In the early twentieth century, the theory behind printed TFA
was first introduced. One of the main advantages of IFA is that by just tuning the dimensions of IFA,
impedances can be well matched without the need of any external circuitry. Again there are advantages
in terms of dimensions, since a quarter wavelength patch is shorted at one end, and current at the end
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of the patch is no longer needed to be zero, thus it acquires the features of a half wavelength patch.
A dual-band printed IFA is studied in [8]. Later improved IFAs with multiband features are proposed
in [9-11]. In [12], a multiband IFA is designed with a multi branching technique, but again its complex
structure makes its application limited. Though all the antennas give multiband characteristics, either
the height of the antennas from the ground plane is too large, the ground plane itself is too big, the
bands covered are limited, or the operating frequency is not tunable. Again on the other hand, CP is
preferred in WLAN because it can minimize multipath effect and is insensitive to transmitter-receiver
orientation. Dual polarised dual band and dual polarised multiband monopole antennas are studied
in [13-17], respectively. In [18], a compact CPW-fed circular polarised antenna for WLAN is studied.
The main drawback of printed antennas is their narrow frequency bandwidth which is overcome by
Log-periodic dipole arrays (LPDA) as discussed in [19]. Although its gain is high, the large size limits
its application in small form factor devices. In this paper, a novel branch line printed IFA with a
microstrip line feed and loaded with rectangular CSRR is designed.

The proposed antenna has a dimension of 20 x 18 mm? and can be used for quad band application in
900 MHz/3.5 GHz/4.2 GHz/5.5 GHz with independent control of each frequency band. It shows optimum
CP characteristics in WLAN band.

2. ANTENNA DESIGN AND ANALYSIS

In this section, antenna design and analysis are discussed. This section is divided into two subsections;
2.1, Antenna design; 2.2, Independent frequency tuning operations.

2.1. Antenna Design

The proposed quad band printed IFA with two branch strips sharing a common feed with a common
short is printed on a low cost FR4 substrate having dielectric constant, €, = 4.4, loss tangent § = 0.02,
and thickness h = 0.8 mm as shown in Figure 1(a). The structure is then loaded with CSRR on the
small sized ground plane as shown in Figure 1(b). It utilizes two different resonant paths. The longer
one controls the resonance around 900 MHz and 5.5 GHz while the shorter one controls the resonance
around 3.5 GHz. The position of CSRR is offset to introduce an additional band at 4.2 GHz, thus
generating the quad band behavior. Photographs of the fabricated prototype are shown in Figure 1(c).
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Figure 1. Proposed antenna geometry and photograph; (a) Schematic diagram with L = 20, W = 18,
Fy,=3, L =65 Ly=1, Ly =15, Ly =145, Ly =16, Lg = 8.9, W} =6, Wo =2, W3 =2, Wy =1,
Ws =27 W =23 Wy =1, Wg =14, Wy =9, Wiy = 0.5, Wi;; =8, D =55, M =1 (all dimensions
are in mm). (b) The CSRR with A; = Ay =6, A3 =4, A5 = 3, Ay = Ag = 1 (all dimensions are in
mm). (c) Photograph of the prototype.
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Figure 2. (a) Steps of improvement. (b) Reflection Coefficient (Si;) of antenna for the five
implementation steps.

Figures 2(a) and 2(b) show the evolution of the proposed antenna structure and the reflection coefficient
variation with frequency for five different design steps.

The design of the proposed antenna is influenced from a T-shaped monopole antenna, and taking
symmetric arms gives a single band of resonance, but asymmetric arms give rise to dual bands, which
are calculated from the basic design equation given below:

Ao

= (1)
\/ Eeff

where A, is the guided wavelength, Ag the free space wavelength, and e.¢ the effective permittivity of

the substrate. For miniaturization, the longer arm of the asymmetric T-shaped monopole is shorted to

the ground plane by a shorting pin to give rise to the IFA 1 structure, Figure 2(a), with dual bands at

5.8 GHz and 6.4 GHz. In the next step, IFA2, the left arm is extended upward which further shifts the
lower frequency. The total length of the arm responsible for this new resonance is:

Lipao = (Lg + L4)/2 + W5 + W6 + W7 + L6 = 22.9mm (2)

Now at resonance, the length Lipas is approximately equal to one quarter-wavelength of the center
operating frequency in free space \./4 [20].

Ag

c

4L1rA2

From the simulation results, the lower resonance is at 3.26 GHz. For IFA 3 structure, the simulated
resonance is at 2.84 GHz. The total length of the arm responsible for the resonance is:

Lipas = (L3 + L4)/2 + W5 + L5 = 26.7mm (4)

fIFAZ(lower) = = 3.275GHz (3)

Therefore,

C
Jipas(lower) = T 2.808 GHz (5)
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Figure 3. Surface current distributions (A/m) on the structures at (a) 900 MHz; (b) 3.5 GHz;
(c) 4.2GHz; (d) 5.5 GHz.

The IFA4 structure combines both, but with the lower branch extended. This reduces the lowest
resonant frequency and left shifts it. The total length of the arm responsible for the lowest resonant
frequency is:

Lipaga = (Lg + L4)/2 + Ws+ Ls+ Wy + L1 =47.2mm (6)
Thus,
f Y 0968GHS (7)
IFA4(lowest) AL1rAd :

The calculated result nearly matches the simulated results at 0.934 GHz. The other higher resonances
are slightly affected due to mutual coupling. In IFA 5, the CSRR introduces the third band at 4.2 GHz.
The proposed antenna thus produces a quad band at 900 MHz(GSM900)/3.5 GHz(5G)/4.2 GHz(C-
band)/5.5 GHz(WLAN). The —10dB impedance bandwidths are 86 MHz (878-964 MHz), 262 MHz
(3393-3655 MHz), 97 MHz (4224-4321 MHz), 514 MHz (5300-5814 MHz), and the AR bandwidth at the
upper band is 101 MHz (5420-5521 MHz). Figures 3(a)-3(d) describe the surface current distribution
at the four different resonant frequencies to get a deep understanding of the operating modes. It is
noted from Figure 3(a) that a strong current is concentrated at the longer strip at 900 MHz. The total
current length is approximately equal to one quarter wavelength. At 3.5 GHz, from Figure 3(b), a
strong concentration of surface current is seen on the upper strip, whereas at 4.2 GHz, Figure 3(c), the
surface current is distributed on the periphery of the CSRR. Being the dual counterpart of conventional
SRR, by the virtue of Babinet’s principle and complementarity, the CSRR requires the excitation of
a time varying electric field having a strong component parallel to its axis, so that it can resonate
at some frequencies [21,22]. The resulting structure behaves as a narrow band-pass structure that
supports backward wave propagation [23]. At 5.5 GHz, Figure 3(d), strong concentration of surface
current is distributed on the lower part of longer strip. A conclusion can be drawn from all the plots
from Figures 3(a)-3(d) that each of the four resonances has resulted due to the four different parts of
the proposed quad band IFA structure. Each of them behaves as a quarter wavelength resonator at
their respective resonance frequencies in free space, and each of the frequency bands is independently
tunable.

2.2. Independent Frequency Tuning

To note the mutual exclusiveness of each frequency band, parametric studies are carried out. For
independent control, the current path responsible for each band should be identified. From the surface
current distribution, Subsection 2.1, Figures 3(a)-3(d), the current path responsible for each band is
identified, so that by changing the length of each current path, each frequency band can be changed.
Parametric studies are carried out by varying the length and coupling of each resonator and finally see
the effects of these parameters on resonant frequency and impedance matching. Figure 4 shows that Wy
can be used to vary the lower band over a wide range without affecting others. Figure 5 shows Lg can
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Figure 6. Effect of varying the distance D on

S11.

Figure 7. Effect of varying the distance M on

S11.

be used to vary the second band independently. Figure 6 and Figure 7 show that by varying distances
M and D, the third and fourth bands are varied independently.

2.2.1. Effect of Length Wy

When length W8 is varied, a significant variation from 2.4 GHz (Wi-fi) to 0.9 GHz (GSM) covering
1.575 GHz (GPS) is attained keeping all other bands unchanged as shown in Figure 4. The lower band
can be controlled over 90.9% from (0.9 GHz—2.4 GHz), since this band can be controlled over a huge
bandwidth independently, this antenna can be used for different applications. The optimal length of
Wg =20.5mm (Wg = 14mm + L; = 6.5 mm) is chosen for achieving the 0.9 GHz (GSM) band.

2.2.2. Effect of Length Lg

The second resonance is tuned by varying length Lg as shown in Figure 5. The surface current
distribution in Figure 3(b) also shows a huge concentration of current on the upper strip. The optimal
length of Lg = 8.9 mm is chosen for 3.5 GHz band.
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2.2.3. Effect of Distances D and M

The third and fourth frequencies are tuned by varying distances D and M. The change of position of the
shorting pin disturbs the current variation which in turn influences the input impedances and disturbs

Table 1. Independent control range in four bands.

Fr
eqaueney | 9gooMHz | 3.5GHz | 4.2GHz | 5.5 GHz
Band
Control
9002400 | 32763756 | 4271-4451 | 5405-5612
range (MHz)
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range (%)
0 15 - . . T
\ 1
1 1
5L i 1
12 i I -
10k 1 1
oy | 1
29 \ I
5‘ -15 “§' - 1 7 -1
z B o
=-20 | = i I
s i‘: 6r ] I ’
251 : h
3+ i
=30 |- Simulated -] Simulated
= = Measured = = Measured
_35 I I 1 I 0 I 1 L 1
0 1 2 3 4 5 6 5 5.2 5.4 5.6 5.8 6
Frequency(GHz) Frequency(GHz)
(a) (b)

Figure 8. Simulated and measured characteristics (a) Si; and (b) AR.
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the current flow to the antenna. The coupling between the CSRR and IFA comes from the capacitive
coupling due to the ring slot and magnetic coupling due to split of the outer ring, and consequently,
this varies the third and fourth resonances as shown in Figure 6 and Figure 7, respectively. D = 5.5 mm
and M = 1 mm are the optimal values for 4.2 GHz and 5.5 GHz, respectively.

3. EXPERIMENTAL RESULTS AND DISCUSSION

In this section, the proposed antenna is studied with simulated, measured, and tuning results. The
reflection coefficient characteristics of simulated versus measured and the axial ratio at higher resonating
frequency of the proposed antenna are presented respectively in Figures 8(a) and 8(b). There is a good

Table 2. Comparisons of antenna size and operational bandwidth among proposed antenna and other
studies.

Reference Antenna size Ground plane size Operational
No. (mm x mm) (mm x mm) bandwidth (GHz)
0.912-0.972
3. 30 x 40 14.6 x 40 2.390-3.943
4.689-5.324
2.355-5
4. 43 x 8 35 X 8 5.112-7
(—6dB reference)
2.32-2.65
D. 29 x 36 29 x 11 3.21-3.34
5.01-6.1
2.50-2.71
6. 24 x 30 24 x5 3.37-3.63
5.20-5.85
2.39-2.59
7. 50 x 40 15 x 40 3.1-3.57
5.45-6.5
2.25-3.5
4.5-5.25
2.4-2.49
10. 100 x 45 93 x 45 3.28-3.57
5.11-5.55
0.880-0.960
1.7-2.7
4.820-6.090
(—6dB reference)
0.663-0.993
12. 96 x 11.2 240 x 210 1.689-2.190
2.449-2.783
0.878-0.964
Proposed 3.393-3.655
Antenna 20 x 18 20 x 8 4.224-4.321
5.3-5.814

9. 33 x 20 33 x 13

11. 50 x 12 50 x 100
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Figure 10. Simulated and measured normalized radiation patterns of proposed antenna at; (a) 0.9 GHz;
(b) 3.5 GHz; (c¢) 4.2 GHz; (d) 5.5 GHz.
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matching of reflection coefficient between the measured and simulated results for the proposed antenna
shown in Figure 8(a). A CP is obtained for the fourth band with a minimum AR value of 0.41dB at
CP centre frequency f. of 5.46 GHz having ARBW of 1.82% as shown in Figure 8(b). The gain of the
proposed antenna is 2.2 dBi at 0.9 GHz, 2.8 dBi at 3.5 GHz, 3.2dBi at 4.2 GHz, and 4.4 dBi at 5.5 GHz,
respectively, as shown in Figure 9. The simulated and measured normalized co-pole and cross-pole
radiation patterns are shown in Figure 10, at 0.9 GHz, 3.5 GHz, 4.2 GHz, and 5.5 GHz, respectively.
Table 1 shows the control range for the other three bands which are also tuned independently. The
proposed structure shows four operating frequencies (0.9 GHz/3.5 GHz/4.2 GHz/5.5 GHz) which can be
used for various cellular and wireless applications. The design steps of the proposed antenna are shown
in Figure 2(a). The resonant paths, longer and shorter, control the lowest (0.9 GHz) and the second
band (3.5 GHz) which is again confirmed mathematically by Equation (3) and Equation (7) and also by
the current distribution as in Figure 3(a) and Figure 3(b). Parametric studies shown in Figure 4 and
Figure 5 show that by varying Wy and Lg, the two bands can be tuned independently. Table 1 confirms
a 90.9% of control range for the lowest band. The position of CSRR is offset to introduce the third
band (4.2 GHz). The surface current distribution confirms it, Figure 3(c). The parametric studies show
that by varying distance M, the 4.2 GHz band can be tuned independently. The initial I[FA 1 structure
introduced the 5.8 GHz and 6.4 GHz band, which at the final IFA 5 structure shifts the higher frequency
to 5.5 GHz as shown in Figure 2(b). The surface current distribution and parametric studies show that
the variation of D tunes the 5.5 GHz frequency band independently. In Table 2, a comparison of the
proposed structure with some other antennas as reported in the references is given. It shows that the
proposed antenna is very compact and thus can be used for various small form factor devices.

4. CONCLUSION

A new approach of a branch-line printed IFA structure loaded with CSRR is proposed with dual polarisa-
tions for quad band operation. The four operating frequencies are 900 MHz g 3.5 GHz/4.2 GHz/5.5 GHz.
The proposed structure is compact with a dimension of 20 x 18 x 0.8 mm®. It uses two different res-
onant paths, with the longer one controlling the lowest resonance at 900 MHz and also 5.5 GHz, and
the shorter one controlling the resonance at 3.5 GHz. The position of CSRR is offset to introduce the
third resonance at 4.2 GHz. Each of the frequency bands is independently tunable with the lowest band
900 MHz having the control range of 90.90%. The gain of the proposed antenna is 2.2dBi at 0.9 GHz,
2.8dBi at 3.5 GHz, 3.2dBi at 4.2 GHz, and 4.4 dBi at 5.5 GHz, respectively. The structure shows linear
polarisation for the first three bands and circular polarisation for the WLAN band with ARBW of
1.82%. Thus the antenna structure is suitable for small form factor devices for quad-band applications.
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