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Abstract: In this paper a novel, compact, microstrip-fed, quad-band monopole antenna is presented for the application of Global System for Mobile communication (GSM 900), Worldwide Interoperability for Microwave Access (WiMAX) and Wireless Local Area Network (WLAN). The proposed antenna comprises of a sickle-shaped structure with four circular arc strips, and a modified rectangular ground plane. The four strips of the antenna are independently responsible for the four different resonant frequencies of the operating bands and can be tuned separately to control the radiation performance. The proposed quad-band antenna is designed to resonate at 940 MHz for GSM 900, 2.5 and 3.5 GHz for WiMAX and 5.85 GHz for WLAN applications. At the four intended operating bands, the antenna exhibits impedance bandwidth of 60 MHz (905–965 MHz), 80 MHz (2.45–2.53 GHz), 110 MHz (3.48–3.59 GHz) and 2.39 GHz (4.82–7.21 GHz), respectively. At the resonance frequency of the four bands, the gain of the proposed antenna is obtained as 4.2, 2.5, 1.7 and 1.9 dBi, respectively. A prototype of the designed antenna is fabricated and a good agreement between simulated and measured results is observed. Furthermore, the proposed antenna shows good radiation characteristics and gains at all the four operating bands.
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1  Introduction

Due to low profile, conformability to planar, and non-planar surfaces, simple and inexpensive manufacture using modern printed-circuit technology, microstrip antennas are widely used in the present communication systems. A hexa-band quad-circular-polarization with inverted S-shaped slotted patch antenna for the fifth generation (5G) communication, Global Positioning System (GPS), WLAN, Long Term Evolution (LTE), and Radio Navigation applications was reported in [1]. A miniaturized tri-band printed monopole antenna with circular polarization is presented in [2]. The novel half-cutting technique has been implemented on the circularly polarized (CP) dual band antenna to enhance the axial ratio bandwidth for wireless communication in [3]. In [4], a multiband circularly polarized microstrip patch antenna with Minkowski fractal slot for wireless communications is designed. The performance evaluation and design of 5G communication-based millimeter wave antenna is presented in [5]. Radio frequency energy harvesting has attracted considerable interest as a technique of enabling self-powered wireless networks as described in [6] and [7]. In [6], a multiband microstrip patch antenna is designed with three slits and nature inspired optimization method. A compact, multiband, and dual side printed microstrip patch antenna with its performance for RF energy harvesting applications is introduced in [7].

For present wireless communication, design of multiband antenna has got an increased attention to the antenna researchers [8–15]. A compact multi-band antenna supporting multiple radio frequency (RF) bands is required for the portable devices to augment the advanced communication technologies related to different telecommunication standards such as GSM, Universal Mobile Telecommunication System (UMTS), LTE, 5G, and several wireless applications like WLAN, WiMAX. In this regard, several dual, triple or multi-band antennas have been reported. In [8], a co-planar waveguide fed broadband-multiband planar antenna is reported for WiMAX 3.5/5.5 GHz and WLAN 2.4/5.2/5.8 GHz bands. In [9], the coplanar waveguide (CPW) and microstrip line feed spiral-shaped ultra-wide band (UWB) antennas are proposed to work in the applications of digital cellular system (DCS), personal communication service (PCS), bluetooth and WLAN. In [10], a reconfigurable multiband rhombic-shaped patch antenna to operate up to 20 GHz is designed for wireless smart applications. Different multiband patch antennas using various shape and techniques, such as, an inverted upright chair type patch with defected ground structure (DGS) [11], Y-shaped patch [12] and F-shaped slotted patch antenna [13] are found for such applications. Also, multiband monopole antenna with symmetric folded slots [14], and L and U-shaped slots [15] are proposed for UMTS, WiMAX and WLAN. In [16], a modified CPW-fed monopole antenna using small ground plane is reported for multiband WLAN applications. A novel G-shaped slotted dual-band antenna in [17] and a compact wide-slotted tri-band antenna in [18] are also reported for WLAN/WiMAX applications.

However, printed monopole antennas are crucial owing to their unique and specific beneficial characteristics like simple planar structure, smaller size, low profile with plausibly good performance [19–23]. Various theoretical investigations based on different shapes of the monopole antennas like, P-shaped [24], Rhombic-shaped [25], Hook-shaped [26], G-shaped [27], double S-shaped [28], double T-shaped [29], L-shaped [30] and F-shaped [31] have been performed to achieve multiband characteristics. The major issues to realize multiband characteristics are the increased design complexity and size. For reference, triple-band characteristics are obtained with the combinations of two antenna types such as rectangular and circular in [32], ceramic chip and printed radiating elements in [33] and, ear-shaped and circular-arc strips in [34]. In [35,36], a claw-shaped triple-band antenna with three arcs is also proposed in this regard. Another novel printed monopole antenna is proposed for dual-band WLAN applications in [37].

In this paper, a novel, compact, microstrip fed quad-band sickle-shaped monopole antenna with the symmetrically modified ground plane is proposed for GSM, WLAN and WiMAX applications. The proposed sickle-shaped antenna structure comprising four simple monopole arcs provides quad-band characteristics with the independent tuning of the respective band by controlling the dimension of the individual arc. Hence, as compared to the monopole antennas reported in [26–29], the proposed antenna facilitates easier tuning of the respective operating frequency bands of GSM 900 (940 MHz), WiMAX (2.5/3.5 GHz) and WLAN (5.5 GHz).

2  Quad-band Antenna Design and Configuration

2.1 Antenna Design

The geometrical configuration of the proposed microstrip fed modified sickle-shaped monopole antenna along with the appropriate co-ordinate system is depicted in Fig. 1. The antenna is designed on FR4 substrate with thickness (h) of 1.6 mm, relative permittivity (εr) of 4.4 and dielectric loss tangent (tanδ) of 0.02. The proposed antenna, based on four curved-shaped monopole strips (strips 1 to 4), each resembling the shape of a sickle acts as radiating patches of four independent frequency bands. The sickle-shaped arcs greatly reduce the overall volume of the antenna thereby making it a compact one. To feed the antenna, a microstrip line is introduced on the same side of the substrate containing the radiating patches as shown in Fig. 1a while on the other side of the substrate; the ground plane is modified as in Fig. 1b. The width of the microstrip feed line (Wf) is adjusted to achieve 50 Ω impedance matching and the antenna is excited centrally from its bottom edge. The whole antenna structure is printed on the substrate surface with dimension of 38 mm × 30 mm while the dimension of the modified ground plane is 13 mm × 30 mm.
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Figure 1: Analytical dimensions of the proposed modified sickle-shaped monopole antenna

With the aim of designing a quad-band antenna with independent tuning of the respective operating centre frequency, four sickle shaped strips–Strip-1, strip-2, strip-3 and strip-4 are introduced. Corresponding to the four desired frequency bands, the lengths of the strips are calculated for radiating at their respective resonating frequencies of 940 MHz, 2.5 GHz, 3.5 GHz and 5.85 GHz respectively. The design equations to obtain the lengths of the four radiating strips are given as follows:

Strip-1length(l1)≈(π×θ1180o)×R1+Wf(1)

Strip-2length(l2)≈(π×θ2180o)×R2+Wf+Lf−Lg(2)

Strip-3length(l3)≈(π×θ3180o)×R3+Wf+Lf−Lg(3)

Strip-4length(l4)≈(π×θ4180o)×R4+Wf+Lf−Lg(4)

In Eqs. (1)–(4); R1, R2, R3 and R4 represent the radii of the arc corresponding to strip 1 to 4 respectively; θ1, θ2, θ3 and θ4 are angular sizes of the respective arc strips; Lf and Wf are the length and width of the microstrip feed line; Lg is the length of the ground plane.

The strip lengths are selected close to a quarter of the guided wavelength (λg) of the designed resonating frequencies and the corresponding λg is given by [38]

λg=(λ0√εre)=c0(f√εre)(5)

where εre is the effective permittivity. The widths of the modified sickle-shaped arcs are chosen such that better impedance matching is achieved. For the chosen FR4 substrate, with εr = 4.4, h = 1.6 mm and

Wf = 3 mm, the expression for effective permittivity is obtained as

εre=12[(εr+1)+(εr+1)(1+12hWf)−12](6)

With substitution of the optimized values of different parameters as depicted in Tab. 1, εre is calculated and it is obtained as 3.32.
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3  Parametric Study

The lengths and widths of the radiating strips are optimized for better performance of the antenna specifically in terms of return loss and gain characteristics. Simulation studies are carried out using commercial full-wave EM simulation software, namely Ansys make HFSS v18.0. The parametric studies corresponding to the different length of the strips are shown in Figs. 2a–2d. When one strip length is changed the others are kept at their respective optimized values. From Fig. 2a it is revealed that upon changing the arc length of strip-1 from 67.6  to 69.6 mm, the resonating frequency corresponding to GSM 900 band slightly varies on either side of its optimized frequency. However, the impedance bandwidth and return loss characteristics of the antenna almost remain unchanged. Similarly, upon changing the arc length of strip-2 from 18.1  to 19.3 mm, a slight variation in the resonating frequency is observed in the 2.4/2.5 GHz WiMAX band [Fig. 2b]. Also, variation in arc length of strip-3 from 12.1  to 13.5 mm, a slight change in the resonating frequency is visible from Fig. 2c. Finally, the variation of arc length of strip-4 from 11.6 mm to 13.2 mm, slight changes in impedance bandwidth and resonating frequency is observed in the fourth band [Fig. 2d]. Similarly, the widths of the four strips are also varied and the corresponding changes in the S11 characteristics are shown in Fig. 3a. From the depicted figures, it can be observed that there is a small variation in resonating frequency and impedance bandwidth; however, the overall return loss characteristics are not much altered. It is to be noted that, the resonating frequency of the antenna is inversely related to the antenna dimension. Thus, from Figs. 2 and 3, it can be seen that, with same change in the length and width of the radiating strips, compared to the lower resonance frequencies, the more impact is observed for the highest resonance frequency. Thus, from the parametric studies corresponding to length of the strips, the optimized strip lengths for which better return loss and gain characteristics are obtained in the desired GSM 900/WiMAX/WLAN operating bands are given as l1 ≡ 68.6 mm, l2 ≡ 18.7 mm, l3 ≡ 12.8 mm and l4 ≡ 11.6 mm respectively. Similarly, the optimized strip widths are obtained as d1 = 2 mm, d2 = 1.1 mm, d3 = 1.2 mm and d4 = 1.5 mm respectively. Fig. 3b depicts the return loss characteristics of the designed antenna with the optimized lengths and widths of the different strips. From the parametric studies it is quite evident that a particular operating band of the proposed antenna is primarily affected with changes in its corresponding strip length while the change in the characteristics of that band is negligible with changes in other strips. This shows that by properly tuning a strip length, the corresponding frequency band can be adjusted.
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Figure 2: Parametric study of the proposed antenna by variation of length of (a) strip-1, (b) strip-2, (c) strip-3 and (d) strip-4 respectively
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Figure 3: (a) Parametric study of the proposed antenna by variation of widths of strips 1–4 and (b) Plot of simulated return loss of the antenna with optimized values of the strips dimensions

From the optimized S11characteristics [Fig. 3b], it is seen that the proposed antenna exhibits quad-band operation with resonating frequencies of 940 MHz, 2.5 , 3.5  and 5.85 GHz, corresponding to the four operating bands of GSM 900, WiMAX 2.5/3.5 and WLAN U-NII (Unlicensed National Information Infrastructure) respectively. In the four operating bands, the proposed antenna offers 10 dB impedance bandwidth of 60 , 80 , 110 MHz and 2.39 GHz covering the frequency ranges of (905–965) MHz, (2.45–2.53) GHz, (3.48–3.59) GHz and (4.82–7.21) GHz, respectively. Further, the minimum values of S11 at the four resonating frequencies of the operating bands are obtained as −22 dB at 940 MHz, −19 dB at 2.5 GHz, −28 dB at 3.5 GHz and −44 dB at 5.85 GHz. These results show that the proposed antenna provides good impedance matching over the entire operating frequency bands and finds its suitability for the intended multiband communication systems.

4  Analysis of Surface Current Distribution

The electric field and the surface current distributions of the proposed antenna at the center frequency of the four operating bands are depicted in Figs. 4a–4d and 5a–5d respectively. From the figures, it is clearly visible that compared to the other region of the antenna, both electric field and surface current corresponding to a particular frequency is mostly confined to a particular strip region. This indicates that the strip under which the field as well as the surface current is confined is responsible for the radiation of the respective operating bands.
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Figure 4: Electric field distribution of the proposed antenna at different frequency bands
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Figure 5: Surface current distribution of the proposed antenna at different frequency bands

Hence, strip-1 is responsible for the radiation of GSM 900 band, while strips-2 and 3 are responsible for WiMAX 2.5/3.5 bands, respectively. However, strip-4 in combination with the feed line is responsible for the radiation at 5.85 GHz of WLAN band. To experimentally validate the analysis based on the simulation results made in Section 2, a prototype of the proposed antenna is fabricated as shown in Fig. 6. Various antenna parameters are experimentally measured to compare its performance in comparison to the simulated results. The return loss of the fabricated prototype is measured using Agilent make VNA (Vector Network Analyzers) and the same is plotted along with the simulated result in Fig. 7. From the plot it can be observed that the measured result shows a quad-band characteristic in closed agreement with the simulated result. At the four operating bands, minimum values of S11 are measured as −36 dB at 940 MHz, −25 dB at 2.4 GHz, −37 dB at 3.3 GHz and −53 dB at 5.8 GHz. The slight deviation between simulated and measured return loss characteristics is observed, primarily due to the connector mismatch and the antenna fabrication error.
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Figure 6: Fabricated prototype of the proposed modified sickle-shaped monopole antenna
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Figure 7: Plot of simulated and measured return loss of the proposed Quad-Band Antenna

The radiation pattern of the fabricated antenna is also measured by gain transfer method. The measurement setup consists of Hittite HMC-T2100 Microwave Signal Generator (10–20 GHz), a Krytar 9000B Power Meter and a standard gain Horn antenna. At different resonant frequencies, the comparative plots of the simulated and measured co-pol and cross-pol characteristics of the proposed antenna at two principal planes - E-plane and H-plane are depicted in Figs. 8a–8h. For GSM 900 band, the radiation pattern depicts that the simulated E-plane co-pol gain is 4.2 dBi while its measured value is 4.1 dBi. For the H-plane, the corresponding values are 2.9 and 2.7 dBi respectively. For the use of the proposed antenna for WiMAX frequency of 2.5/3.5 GHz, the antenna exhibits simulated and measured values of E-plane co-pol gain as 2.5 and 2.2 dBi respectively at 2.5 GHz and for the H-plane, those corresponding values are both 1.5 dBi. At 3.5 GHz, the simulated and measured values of E-plane co-pol gain as seen to be 1.7 dBi and 1.3 dBi, respectively with their corresponding H-plane values being 0.8 and 0.7 dBi, respectively.
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Figure 8: Plot of simulated and measured radiation pattern of the proposed antenna at different resonant frequencies [S-Simulated value, M-Measured value]. E-plane radiation pattern: (a) f = 940 MHz, (c) f = 2.5 GHz, (e) f = 3.5 GHz, (g) f = 5.85 GHz. H-plane radiation pattern: (b) f = 940 MHz, (d) f = 2.5 GHz, (f) f = 3.5 GHz, (h) f = 5.85 GHz

Also for the use of antenna at WLAN frequency of 5.85 GHz, the simulated E-plane co-pol gain obtained is 1.9 dBi while its measured value is found to be 1.4 dBi. The corresponding H-plane co-pol simulated and measured values are 1.8 and 1.0 dBi respectively. The cross-pol values at the different resonant frequencies are found to be 20–30 dBi below their co-pol values. Tab. 2 depicts the values of antenna gain in both E-plane and H-plane for all the resonating frequencies. Hence the antenna exhibits good gain and radiation pattern at the designed frequency of operation which reflects its aptness for GSM 900/WiMAX/WLAN frequency bands. Performance of the proposed Compact Quad-Band sickle-shaped Monopole Antenna is compared with other relevant antennas available in the literature are enlisted in Tab. 3. It can be seen that compared to the reported antennas mentioned in the table, the proposed antenna prototype is functional at a lowermost operating frequency band centering at 940 MHz. The designed quad-band antenna covering lowermost frequency band offers satisfactory gain with acceptable bandwidth characteristics.
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5  Conclusion

A novel quad-band monopole antenna with four sickle-shaped strips for GSM 900/WLAN/WiMAX applications has been proposed. The four sickle-shaped monopole strips enable the proposed antenna to generate four different resonating frequencies (940 MHz, 2.4/2.5, 3.5 and 5.85 GHz bands) to cover the desired bands of operation. Each sickle-shaped strip and the coupling between the strips contribute to the exact operating band. The measured results show that the antenna has good radiation pattern with proper gain so as to find its suitability for GSM 900, WiMAX and WLAN applications. Thus the proposed antenna would surely unfold new vistas for the scientific and technological community worldwide.
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Table 1: Dimensions of the different parameters of the proposed antenna (in mm; angles in degrees)

Parameters Values Parameters Values

L 38 W, 3
w 30 6, 335"
R, 108 6, 81°
R, 135 6, 64"
R, 115 o, 95
R, 55 4 2

L, 13 d, 1.1
L 14 d, 1.2

R, 5 d, 1.5
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Table 3: Performance analysis of the proposed antenna with other similar type antennas

Antenna Frequency Substrate Gain (dBi) Impedance
(GHz) Bandwidth
Broadband- 2.38/3.5/5.38 FR4 3.5/2.25/1.5 2.34-2.42/3.16—
Multiband 6.57 GHz
[1]
Multiband [3] 5.21/9.41/10.46/ FR4 3.96/3.75 140/950/410/840/
12.69/14.39/ 440 MHz/3.54 GHz
17.09
Multiband [4] 3/3.5/4.1/5.3 FR4 11.8/8.2/5.8/2 670/415/600/150 MHz
Corrugated 4.19/8.79/13 RT Duroid ~ 7.46/5.42/5.01 4-4.43/8.61—
patch [5] 9.01/12.6-13.6 GHz
Compact 2/3.5/5.2 FR4 3.5/1/-1 1920-2170 MHz/3.4—
Multiband [7] 3.6/5.15-5.35GHz
Compact 2.42/3.715.7 FR4 2.5-3.8/2.6-3.2/2-2.6  300/450/ 3300 MHz
Monopole [§]
Monopole [28]  2.57/3.63/5.25 FR4 4.68-3.32/ 360/770/2010 MHz
2.74-1.01/0.35-3.81
Compact 2.5/3.515.5 FR4 3.4-4.9/ 0.37/0.36/1.93 GHz
Antenna [29] 1.9-2.4/1.5-2.7
Proposed 0.940, FR4 4.2/2.5/1.7/11.9 60/80/110 MHz/
Antenna 2.5/3.5/5.85 2.39 GHz
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Table 2: Antenna gain in e-plane and h-plane at different resonating frequencies [S-SIMULATED
VALUE, M-MEASURED VALUE]

Antenna Gain f=940 MHz f=2.5GHz f=3.5GHz f=5.85GHz
E-plane co-pol (S) 4.2 dBi 2.5 dBi 1.7 dBi 1.9 dBi
E-plane co-pol (M) 4.1 dBi 2.2 dBi 1.3 dBi 1.4 dBi
H-plane co-pol (S) 2.9 dBi 1.5 dBi 0.8 dBi 1.8 dBi

H-plane co-pol (M) 2.7 dBi 1.5 dBi 0.7 dBi 1.0 dBi
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