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ABSTRACT

This paper represents the numerical simulations of inverted-F antenna (IFA) for wireless local area networks
(WLANs)/Bluetooth and inverted-F-L antenna (IFLA) for WLAN/Bluetooth & worldwide interoperability for
microwave access (WiMAX) applications. The antennas are directly feed by 50 Q coaxial connector and the
antenna arms effectively control the excited resonant modes for the required operation. Effects of antenna’s
geometrical parameters also investigated for both antennas. Spacing of auxiliary arm from ground of IFA
controls the resonance significantly and 0.4 mm spacing provide wider bandwidth of 135 MHz (2375-2510
MHz) which cover 100% of the 2.4 GHz ISM band before all other parameter optimized with the help of
numerical simulations. Also the effects of applied load to IFA are presented. Height of the load has nominal
effect on return loss (S;;) and as the length of the load increases, it shifts the resonance from 2500 MHz to 2350
MHz and optimum values of length of load is 15 mm. IFLA provides bandwidth of 200 MHz (2300-2500 MHz)
which occupy 100% of the 2.3 GHz WiMAX and 2.4 GHz WLAN/Bluetooth operating band. Dimensions of the
antennas are 14x35 and 23%35 mm’ respectively. The antennas contain a high peak gain of 8.48 and 8.89 dBi
for IFA and IFLA respectively within the return loss bandwidth and gain variation near about 0.98 dBi for IFA
also 0.70 and 0.15 dBi gain variation within the 2.3 and 2.4 GHz operating band for IFLA.

Keywords: [FA, IFLA, Industrial, scientific and medical (ISM) band, Bluetooth, WiMAX and WLAN.

1. INTRODUCTION

Commercial wireless communication applications are growing rapidly at the recent time and microstrip antennas
play a decisive role in the development of the fast rising communication systems. Wireless Local Area
Networks (WLANSs) operating frequency range is 2.4-2.4835 GHz, 5.15-5.35 GHz and 5.725-5.875 GHz
(Morshed et al., 2010), Wireless-Fidelity (Wi-Fi) operates in the 2.4 GHz band (2.4 GHz-2.5 GHz) and 5 GHz
band (5.47-5.725 GHz) (Morshed et al., 2010), (Morshed et al., 2009) also Mobile Worldwide Interoperability
for Microwave Access (Mobile WIMAX) or WiMAX operating bands are 2.3 GHz (2.3-2.4 GHz), 2.5 GHz
(2.5-2.7 GHz) and 3.5 GHz (3.4-3.6 GHz) (Morshed et al., 2009). On the other hand, Bluetooth operating
frequency range is 2.4-2.4835 GHz and Satellite-Digital Multimedia Broadcasting (S-DMB) operates in the
range of 2.63-2.655 GHz (Shin and Park, 2007). A low profile antenna which has high gain, excellent
omnidirectional radiation pattern, wide impedance bandwidth and which is cost-effective, no design complexity
and can be directly mounted on the system circuit board or the ground plane of the mobile device is extremely
preferred for short range wireless communication (Ali and Hayes, 2002), (Wong and Chang, 2005), (Yang,
2005), (Chang and Yang, 2008) and (Su, et al., 2004). Bluetooth, WLANSs and radio frequency identification
(RFID) all uses 2.4 GHz (2.400~2.485 GHz) ISM frequency band (IEEE 802.11b/g standards). The spectrum of
2.3 GHz WiMAX operating band is 2.3-2.4 GHz with bandwidth of 100 MHz. At present the demand of
Bluetooth, WiMAX, WLANSs and RFID are increasing numerously and its applications are no more restricted
within the home and offices. Hence the demand of miniaturized antenna with suitable gain and satisfactory
bandwidth for WLAN/Bluetooth applications is increased.

A printed integrated inverted-F antenna on standard FR4 substrate with a free-space peak gain of 1.5 dBi has
been proposed for the operation in the Bluetooth frequency band (2.4-2.485 GHz) (Ali and Hayes, 2002).
Though the dimension of the antenna is small and the gain is inadequate. A compact size and low profile chip
antenna suitable to be mounted above the system ground plane of a mobile device has a gain of near about 3 dBi
and bandwidth of 126 MHz (Wong and Chang, 2005). Miniature printed-circuit-board wire antennas on a FR4
substrate with peak gain of 2 dBi and bandwidth of 200 MHz is proposed for the application in WLAN or
Bluetooth (Yang, 2005). In this case the bandwidth is wider but the gain is low. The coplanar antenna built on a
FR4 substrate support two operating band but the gain at 2.4 and 2.45 GHz frequency is 1 and 1.6 dBi
respectively with a bandwidth of 190 MHz (Chang and Yang, 2008). Although the antenna can support dual
band operations and bandwidth is wider, its size is big and the gain is very low. A microstrip coupled printed
inverted-F antenna has wider bandwidth but the antenna gain is approximately 1.5 dBi (Su et al., 2004).
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Microstrip line feeding can help in achieving better performance from an antenna with coaxial cable feed
(Balanis, 2005). A compact monopole antenna proposed for dual ISM band operation with a gain of 1.354 dBi
and bandwidth of 330 MHz at 2.4 GHz ISM band (Jung et al., 2009). The microstrip line feed half cylindrical
dielectric resonator antenna (DRA) has a peak gain of 5.5 dBi in the elevation plane and 3.5 dBi in the azimuth
plane (Kumar et al., 2006). Miniaturized printed straight F antenna, printed on FR4 substrate has the bandwidth
of 120 MHz (Yang, 2003). On the other hand, doing the miniaturization, antenna design based on shorting pin
technique and printed on printed circuit board (PCB), the 10 mm diameter microstrip antenna provides gain of 0
dBi with the impedance bandwidth of 104 MHz (Yu et al., 2005). Although the rectaxial slot antenna has wider
bandwidth but it suffers for the low gain of 2.2 dBi (Whyte et al., 2006). The equilateral-triangular slot antenna
(ETSA) can support two operating bands but its peak gain at 2.4 GHz band is 2.8 dBi (Wu, 2005). Moreover the
compact microstrip-line-feed monopole antenna support dual band operation but its gain is limited to 2.8 dBi at
2.4 GHz operating band though the bandwidth is wider (Zhao et al., 2007).

An antenna with gain higher than 5 dBi (available antenna provides gain in the order of less than 3 dBi) and 10
dB return loss bandwidth so that it can cover the 2.4 GHz band (bandwidth ~ 100 MHz) is desired. To assemble
most of mentioned requirements and in considerations of impedance matching with the feeding network
inverted-F antennas are one of the good candidates within the microstrip antennas.

2. ANTENNA DESIGN

During the design, an antenna for WLAN or Bluetooth applications, we analyze the IFA structure using method
of moments (MoM’s) in Numerical Electromagnetic Code (NEC) (Burke and Poggio, 1981). The cost of FR4
substrate is higher than the RT/duroid 5880 and FR4 substrate are not available in Bangladesh. In considerations
of feasibility of antenna substrate and the lower cost, in numerical analysis we considered the substrate
permittivity of the antenna is &, = 2.2 (RT/duroid 5880) with substrate thickness 1.6 mm and conducting material
thickness 0.13 mm. Our attempt was to enhance the gain, reflection of waves minimum and the radiation pattern
in horizontal and vertical plane as omnidirectional as possible for WLAN/Bluetooth operation. In our analysis
we assume the copper conductor and the antenna was intended to be matched to 50 Q system impedance. In the
analysis the dimensions of the ground plane considered as 60 x 60 mm®. Figure 1 shows the basic geometry of
IFA. Here one leg of IFA directly connected to the feeding and another leg spaced s from the ground plane.
Figure 2 shows the variation of return loss (S;) for different values of / of IFA. Then antenna covers from 2400-
2510, 2370-2500, 2340-2465, 2290-2420 and 2270-2400 MHz for / = 27, 28, 29, 30 and 31 mm with peak
return loss of -15.28, -25.70, -23, -15.10 and -12.80 dB respectively.
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Figure 1: Inverted-F antenna (IFA) (a) 3-D and (b) 2-D view.

Figures 3, 4, 5, 6 and 7 represent the variation of return loss when [ = 27, 28, 29, 30 and 31 mm respectively of
IFA for t = 4, 5, 6, 7 and 8§ mm. From the obtained results antenna resonance shifts from 2650 MHz to 2450
MHz for increasing ¢ from 4 mm to 6 mm and no resonance under 7 or 8 mm when / = 27 mm. When [ = 28
mm the antenna peak return loss at 2450 MHz is -25.70 dB with ¢t = 6 mm and the return loss increases with the
increase or decrease of ¢ from 6 mm. Moreover, with [ = 29, 30 and 31 mm the antenna resonance shifts from
higher frequency to lower frequency within the 2.4 GHz ISM band, while increasing ¢ from 6 to 8 mm no
resonance found when ¢ is 4 or 5 mm. 140 MHz (2330-2470 MHz) return loss bandwidth is achieved from IFA
when ¢t = 6 mm and [ = 29 mm. Effects of h, d and s on the return loss of IFA are shown in Figures 8, 9 and 10
respectively. The antenna provide bandwidth of 100 MHz ranges from 2450 MHz to 2550 MHz when & = 13
mm but covers from 2390-2510 MHz with # = 14 mm and 2330-2460 MHz for # = 15 mm when ¢t = 6 mm and [
= 29 mm. This means when & = 14 mm, t = 6 mm and [ = 29 mm, the antenna provide resonance at the middle
of the ISM band covering the whole frequency spectrum in that band. Under the selection of 4, t and / from the
above simulation and analysis results, we continue our advanced investigation on the effect of thickness d on
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antenna S;; as shown in Figure 9. From the antenna return loss behavior due to the effect of antenna strip
thickness (d), antenna provides very good coverage with resonance at 2.45 GHz when thickness is 2 mm and
resonance shifts to the lower frequency when thickness of strip is 3 mm and no resonance occurs for thickness of
4 mm. Variation of return loss of antenna of Figure 1 for different values of auxiliary arm spacing from ground
plane is shown in Figure 10. From the obtained results when the spacing of auxiliary arm is 0 mm or 1 mm no
resonance found in the range 0 GHz to 6 GHz. 0.3 mm spacing provide return loss bandwidth of 120 MHz
(2330-2450 MHz) and 0.4 mm spacing provides 135 MHz (2375-2510 MHz) return loss bandwidth and 0.5 mm

spacing provide 115 (2445-2560 MHz).
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Figure 2: Return loss as a function of frequency for different values of / on IFA.
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Figure 3: Return loss as a function of frequency for
different values of ¢ on IFA when [=27 mm.
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Figure 5: Return loss as a function of frequency for
different values of ¢ on IFA when /=29 mm.
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Figure 4: Return loss as a function of frequency for
different values of # on IFA when /=28 mm.
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Figure 6: Return loss as a function of frequency for
different values of # on IFA when /=30 mm.
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Figure 7: Return loss as a function of frequency for Figure 8: Return loss as a function of frequency for
different values of ¢ on IFA when /=31 different values of 4 on IFA when /=29 mm,
t=6 mm.
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Figure 9: Return loss as a function of frequency for Figure 10: Return loss as a function of frequency for
different values of d on IFA when /=29 different values of s on IFA when /=29
mm, t=6 mm and h=14 mm. mm, t=6 mm, h=14 mm and d=2 mm.
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Figure 11: Inverted-F-L antenna (IFLA) (a) 3-D and (b) 2-D view.

From the simulations, the IFA covers the required operating band when =29 mm, t=6 mm, h=14 mm, h;=13.6
mm, d=2 mm and s=0.4 mm with peak value of return loss -15.85 dB. In order to increase the peak value of
return loss we precede our further analysis by applying load on the horizontal strip of IFA and we have found
that an inverted-L shape load on the horizontal strip of IFA can help in increasing the antenna gain and hence
the antenna titled as inverted-F-L antenna (IFLA) as shown in Figure 11. How the S;; of IFLA is controlled by
the h, are shown in Figuress 12, 13, 14 and 15 for different values of 4 while remaining all other parameters
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same as IFA. When / is 13 mm and the height A, is 6, 7, 8 or 9 mm has very small effect on S;; of IFLA and
return loss bandwidth almost same. Similar is true when /is 14, 15 or 16 mm for different values of 4,.
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Figure 12: Return loss as a function of frequency for
different values of 4, on IFLA when A=13

mm.
0
-10-
= -20+
=
s -301
----h=6 mm
------ h =7 mm
gt | — hz=8 mm
————— h,=9 mm
'50 T T T T T T T T T
0 1 2 3 4 5
Frequency (GHz)

Figure 14: Return loss as a function of frequency for
different values of 4, on IFLA when A=15
mm.
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Figure 13: Return loss as a function of frequency for
different values of %, on IFLA when h=14
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Figure 15: Return loss as a function of frequency for

different values of 4, on IFLA when h=16

mm.

Table 1: Dimensions of the proposed antennas

Antenna Name

Antenna Parameters

Values
(mm)

Dimension
(mm?®)

Inverted-F Antenna (IFA)

S~ S~ ~

=

Inverted-F-L Antenna (IFLA)

RS

29

6

14 14x35
13.6
2
0.4
29
6
15
14.6
8

2
04

23x%35

From Figure 12, 13, 14 and 15, if we consider the variation of S;; when #; is fixed at 8 mm resonance of IFLA
happen as like 2500, 2450, 2400 and 2350 MHz, peak return loss of -17.38, -23.41, -43.53 and -22.86 dB,
bandwidth of 200 MHz (frequency ranges 2400-2600 MHz), 200 MHz (2350-2550 MHz), 200 MHz (2300-2500
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MHz) and 150 MHz (2280-2430 MHz) for / is equal to 13, 14, 15 and 16 mm respectively. From the simulated
results, antenna has desired bandwidth with high peak return loss when A=15 mm and h,=8 mm. From the
overall simulations, the optimum dimensions of IFA and IFLA are given in Table 1.

3. NUMERICAL SIMULATION RESULTS

The numerical results of the geometrical parameter optimized antennas are shown below. The proposed
antennas have the return loss appreciable than the commonly required return loss 10 dB level. By applying a
suitable load to the inverted-F antenna, the antenna gain and return loss improves appreciably. The numerical

analysis of two proposed structures such as IFA and IFLA to realize the operation for WLAN/ Bluetooth
applications is presented below.

200 . 0 - S
----IFA /
180+ \
\ —IFLA
160+ b, -10-
140+ VSN
§ 120+ "‘ ) ) =20+
100+ [ =
w2 \ —
> 80+ | g w1 -30+
\ 22 23 24 25 26
60+
40+ 40+
----TFA
20 —IFLA
0 '50 T T T T
0 0 1 2 3 4 5
Frequency (GHz) Frequency (GHz)
Figure 16: VSWR variation of IFA and IFLA with Figure 17: Return loss (dB) variation of IFA and

frequency. IFLA with frequency.

The IFA has the voltage standing wave ratio (VSWR) of 1.6560 but for IFLA is 1.0134 at 2.40 GHz as shown in
Figure 16. Figure 17 represents the return loss (dB) variation of IFA and IFLA with frequency. The peak value
of return loss of IFA is -15.8509 dB and for IFLA is -43.5280 dB with return loss bandwidth of 135 MHz (2375
— 2510 MHz) and 200 MHz (2300 — 2500 MHz) respectively means IFA occupy the 2.4 GHz ISM band by
100% and IFLA occupy the 2.3 GHz WiMAX operating band and 2.4 GHz ISM frequency band by 100%. Thus
application of load to the IFA causes bandwidth enhancement of 48%. Antennas total gain as a function of
frequency is shown in Figure 18. Gain of IFA varies in between 7.5 and 8.48 dBi within the return loss
bandwidth means gain variation within the band is near about 0.98 dBi. On the other hand IFLA has peak gain
of 8.98 dBi within the antenna operating band and gain varies from 7.77 to 8.47 dBi within 2.3 GHz WiMAX
operating band and from 8.47 to 8.89 dBi within 2.4 GHz ISM band, near about 0.70 dBi and 0.15 dBi gain
variation in the lower and upper operating band respectively which indicates that the antenna gain became more
stable when load is applied to IFA. Input impedance variations of the proposed antennas are shown in Figure 19
and the phase variation in Figure 20 with frequency variation from 0 to 5 GHz. For better impedance matching
with the 50 Q microstrip line or coaxial connector the antenna input impedance should be near about 50 Q.
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] ——IFLA

Gain (dBi)
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Frequency (GHz)
Figure 18: Total gain (dBi) variation IFA and IFLA with frequency.
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Figure 19: Impedance variation of IFA and IFLA Figure 20: Phase variation of IFA and IFLA with
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Figure 21: Total gain (dBi) pattern (normalized) of (a) IFA and (b) IFLA in H-plane at 2.4 GHz.

The input impedance of the IFA is 81.5649 Q but with the application of load antenna input impedance became
50.6706 Q at 2.4 GHz. This means, application of load improves the impedance of the antenna. The bandwidth
improvement due to the application of load is significant as well as the improvement in gain and return loss is
for the required applications. Also, from the simulation, the IFA and IFLA offer a phase shift of -6.7365" and
9.9954° respectively at 2.4 GHz. Figure 21 shows the normalized total gain pattern of the antennas in H-plane
and Figure 22 shows the normalized total gain pattern in E-plane respectively. Horizontal gain pattern
(normalized) of the IFA and IFLA in E-plane and vertical gain in H-plane are shown in Figures 23 and 24.
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10- 10-
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Figure 22: Total gain (dBi) pattern (normalized) of (a) IFA and (b) IFLA in E-plane at 2.4 GHz.

From the obtained simulated radiation, the antennas radiation in E and H-plane are good and appreciable. On the
other hand Figure 25 shows the normalized vertical gain pattern of the antennas in E-plane. From the antennas
radiation characteristics, both antennas have good radiation in E and H- planes. In addition, the antennas total
radiation in vertical plane and horizontal plane fully omni directional which is desired for the WLAN/Bluetooth
applications.
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Figure 23: Horizontal gain (dBi) pattern (normalized) of (a) IFA and (b) IFLA in E-plane at 2.4 GHz.
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Figure 24: Vertical gain (dBi) pattern (normalized) of (a) IFA and (b) IFLA in H-plane at 2.4 GHz.
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Figure 25: Vertical gain (dBi) pattern (normalized) of (a) IFA and (b) IFLA in E-plane at 2.4 GHz.

A printed integrated inverted-F antenna (Ali and Hayes, 2002), low profile chip antenna suitable to be mounted
above the system ground plane of a mobile device (Wong and Chang, 2005), miniature printed-circuit-board
wire antennas on a FR4 substrate (Yang, 2005), coplanar antenna built on a FR4 substrate (Chang and Yang,
2008), microstrip coupled printed inverted-F antenna (Su et al., 2004), compact monopole antenna (Jung et al.,
2009), microstrip line feed half cylindrical dielectric resonator antenna (Kumar et al, 2006), miniaturized
printed straight F antenna printed on FR4 substrate (Yang, 2003), microstrip antenna (Yu et al., 2005), rectaxial
slot antenna (Whyte ef al., 2006), equilateral-triangular slot antenna (Wu, 2005) and compact microstrip-line-
feed monopole antenna (Zhao et al., 2007) suffers from gain limitations. But our proposed antennas have much
improved gain and stable gain variation within the antenna bandwidth then the antennas proposed earlier.

4. CONCLUSION

A simple structured IFA for Bluetooth/ WLAN applications and IFLA for Bluetooth/ WLAN and WiMAX
applications are proposed by means of numerical simulations based on method of moments. The antennas
occupy a small area and high gain for the specified applications. Though the gain improvement due to the
application of load to the IFA is minor but the gain became more stable. The improvement in bandwidth,
antenna input impedance, radiation phase and return loss are significant. Due to the compact area occupied, the
proposed antennas are promising to be embedded within the different mobile devices employing
WLAN/Bluetooth and WiMAX applications.
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