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Preface 
 

 

 

 

 

              Technology is changing with time, to cope with the modern technology along with 
its predecessor mobile phone manufacturers need to implement multiple antennas in a 
compact space, each serving a specific task. In some 36 months back we started to 
concentrate our thought to reduce the number of antennas and came up with this novel 
technique that provide an ultra-wide band operation for mobile phone antenna. We have 
submitted our manuscript titled as “Ultra-wide band (UWB) polyimide aerogel monopole 
antenna for wide operations in Ultra High Frequency (UHF) band including ten 
LTE/GSM/UMTS/WLAN/GPS bands” in IEEE Transactions on Antenna and Propagation 
few months back on this concept. This thesis is primarily reproduced on the base of our 
findings from that manuscript.  

 

Chapter 2 and Chapter 3 are based on Constantine a Balanis, Antenna theory - analysis 
and design (3rd edition), John Wiley & Sons, Inc. 2005. Appendix A.1 is Reprinted with 
permission from Mary Ann B. Meador, Sarah Wright, Anna Sandberg, et al, Low Dielectric 
Polyimide Aerogels as Substrates for Lightweight Patch Antennas, 2012 American 
Chemical Society (See Appendix A.3 for the reprint permission of this article) whereas 
Appendix A.2 is reproduced from Panagopoulos DJ, Johansson O, Carlo GL (2013) 
Evaluation of Specific Absorption Rate as a Dosimetric Quantity for Electromagnetic 
Fields Bioeffects. PLoS ONE 8(6), June, 2013 (Open Access) 
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Abstract 
 

              Day by day technology is changing our lives rapidly. With these radical changes, 

demands in communication industry are also increasing drastically. To cope up with these 

demands, 2G, 3G, 4G, LTE (Long Term Evolution) communication systems have been 

introduced. Modern cellular phone should be capable to operate in wide range of frequency 

spectrum for their global access to provide end user customers these communication 

services. Hence mobile antennas should be designed in such a way that they should 

generate wideband operation. But commercially available standalone mobile antennas 

aren’t capable to operate in all those communication systems, several antennas are used to 

get complete communication solution. Different ways have been proposed to obtain wide 

operation for cellular antennas.   

               Antenna performance characteristics widely depends on the substrates 

characteristics and their dimensional specifications. The dielectric constant of the substrate 

along with the loss tangent greatly influence the antenna performance. Different antenna 

designs have been proposed with the conventional substrates but these conventional 

substrate in most cases introduces a cumbersome design specification. Polyimide aerogel 

with their extreme low dielectric constant and low loss tangent can be used as mobile phone 

circuit board. Capacitive coupled and inductive shorting monopole antenna can be 

considered as an RLC circuit that generates multiple resonances which enable wide 

operation in cellular communications. A simple planar slotted capacitive coupled and 

inductive shorting monopole antenna along with polyimide aerogel as substrate suitable 
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for ten wideband mobile phone operations is presented. These low dielectric constant 

polyimide aerogel antennas offer wide bandwidth, higher gain and lower mass as compared 

to the conventional substrate. An ultra-wide band operation is obtained through slotted 

capacitive coupling feed and inductive shorting of the radiating plate to the ground plate. 

Capacitive coupling generates high frequency resonance at 1.84 GHz whereas inductive 

shorting to the ground plate generates low frequency resonance at 780 MHz with an 

additional resonance at 1.07 GHz due to the effect of higher resonance at 1.84 GHz. This 

proposed antenna covers a wide band 695 - 2845 MHz that includes ten LTE 

(LTE700/2300/2500), WWAN (GSM850/900, DCS1800, and PCS1900), GPS and WLAN 

bands at a 3:1 Voltage Standing Wave Ratio (VSWR). SAR (Specific Absorption Rate) of 

this proposed antenna is below the SAR standard is presented at the end with the phantom 

head model. Due to the low dielectric constant of the polyimide aerogel, gain and radiation 

efficiency are increased while SAR is significantly below the SAR standard for the entire 

ultra-wide band. 
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Chapter 1: Introduction 
 

             In this modern era of cell phone miniaturization, mobile phones with their compact 

size and their multi-band operation capabilities are in a great demand providing researchers 

greater interest in antenna designs. These demands of multi-band operation, 

miniaturization, high efficiency, being lightweight and low specific absorption rate (SAR) 

inspire researchers to investigate efficient antennas for mobile communication systems [1–

5]. 

              Multi-band operations can be achieved through different antenna structures such 

as the monopole antenna [6, 7], the Planar Inverted-F Antennas (PIFA) [8–11] and loop 

antenna [12]. Multi-band operation can be generated through the additional resonance by 

the insertion of a parasitic element, slotting, inductive shorting and capacitive coupling. 

Capacitively coupled-feed and inductively shorted monopole antennas are widely used in 

practical mobile phone industries due to their reasonable impedance match, wideband 

operation, simple structure in nature, comparatively low cost and ease of fabrication [13–

16]. These antennas with capacitively coupled feed and inductive shorting, resemble an 

RLC circuit that generates desired resonance for upper and lower bands. Proper 

dimensioning of these antennas provides improved impedance matching. 

              A wide planar monopole antenna can generate two wide bands to cover the multi-

band operations in WWAN (wireless wide area network) communications system [15, 16]. 

But these monopole antennas require a large space to accommodate all WWAN bands and 

the antennas must be folded in a compact area of the mobile phone. This type of a monopole 

antenna requires a folded radiating structure of size 10mm x 10mm x 70mm (7.0 cm3) [15] 
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or 10mm x 15mm x 35mm (5.25 cm3) [16] for WWAN band operation. Moreover, these 

folded monopole antennas require a radiating plate thickness of 10 mm. This is typically 

not feasible in the present-day mobile phone applications. Internal antennas in modern 

cellular phones should have a low profile of 4 mm or less. 

                In this article, we present a slotted capacitively coupled feed and inductively 

shorted monopole antenna that covers ten LTE (Long Term Evolution)/WWAN (Wireless 

Wide Area Network)/GPS (Global Positioning System)/WLAN (Wireless Local Area 

Network) bands- three LTE bands, LTE700(698-787 MHz), LTE2300 (2305-2400 MHz), 

LTE2500 (2500-2690 MHz); four GSM (Global System for Mobile communication) 

bands, GSM850 (824-894 MHz), GSM900 (890-960 MHz), DCS1800 (Digital 

Communication System, 1710-1880MHz), PCS1900 (Personal Communication System, 

1850-1990 MHz); UMTS (Universal Mobile Telecommunication System, 1920-

2170MHz); GPS (1575.42MHz) and WLAN2.4 (2400-2484MHz) band. Antenna 

characteristics widely depend not only on antenna size, but also on other antenna 

parameters such as the size of the ground plane, type of the radiating plate, substrate, etc. 

In [2] Liang et al present a small LTE/WWAN antenna buts it requires a ground plate of 

115mm x 60mm (6900mm2). In our proposed antenna we introduce a ground plate of only 

100mm x 40mm while the total dimension of the system circuit board is 130mm x 40mm 

(5200mm2). Our proposed antenna is much simpler and the overall dimensions of our 

antenna are smaller compared with [2].  
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Chapter 2: State of the art of the Cell Phone Antenna 

Techniques 

 

       2.1 Microstrip Patch Antenna  

                   In general, a microstrip patch antenna is etched on one side of a two sided 

coated dielectric substrate and other side of the substrate is used as a ground plane as shown 

in Figure 2.1. The coated layers are usually made of conducting material and most common 

coated layers in today’s industries are with copper and gold. The feed lines and the radiating 

patch both are generally photo etched on the dielectric substrate. The patch antennas are 

widely used due to their low cost, light weight and low volume, ease on fabrication, 

mechanically robust when mounted on rigid surfaces, easy integration with microwave 

integrated circuits (MICs) and conformity both with planar and nonplanar surfaces. Even 

though microstrip patch antennas suffer from the low efficiency, low bandwidth, low 

power handling capacity, high quality factor Q (even sometime greater than 100), poor 

polarization purity, spurious feed radiation, unwanted radiation from feeds and junctions 

and surface wave generation [17]. 
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Figure 2.1: Physical geometry of the Patch Antenna 

                

              In microstrip patch antenna radiation occurs between patch and the ground plane 

due to the fringing fields between them. A low dielectric constant substrate is desirable for 

wider bandwidth and higher efficiency. But dielectric constant of the substrate is inversely 

proportional to its thickness, hence a thick dielectric substrate with a low dielectric constant 

is required for better antenna performances. This thick substrate hinders the progress of 

antenna implementation in a compact space. Again substrate with higher dielectric constant 

have narrower bandwidth and lower efficiency and not desirable in practical condensed 

antenna structure. Hence antenna parameters must be chosen with a trade-off between the 

antenna performance and its dimensions. 
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         2.2 Antenna Feeding Mechanism 

There are various techniques available to feed microstrip antenna, among them (a) 
Microstrip line feed (b) Coaxial feed (c) Aperture-coupled feed and (d) Proximity-coupled 
feed are widely used in antenna analysis [17]. 

 

2.2.1 Microstrip line feed 

          In this technique, a conducting strip is used to feed the microstrip patch antenna. 
Microstrip feed line is also photo etched on the substrate as the same was as with the patch 
antenna. The width of the microstrip feed line is narrower than the width of patch antenna. 
Microstrip antenna provides better impedance matching without any additional matching 
circuit and impedance matching is achieved through the positioning of the microstrip feed. 
Its an easy feeding technique and easy to fabricate. It provides unwanted radiation from the 
microstrip feed line. 

 

Figure 2.2: Microstrip line feeding for the Patch 

 

 

2.2.2 Coaxial Feed 

          In this technique, patch antenna is excited through the coaxial cable, inner conductor 
of the coaxial cable is soldered to the patch antenna where the outer conduct is soldered to 
the ground plane.  The feeding probe can be placed at any place to achieve better impedance 



  

Page 18 of 74 
 

matching. It has less spurious radiation as compared to microstrip line feed discussed 
above. Nonetheless this coaxial feed technique has narrow bandwidth and more 
challenging to handle as a hole has to be drilled through the substrate. 

 

 

Figure 2.3: Coaxial cable feeding for the Patch Antenna 
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2.2.3 Aperture-coupled feed 

 

         In this technique, two substrates are used separated by the ground plane. Microstrip 
feed is etched on the bottom side of the lower substrate while microstrip patch is etched on 
the top surface of the top substrate.  The excitation energy from the feed is coupled to the 
patch through the hole in the ground plane. Among all these four feeding mechanism 
aperture-coupled feed is the most difficult feeding technique. Both the microstrip feed and 
the coaxial feed produce higher order modes that in turn generates cross-polarized 
radiation. To overcome this cross-polarized radiation aperture-coupled feed is used in 
antenna analysis. 

 

 

Figure 2.4: Aperture coupled feeding for the Patch antenna 

 

2.2.4 Proximity-coupled feed 

In this technique two substrates are used, microstrip feed line is in between of these two 
substrate where patch is etched on top of the upper substrate. Its difficult to fabricate as 
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these two substrates need to aligned, has reduced spurious feed radiation but has 
comparatively higher bandwidth. Matching of this proximity-coupled feed is achieved 
through the adjustment of the length and width of the microstrip feed and width to length 
ratio of the microstrip patch. 

 

Figure 2.5: Proximity-coupled feeding for the Patch Antenna 

 

 

         2.3 Antenna models for analysis 

 

       The microstrip patch antennas can be investigated through different antenna 
techniques. The most common models are the transmission-line model, cavity model and 
full wave model. The transmission line prototype is the simplest model that offers perfect 
geometrical understanding of the antenna but measured data are less precise. Cavity 
prototype is somewhat byzantine prototype as compared to transmission line prototype and 
data are further precise than transmission line prototype. Cavity prototype also offers better 
geometrical understanding of the antenna. Whereas full-wave prototypes are constructed 
through complicated integral equations, offer less geometrical understanding. While the 
full-wave prototypes can handle any formed structures and data are very accurate. 
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      2.3.1 Transmission-Line Model 

 

 

 

Figure 2.6: Microstrip line and its electric field lines, and effective dielectric constant 
geometry. 

 

The field lines radiated from the edges of the patch of the antenna experience fringing 
effect those are illustrated in Figure 2.6 (b). The magnitude of the fringing effect depends 
on the dimension of the patch and the width of the substrate. Due to this fringing effect 
effective dielectric constant of the substrate is reduced from its actual value while effective 
length is increased for fringing radiation from the two radiating slots along the width. 
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Figure 2.7: Effective length of the patch due to fringing fields  

 

To design patch we need to specify our resonance frequency (𝑓𝑓𝑟𝑟), width of the substrate 
(h) and dielectric constant of the substrate (𝜖𝜖𝑟𝑟). 

 

 Step 1: Patch width calculation 

  

 

 

 

Step 2: Effective permittivity calculation 
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Step 3: Length increase due to fringing effect 

 

 

 

 

 

Step 4: Effective length calculation 

 

𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒 =
1

2(𝑓𝑓𝑟𝑟𝑟𝑟)010�𝜖𝜖𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟�𝜇𝜇0𝜖𝜖0
=

𝑣𝑣0
2(𝑓𝑓𝑟𝑟𝑟𝑟)010�𝜖𝜖𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

                                                 2.4  

 

Step 5: Actual length of the patch 

 

 

 

 

2.3.2 Cavity Model 

         

 

Figure 2.8: Charge distribution and current density creation on microstrip patch. 

𝛥𝛥𝐿𝐿
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 The volume beneath the patch can be treated as a rectangular cavity loaded with a dielectric 
material with dielectric constant εr.  When the patch is excited, a charge distribution is 
realized on the top surface of the ground plate as well as the bottom surface of the patch as 
shown in figure 2.8. This charge distribution is due to the attractive forces between opposite 
charges in those surfaces. There is another mechanism- repulsive forces between the same 
charges that forces some charges to move from bottom surface to the top surface of the 
patch. These flow of charges are represented through the current densities Jb and Jt. 

 

 

 

Figure 2.9: Dielectric material loaded cavity model for the Patch antenna  

 

Due to very thin dielectric substrate as compared to its length (ℎ/𝐿𝐿 ≪ 1), fringing fields 
from the edges of the substrate can be neglected. Hence 𝑇𝑇𝑇𝑇𝑥𝑥 fields are realized within the 
cavity whereas electric fields are almost perpendicular to the patch. The top and bottom 
surfaces can be considered as perfect electric conductors and other four surrounding walls 
are treated as perfect magnetic conductors. 
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The resonant frequencies for the cavity are given by 

 

 

 

 

 

where m, n, p represent, respectively, the number of half-cycle field variations along the 
x, y, z directions. 

 

If L > W > h, lowest order resonance frequency (dominant mode) for the 𝑇𝑇𝑇𝑇010
𝑥𝑥  mode is  

   

 (𝑓𝑓𝑟𝑟)010 =
1
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=  

𝑣𝑣0
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                                                            2.7 

 

where 𝑣𝑣0 is the speed of light in free-space. 

 

If L > W > L/2 > h, the next higher order (second) mode is the 𝑇𝑇𝑇𝑇001
𝑥𝑥  whose resonant 

frequency is given by 
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If L > L/2 > W > h, then the second higher order mode is the 𝑇𝑇𝑇𝑇020
𝑥𝑥  and its resonance 

frequency is given by 
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Figure 2.10: Field configurations (modes) for rectangular microstrip patch. 
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Chapter 3: Background 

 
           3.1 Scattering Parameter and Reflection coefficient 

           Scattering parameter is abbreviated as S-parameter and S-parameters are useful in 

representing circuit characteristics. The complete behavior of the circuit can be expressed 

through these S-parameters. Voltage and current wave can be considered as travelling wave 

that propagates in both direction. When propagating wave strikes on port 1, some of the 

incident wave is reflected back from port 1 whereas rest of the wave is transmitted from 

that port. Number of S-parameters depends on the number of ports, for 2-port network, 

there are four S-parameters: S11, S12, S21 and S22.  S11 and S22 are the reflection coefficients 

as reflection occurs from the same single port whereas S12, and S21 are transmission 

coefficients as transmission takes place between two ports. Amplitude and phase of the 

transmitted and reflected signal differ from the amplitude and phase of the incident signal. 

Generally transmitted and reflected signal have the same frequency as with the frequency 

of the incident signal. Scattering parameter Sxy refers to the reflected (transmitted) signal 

from port x for the excitation signal at port y where x, y are 1 and 2 for 2 port network. Sxy 

is the ratio of the two signals, the reflected (transmitted) signal from port x over the 

excitation signal at port y. 
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Figure 3.1: Different waves along with the black box representation 

 

𝑆𝑆11 = the reflected signal from port 1 over the excitation signal at port 1 =
𝑉𝑉𝑅𝑅
𝑉𝑉𝐼𝐼

 

𝑆𝑆21 = the transmitted signal from port 2 over the excitation signal at port 1 =
𝑉𝑉𝑇𝑇
𝑉𝑉𝐼𝐼

 

 

Now if we consider incident signal is at VI is at port 2, then VR will be the transmitted 

signal whereas VT will be the reflected signal. 

 

𝑆𝑆12 = the transmitted signal from port 1 over the excitation signal at port 2 =
𝑉𝑉𝑅𝑅
𝑉𝑉𝐼𝐼

 

𝑆𝑆22 = the reflected signal from port 2 over the excitation signal at port 2 =
𝑉𝑉𝑇𝑇
𝑉𝑉𝐼𝐼

 

S-parameters can be interpreted physically as follows- S11 is the input reflection coefficient 

with the output is matched to the load characteristic impedance Z0, S21 is the forward 

transmission gain or loss, S12 is the reverse transmission or isolation and S22 is the output 

reflection coefficient with the input matched to the load characteristic impedance Z0. S-
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parameters are complex, they both have magnitude and a phase but most often we use only 

their magnitude as they are the most important parameters to consider for network analysis. 

S-parameters depend on the network to analyze, different networks offer different values 

for S-parameters. S-parameters also depend on the operation frequency, if the frequency is 

changed the S-parameters will also be changed. 

 

 

Figure 3.2: Incidence, Reflected and Transmitted voltages along with the Scattering 

parameters 

 

The scattering parameters for the 2-port networks is related to the incident and transmitted 

(reflected) waves as follows: 

 

�𝑉𝑉1
𝑇𝑇

𝑉𝑉2𝑇𝑇
� = �𝑆𝑆11 𝑆𝑆12

𝑆𝑆21 𝑆𝑆22
� �𝑉𝑉1

𝐼𝐼

𝑉𝑉2𝐼𝐼
� 

 

𝑉𝑉1𝑇𝑇 = 𝑆𝑆11𝑉𝑉1𝐼𝐼 + 𝑆𝑆12𝑉𝑉2𝐼𝐼                                                                    3.1 

𝑉𝑉2𝑇𝑇 = 𝑆𝑆21𝑉𝑉1𝐼𝐼 + 𝑆𝑆22𝑉𝑉2𝐼𝐼                                                                    3.2 
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For the short circuited load, output reflection coefficient ΓL is -1. Then 

𝛤𝛤𝐿𝐿 =
𝑉𝑉2𝑇𝑇

𝑉𝑉2𝐼𝐼
 

=>   −1 =
𝑉𝑉2𝑇𝑇

𝑉𝑉2𝐼𝐼
 

 

=>    𝑉𝑉2𝐼𝐼 = −𝑉𝑉2𝑇𝑇 

 

Now substituting this value into (3.1) and (3.2); 

𝑉𝑉1𝑇𝑇 = 𝑆𝑆11𝑉𝑉1𝐼𝐼 − 𝑆𝑆12𝑉𝑉2𝑇𝑇                                                            3.3 

𝑉𝑉2𝑇𝑇 = 𝑆𝑆21𝑉𝑉1𝐼𝐼 − 𝑆𝑆22𝑉𝑉2𝑇𝑇                                                            3.4 

After rearrangement of (3.4) 

𝑉𝑉2𝑇𝑇 + 𝑆𝑆22𝑉𝑉2𝑇𝑇 = 𝑆𝑆21𝑉𝑉1𝐼𝐼 

 

𝑉𝑉2𝑇𝑇 =
𝑆𝑆21

1 + 𝑆𝑆22
𝑉𝑉1𝐼𝐼 

Substituting this value into (3.3) 

𝑉𝑉1𝑇𝑇 = 𝑆𝑆11𝑉𝑉1𝐼𝐼 − 𝑆𝑆12
𝑆𝑆21

1 + 𝑆𝑆22
𝑉𝑉1𝐼𝐼                                        3.5 

If we define input reflection coefficient as Γ then from (3.5), 

𝛤𝛤 =
𝑉𝑉1𝑇𝑇

𝑉𝑉1𝐼𝐼
= 𝑆𝑆11 − 𝑆𝑆12

𝑆𝑆21
1 + 𝑆𝑆22

                                        3.6 

As we can see from (3.6), in generally scattering parameter S11 is not equal to the reflection 

coefficient of the network. If the reverse transmission or isolation is i.e. S12 is zero then Γ 
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reduces to S11. The reverse transmission or isolation is zero when load is matched to the 

characteristic impedance Z0 of the transmission line. Hence for a perfectly match network 

reflection coefficient of the network equals to the scattering parameter S11. 

 

 

           3.2 Antenna Quality Factors 

             The quality factor is a figure-of-merit that is represent the antenna losses [17]. 

 

1
𝑄𝑄𝑡𝑡

=
1

𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟
+

1
𝑄𝑄𝑐𝑐

+
1
𝑄𝑄𝑑𝑑

+
1
𝑄𝑄𝑠𝑠𝑠𝑠

                                                                                      3.7 

where 

𝑄𝑄𝑡𝑡  = total quality factor 

𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟 = quality factor due to radiation (space wave) losses =  2𝜔𝜔𝜖𝜖𝑟𝑟
ℎ𝐺𝐺𝑡𝑡/𝑙𝑙

𝐾𝐾 

𝑄𝑄𝑐𝑐 = quality factor due to conduction (ohmic) losses = ℎ�𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋 

 

𝑄𝑄𝑑𝑑 = quality factor due to dielectric losses = 1
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

= 𝜀𝜀′

𝜀𝜀′′
 

𝑄𝑄𝑠𝑠𝑠𝑠 = quality factor due to surface waves 

 

 

            3.3 Antenna Bandwidth 

             The antenna bandwidth is characterized as the frequency range where the antenna 

obeys certain principles concerning some antenna characteristic and the bandwidth is 
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centered at the resonance frequency of the antenna. The antenna characteristics such as 

efficiency, directivity, gain, radiation pattern, side lobe level, beam width, input 

impedance, and polarization are within an acceptable value at that resonance frequency. 

For the broadband operation, bandwidth is normally expressed as the ratio of the upper 

operational frequency range over the lower operational frequency range. For instance 12:1 

bandwidth corresponds that the upper frequency is 12 times higher than the lower 

frequency. Whereas for the narrowband operation, bandwidth is usually expressed as the 

percentage of the operational frequency difference (upper to lower) to the center frequency 

of the bandwidth. For instance 8% bandwidth specifies that frequency difference between 

upper and lower band is 8% over to the center frequency.  Bandwidth (BW) is inversely 

proportional to the total quality factor, 𝑄𝑄𝑡𝑡 [17] 

 

𝐵𝐵𝐵𝐵 =
𝛥𝛥𝛥𝛥
𝑓𝑓0

=
1
𝑄𝑄𝑡𝑡

                                                                                       3.8 

𝐵𝐵𝐵𝐵 ~ 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 = 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿ℎ .  𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ  .  ℎ𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑡𝑡  

~ 
1
√𝜖𝜖𝑟𝑟

1
√𝜖𝜖𝑟𝑟

�𝜖𝜖𝑟𝑟 =  
1
√𝜖𝜖𝑟𝑟

                                                                         3.9 

From above equation we can say that the bandwidth is increased as the permittivity of the 

dielectric constant is reduced and vice versa. 

 

              3.4 Antenna Directivity 

The directivity of an antenna is the directional characteristic of an antenna. It measures 

how the antenna directs its maximum signal to a certain direction. The directivity can be 
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measured as the ratio of the radiation intensity in a specific direction to the averaged 

radiation intensity over all directions [17]. The average antenna radiation intensity is a 

measure of the total power radiated per solid angle of the antenna. If the direction to which 

directivity is to be calculated is not provided, directivity should be measured in the 

direction of the maximum radiation. In more general, the directivity of a non-isotropic 

antenna is a measure to the ratio of its radiation intensity in a specific direction over the 

radiation intensity of an isotropic antenna. In Mathematical form, the directivity can be 

expressed as 

𝐷𝐷 =
𝑈𝑈
𝑈𝑈0

=
4𝜋𝜋𝜋𝜋
𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟

                                                                            3.10 

 

𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚 = 𝐷𝐷0 =
𝑈𝑈|𝑚𝑚𝑚𝑚𝑚𝑚

𝑈𝑈0
=
𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚
𝑈𝑈0

=
4𝜋𝜋𝜋𝜋
𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟

                                      3.11 

 

where 

D = directivity (dimensionless) 

D0 = maximum directivity (dimensionless)  

U = radiation intensity (W/unit solid angle) 

Umax = maximum radiation intensity (W/unit solid angle) 

U0 = radiation intensity of isotropic source (W/unit solid angle) 

Prad = total radiated power (W) 
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Figure 3.3: Directivity of the Antenna, directional in azimuth x-y plane whereas non-

directional in elevation x-z plane 

 

In Figure 3.3 we have plotted the relative radiation intensities  𝑈𝑈 = 𝐴𝐴0𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 and  

𝑈𝑈 = 𝐴𝐴0𝑠𝑠𝑠𝑠𝑠𝑠2𝜃𝜃 where 𝐴𝐴0 is set equal to unity.  Both of these patterns are omnidirectional in 

elevation plane and later pattern is more directional (narrower) as compared to the previous 

pattern, hence later pattern has the higher directivity. 
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Figure 3.4: Antenna directivity calculation from the antenna beam solid angle 

 

The directivity of an antenna can also be measured from the beam solid angle ΩA, the angle 

through which all the power is radiated such as 

𝐷𝐷0 =
4𝜋𝜋
𝛺𝛺𝐴𝐴

≅
4𝜋𝜋

𝜃𝜃1𝑟𝑟𝜃𝜃2𝑟𝑟
                                                 3.12 

𝛺𝛺𝐴𝐴 = 𝜃𝜃1𝑟𝑟𝜃𝜃2𝑟𝑟 

where 

     𝜃𝜃1𝑟𝑟= half-power beamwidth in a specific plane (rad) and 

     𝜃𝜃2𝑟𝑟= half-power beam width in a orthogonal plane to that specific plane (rad) 

The directivity of an antenna is a dimensionless characteristic and usually express in 

decibel (dB). 



  

Page 36 of 74 
 

𝐷𝐷(𝑑𝑑𝑑𝑑) = 10𝑙𝑙𝑙𝑙𝑙𝑙10[𝐷𝐷(dimensionless)] 

𝐷𝐷0(𝑑𝑑𝑑𝑑) = 10𝑙𝑙𝑙𝑙𝑙𝑙10[𝐷𝐷(dimensionless)] 

 

 

 

                       3.5 Antenna Efficiency  

Antenna efficiency is a key figure of merit of an antenna and it measures how efficiently it 

radiates power in certain direction. There are different types of efficiencies related to the 

antenna. Total antenna efficiency 𝜖𝜖0 considers all sorts of losses associated with the 

antenna including input mismatch loss or reflection loss, conduction loss, dielectric loss 

etc. [17]. 

 



  

Page 37 of 74 
 

     

 

Figure 3.5: Antenna reference terminals along with its associated losses 

 

𝜖𝜖0 = 𝜖𝜖𝑐𝑐𝜖𝜖𝑑𝑑𝜖𝜖𝑟𝑟                                                                                     3.13 

where 

𝜖𝜖0 = total efficiency (dimensionless) 

𝜖𝜖𝑐𝑐 = conduction efficiency (dimensionless) 

𝜖𝜖𝑑𝑑 = dielectric efficiency (dimensionless) 
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𝜖𝜖𝑟𝑟 = reflection (mismatch) efficiency = (1 − |Γ|2) (dimensionless) 

Γ = voltage reflection coefficient at the input terminals of the antenna 

Γ =
𝑍𝑍𝑖𝑖𝑖𝑖 − 𝑍𝑍0
𝑍𝑍𝑖𝑖𝑖𝑖 + 𝑍𝑍0

 

where 

 𝑍𝑍𝑖𝑖𝑖𝑖 = antenna input impedance, 

𝑍𝑍0 = characteristic impedance of the transmission line] 

VSWR = voltage standing wave ratio = 1+|Γ|
1 − |Γ|

 

𝜖𝜖0 = 𝜖𝜖𝑐𝑐𝜖𝜖𝑑𝑑𝜖𝜖𝑟𝑟 = 𝜖𝜖𝑐𝑐𝑐𝑐𝜖𝜖𝑟𝑟 = 𝜖𝜖𝑐𝑐𝑐𝑐(1 − |Γ|2)                               3.14 

 

where 𝜖𝜖𝑐𝑐𝜖𝜖𝑑𝑑 = 𝜖𝜖𝑐𝑐𝑐𝑐= antenna radiation efficiency, the gain and the directivity of the antenna 

is calculated through this antenna radiation efficiency. 

 The efficiency of the antennas can be calculated through their quality factors such as 

𝜖𝜖𝑐𝑐𝑐𝑐 =  
𝑄𝑄𝑡𝑡
𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟

                                                              3.15 

Again from bandwidth  

𝑄𝑄𝑡𝑡 ~ �𝜖𝜖𝑟𝑟 

And from quality factor due to radiation in space 

 

𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟 ~ 𝜖𝜖𝑟𝑟 

𝜖𝜖𝑐𝑐𝑐𝑐 ~ √
𝜖𝜖𝑟𝑟
𝜖𝜖𝑟𝑟

 =  
1
√𝜖𝜖𝑟𝑟

                                               3.16 
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From above equation we can deduce that the efficiency is increased as the permittivity of 

the dielectric constant is reduced and vice versa. 

 

 

 

               3.6 Antenna Gain 

              Another important antenna figure of merit is the antenna gain that measure its 

performance. Antenna gain is directly related to its directivity and its efficiency. Gain of 

an antenna in a specific direction is defined as a measure of the ratio of the intensity in a 

given direction to the radiation intensity of an isotropic antenna. The radiation intensity of 

an isotropic antenna is equal to the power accepted (input) by the antenna divided by 4π 

[17]. 

 

𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺, 𝐺𝐺 = 4𝜋𝜋
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖)𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
= 4𝜋𝜋

𝑈𝑈
𝑃𝑃𝑖𝑖𝑖𝑖

 (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑)   3.17 

 

Again radiation efficiency, 𝜖𝜖𝑐𝑐𝑐𝑐 is equal to the ratio of the radiated power 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 over the 

input power 𝑃𝑃𝑖𝑖𝑖𝑖 such as 

𝜖𝜖𝑐𝑐𝑐𝑐 =
𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟
𝑃𝑃𝑖𝑖𝑖𝑖

                                                                             3.18 

 

Substituting 𝑃𝑃𝑖𝑖𝑖𝑖 in eq. (3.17), 
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𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺, 𝐺𝐺 = 𝜖𝜖𝑐𝑐𝑐𝑐 �4𝜋𝜋
𝑈𝑈
𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟

�                                                    3.19 

But from eq. (3.10), the directivity, D of the antenna can be expressed as 

 

𝐷𝐷 = 4𝜋𝜋
𝑈𝑈
𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟

         

Substituting eq. (3.10) into eq. (3.19), 

𝐺𝐺 = 𝜖𝜖𝑐𝑐𝑐𝑐𝐷𝐷                                                                       3.20 

Maximum gain of the antenna is directly related its maximum directivity, 

𝐺𝐺0 = 𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚 = 𝜖𝜖𝑐𝑐𝑐𝑐𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚 = 𝜖𝜖𝑐𝑐𝑐𝑐𝐷𝐷0                              3.21 

 

This antenna gain refers to the IEEE gain as this gain doesn’t include reflection losses or 

mismatch losses and polarization losses whereas absolute gain, also called as realized gain 

does include reflection losses or mismatch losses. In mathematical form, absolute gain or 

realized gain 𝐺𝐺𝑎𝑎𝑎𝑎𝑎𝑎 can be expressed as 

𝐺𝐺𝑎𝑎𝑎𝑎𝑎𝑎 = 𝜖𝜖𝑟𝑟𝐺𝐺 = 𝜖𝜖𝑟𝑟𝜖𝜖𝑐𝑐𝑐𝑐𝐷𝐷 = 𝜖𝜖0𝐷𝐷                                                     3.22 

As with the antenna directivity D, both gain and absolute gain can be expressed as in 

decibel, 

 

𝐺𝐺(𝑑𝑑𝑑𝑑) = 10𝑙𝑙𝑙𝑙𝑙𝑙10[𝐺𝐺(dimensionless)] 

𝐺𝐺0(𝑑𝑑𝑑𝑑) = 10𝑙𝑙𝑙𝑙𝑙𝑙10[𝐺𝐺(dimensionless)] 

     

 

 



  

Page 41 of 74 
 

             3.7 Specific Absorption Rate (SAR)  

              The cell phone antenna radiates power in its surrounding space and its temperature 

increases with the time of operation. Due to this radiation of electromagnetic wave in 

biological tissues, human tissues are severely affected by the electromagnetic radiation. All 

these limit the cell operation and specific absorption rate (SAR), a safety figure of merit 

measurement controls the electromagnetic radiation in biological tissues for well-being 

operation of the cell phone.             

 

  

Figure 3.6: Phone position 1—cheek position. The reference points for the right ear (RE), 

left ear (LE), and mouth (M), which establish the Reference Plane for handset positioning, 

are indicated. 

                Specific absorption rate (SAR) is defined as the amount of power absorbed by 

the biological tissue of the human body and can be defined as [18, 19] 

 



  

Page 42 of 74 
 

𝑆𝑆𝑆𝑆𝑆𝑆 =
𝑃𝑃
𝜌𝜌

=
𝜎𝜎𝐸𝐸2

𝜌𝜌
                                                                         3.23 

In eq. (3.23), P is the absorbed power in Watts, E is the induced electric field in V/m, ρ is 

the density of the mass in kg/m3 and σ is the conductivity in S/m of the biological tissue.  

 

 

Figure 3.7: Phone position 2—tilt position. The reference points for the right ear (RE), left 

ear (LE), and mouth (M), which define the Reference Plane for handset positioning, are 

indicated. 

 

            Usually SAR is averaged over a finite mass (10g, 1g), sometimes in finite volume 

also. There are two standards to calculate SAR over the averaged mass: 1.6 W/kg for 1.0 g 

biological tissues for USA (FCC), Australia (ACA) and 2 W/kg for 10 g biological tissues 

for Europe (ICNIRP) [19, 20]. SAR is usually calculated with the phantom head model 

composed of a liquid that resembles human head tissue. A detailed SAR measurement 

procedures and techniques with phantom head model is described in IEEE Std. 1528-2013 

[21]. 
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Chapter 4:  Proposed Antenna Design Technique 

                NASA research fellow Meador et al. [22] explored different types of polyimide 

aerogels with low mass density, low thermal conductivity and higher durability. In addition 

to low mass and thermal conductivity, they investigated polyimide aerogel with a very low 

dielectric constant. They found that the dielectric constant of material is linearly 

proportional to its mass density. They have investigated a series of polyimide aerogels 

using Triaminophenoxybenzene (TAB), Dimethylbenzidine (DMBZ), Benzophenone 

tetracarboxylic dianhydride (BTDA) and Biphenyl tetracarboxylic dianydride (BPDA). 

They have reported a polyimide aerogel with a low dielectric constant of 1.249 and loss 

tangent of 1.54 x 10-3 with a mass density of 131 kg/m3 [22]. 

 

                 Figure 4.1 shows the proposed planar monopole antenna with polyimide aerogel 

substrate having low dielectric constant of 1.249 and loss tangent of 1.54 x 10-3. A two-

sided copper coated polyimide aerogel with a surface area of 130 x 40mm2 and of 0.8 mm 

thickness is proposed as the cell phone circuit board. On one side of this circuit board, a 

ground plane of size 40 x 100 mm2 is etched at the bottom while a planar radiating plate of 

size 22 x 40 mm2 is printed at the top of the circuit board. On the other side of the substrate, 

a simple slotted capacitive coupling strip of dimension 12.5 x 9 mm2 is printed with a slot 

dimension of 8.9 x 7.2 mm2. The slotted capacitive coupling strip is excited through a 50Ω 

microstrip feed line along with a microstrip printed between the feed gap. The planar 

radiating plate is short circuited to the system circuit board ground plate through a 

meandered wire. A uniform 0.256 mm width meandering microstrip of length 28 mm is 
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printed to short circuit the radiating plate to the ground plane. The entire circuit board and 

its associated components are enclosed in a plastic casing with relative permittivity 3.0 and 

conductivity 0.02 S/m and the total overall thickness of the mobile phone corresponds to 

9.8 mm. 

 

 

Figure 4.1 Geometry of the proposed planar monopole polyimide aerogel antenna 

 



  

Page 45 of 74 
 

      Chapter 5: Result and Analysis  

        

       All calculations and analysis were performed through the commercially available full-

wave simulation software CST MWS and the time domain transient solver is used for our 

simulation [23].    

         

5.1 Surface Current Distribution   

Surface current is generated both in meandered inductive shorting strip as well as in 

coupled capacitive strip of this proposed antenna. This surface current in turn produces 

resonance characteristics, resonance frequency is measured though the resonating length 

of the antenna. Resonance frequency is inversely proportional to the resonating length [24]. 

Effective relative permittivity,  

                                       𝜀𝜀𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝜀𝜀𝑟𝑟+1
2

                                                                                       5.1 

Effective wave length, 

𝜆𝜆𝑒𝑒𝑒𝑒𝑒𝑒 =
8 ∗ (𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿ℎ 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)

𝜀𝜀𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
                      5.2 

Resonance frequency, 

𝑓𝑓𝑟𝑟 =
𝑐𝑐

𝜆𝜆𝑒𝑒𝑒𝑒𝑒𝑒
                                                                                          5.3 

 

Here c is light speed in free space. 
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                  5.1.1 Surface Current at Lower Band   

 

 

       Figure 5.1: Surface current distribution due to inductive shorting at 830 MHz 

             

        Figure 5.1 shows the surface current distribution of our proposed antenna for the lower 

band at 830 MHz. Strong surface current is induced in meander wire connected between 

radiating plate and system ground plate. Measured maximum surface current on this wire 

is approximately 204 A/m. This current generates low frequency resonance and widen the 

lower operational frequency band from 695 MHz up to approximately 1500 MHz.  

Radiating plate has a length of 22 mm while meandered inductive shorting strip has a length 

of 28 mm. Radiating plate along with meandered wire provide a resonating length of 22 + 
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28 = 50 mm. Relative permittivity 𝜀𝜀𝑟𝑟 of the polyimide aerogel is 1.249. With this resonating 

length of 50 mm, theoretical resonance frequency can be approximated at 843 MHz which 

is close enough to the center frequency of the lower operational band. 

 

                           5.1.2 Surface current at upper Band   

 

 

            Figure 5.2: Surface current distribution due to inductive shorting at 2200 MHz 

 

                Figure 5.2 shows the surface current distribution of the proposed antenna at 2200 

MHz, center frequency of the upper band. Tense surface current is induced in the 

capacitively coupled slotted strip printed opposite site of the radiating plate. Measured 

maximum surface current on this coupled slotted wire is approximately 60 A/m. This 
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current generates high frequency resonance and widen the upper operational frequency 

band from approximately 1500 MHz up to 2845 MHz.  Slotted capacitive wire provides a 

resonating length of 12.5 + 7.2 = 19.7 mm. With polyimide aerogel of relative permittivity 

𝜀𝜀𝑟𝑟 of 1.249 and resonating length of 19.7 mm, theoretical resonance frequency can be 

approximated at 2140 MHz which is close enough to the center frequency of the upper 

operational band. 

 

           5.2 Voltage Standing Wave Ratio (VSWR) Measurement 

 

 

Figure 5.3: Simulated Voltage Standing wave ratio for our proposed antenna  
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For the entire operational frequency range VSWR for the polyimide aerogel is within 

VSWR=3:1 limit. 

 

           5.3 Return Loss Measurement 

 

Figure 5.4: Return loss of the proposed polyimide aerogel antenna at 3:1 VSWR 
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          In Figure 5.4, an ultra-wide band of 2150 MHz is presented with a 3:1 VSWR 

standard for cell phone operation. This wide band is obtained through 3 resonances for 

inductive shorting and capacitive coupling strips and those resonance frequencies are 

controlled through the dimension of these two strips. 

 

          5.4 Impedance Matching 

 

 

Figure 5.5: Plot of the input impedance of the antenna with impedance matching at 

resonance frequencies. 

 

           For our simulation wave port excitation is used with excitation impedance of 50Ω. 

Better impedance match is observed at three resonance frequencies- 709MHz, 1.03GHz 

and 1.84GHz. 
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         5.5 Radiation Performance 

              5.5.1 Radiation Pattern 

               Figure 5.6 and figure 5.7 show the radiation patterns at 830MHz and at 2200MHz. 

830MHz and 2200MHz are approximately the mid frequencies of the lower (698-960 

MHz) and upper (1710-2690 MHz) bands. For both 830 MHz and 2200 MHz, 

omnidirectional radiation patterns are observed with maximum radiation in the azimuthal 

plane (x-y plane). Both for the lower band and upper band radiation patterns are directional 

in x-z plane and y-z plane whereas radiation patterns are non-directional in x-y plane. Our 

radiation patterns are similar to the radiation patterns of the printed cell phone antennas 

[25, 26].                   

   

                       5.5.1.1 Radiation Pattern at Lower Band 

 

Figure 5.6: Radiation pattern of the proposed antenna at 830 MHz (red - co-polar 

component and green - cross polar component) 
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                                    5.5.1.2 Radiation Pattern at Upper Band 

 

 

Figure 5.7: Radiation pattern of the proposed antenna at 2200 MHz (red - co-polar 

component and green - cross polar component) 
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 5.5.2 Antenna Directivity 

 

 

 

Figure 5.8: Plot of the directivity of the antenna while calculated w.r.t an isotropic antenna 

 

The antenna directivity is calculated w.r.t an isotropic antenna.  Maximum antenna 

directivity is measured as 3.43dBi and observed at 2.875 GHz.  
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                      5.5.3 Antenna Gain and Radiation efficiency 

      

 

Figure 5.9: Gain and radiation efficiency of the proposed planar monopole polyimide 

aerogel antenna 

 

           Figure 5.9 shows the simulated antenna gain and radiation efficiency for the 

proposed antenna. For the lower WWAN operational frequency band 698 - 960 MHz, 

antenna gain ranges from -1.45 – 1.39 dBi while for the upper WWAN frequency band 

1710 - 2690 MHz, the gain ranges from 3.8 – 4.95 dBi. Antenna radiation efficiency for 

the lower band is about to 60% to 81% and for the upper band the radiation efficiency is 

about to 85% to 97%. In [25], maximum gain and radiation efficiency for the lower band 

are reported as 0.9 dBi and 78% respectively, while for the upper band maximum gain and 

efficiency are reported as 3.8 dBi and 92%, respectively. Maximum gain and radiation 

efficiency of this proposed polyimide aerogel antenna for the lower band are 0.49 dBi and 
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3% higher as compared to [25], respectively, while maximum gain and radiation efficiency 

for the upper band are 1.15 dBi and 5% higher, respectively. 

 

 

           5.6 SAR Calculation 

   

                  5.6.1 Measured SAR for finite weight biological tissues 

  

Table 5.1: Measured SAR at Check Position with the phantom head model 
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5.6.2 Effect of EM Radiation on human tissues 

 

 

 

Figure 5.10: Calculated SAR=0.43 W/Kg (1g tissue) at 0.745 GHz (LTE700)  
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Figure 5.11: Calculated SAR=0.09 W/Kg (10g tissue) at 0.745 GHz (LTE700) 
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Figure 5.12:  Calculated SAR=0.78 W/Kg (1g tissue) at 0.86 GHz (GSM-2G) 
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Figure 5.13: Calculated SAR=0.44 W/Kg (10g tissue) at 0.86 GHz (GSM-2G) 
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Figure 5.14: Calculated SAR=0.88 W/Kg (1g tissue) at 1.92 GHz (UMTS-3G) 

 

 

 

 

 

 

 

 

 

 



  

Page 61 of 74 
 

 

 

  

 

Figure 5.15: Calculated SAR=0.58 W/Kg (10g tissue) at 1.92 GHz (UMTS-3G) 
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Chapter 6:  Supplemental Information  

Additional schemes, figures, table and detailed calculation are given in Appendix 

 

 

Chapter 7: Conclusion 

                 A polyimide aerogel with low dielectric constant based planar monopole is 

excited through a slotted capacitive coupling strip and shorted radiating plate through a 

meandering wire. This proposed antenna covers all the WWAN (LTE/UMTS/GSM) bands 

along with two GPS and WLAN bands. Due to the low dielectric constant of the polyimide 

aerogel, gain and radiation efficiency are increased for the entire ultra-wide band. 

Maximum gain and radiation efficiency of this proposed antenna for the lower band are 

increased by 0.49 dBi and 3%, respectively, as compared Lee et al, while maximum gain 

and radiation efficiency for the upper band are increased by 1.15 dBi and 5%, respectively. 

Specific absorption rate (SAR) is significantly lower than the SAR standard for this low 

dielectric constant polyimide substrate. Additionally, as this proposed antenna offers an 

extended wide band from 695 MHz - 2845 MHz, 5G operation can also be accommodated 

for future use in this wide frequency band. 
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Appendix  

           

 

          A.1 Evaluation of low dielectric constant Polyimide Aerogel 

 

Table A.1.1: Properties of the proposed polyimide aerogel for our antenna substrate [22] 
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Figure A.1.1: Dielectric constant of the polyimide aerogel for three bands [22] 
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          A.2 Derivation of Specific Absorption Rate for the Electromagnetic 

Fields effects in Biological tissue [18]: 

Specific absorption rate can be defined as:  

                                        SAR = 
dm
dP                                                                             A.2.1 

and neglecting thermal losses, the absorbed electric power can be expressed as the power 

of a generated internal electric current within the tissue/organ, dP = dΨ⋅ i,  where dΨ, is an 

incremental voltage generated within the tissue/organ by the external electromagnetic 

field/wave corresponding to the absorbed incremental power dP, and i the current intensity 

- across an area S vertical to the current - corresponding to the incremental voltage dΨ. 

Thereby, Eq. (A.2.1) becomes: 

                                             SAR = 
dm

id ⋅Ψ      

 By multiplying both the numerator and the denominator by the area S, we get  

                                            SAR = 
Sdm
Sid

⋅
⋅⋅Ψ , or  

                                            SAR = 
dm

Sjd ⋅⋅Ψ                                                                A.2.2     

where  j =  
S
i  is the corresponding current density generated within the tissue/organ. 
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Since dΨ = -E⋅ d r, where E the generated internal electric field and dr a charge 

displacement in the direction of the generated current i, we get (neglecting the minus 

sign):        

                                                 SAR = 
dm

SjdrE ⋅⋅⋅                                                        A.2.3 

But dr⋅S =  dV, is the volume corresponding to the area S and the charge displacement dr, 

containing the mass dm, and  
dV
dm  = ρ is the tissue/organ density assuming it has a 

constant value. Thereby, eq. (A.2.3) becomes: 

                                                 SAR  = 
ρ

Ej ⋅                                                                 A.2.4 

Finally, using the Ohm’s law: j = σ Ε  ,  

                                                SAR = 
ρ

σ 2Ε⋅                                                                 A.2.5 

It is obvious that in the above operations, the quantities i, j, S, E, ρ, and σ are assumed to 

be constant within the biological tissue/organ. 
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         A.3 Permission from Mary Ann B. Meador, Sarah Wright, Anna 

Sandberg, et al, Low Dielectric Polyimide Aerogels as Substrates for 

Lightweight Patch Antennas, 2012 American Chemical Society 

 

 

 

Figure A.3.1: This letter is for Table A.1.1 and Figure A.1.1   
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                  A.4 Permission from Panagopoulos DJ, Johansson O, Carlo GL 

 (2013) Evaluation of Specific Absorption Rate as a Dosimetric Quantity  

for Electromagnetic Fields Bioeffects. PLoS ONE 8(6): e62663. 
 

 
 

Figure A.4.1: This letter is for Appendix A.2 Derivation of Specific Absorption Rate for 

the Electromagnetic Fields effects in Biological tissue 
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