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Abstract 
 

In remote areas without conventional cellular service, satellite communication is often the only 

viable option. Handheld devices for use with satellite communication networks require a high 

transmit power to obtain a reliable signal. The need for a high transmit power makes it difficult for 

the device to meet specific absorption rate (SAR) restrictions. An adaptive beam forming 

technique for shaping radiation away from the user’s head is proposed. This technique uses a back-

to-back patch antenna design with an impedance monitoring based system capable of adaptively 

controlling the pattern of the antenna. The adaptive antenna system was designed, simulated, 

fabricated, and measured. The system could detect a head phantom within 3 cm of the antenna. 

SAR levels were verified to be within safety restrictions at 3 cm through simulation. By turning 

off the patch facing the user’s head when the phone is transmitting, and the user’s head is within 

3 cm, it was shown that SAR levels could be reduced to safe levels. 
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Chapter 1 

Introduction 
 

1.1. Motivation and Techniques for Reducing SAR Levels 

In remote areas without conventional cellular service there is a need for alternative 

communications. Many of the applications range from simple data transmission to emergency 

locating, which includes military, commercial, and recreational users. Satellite communications is 

the only viable option in remote areas [1]. Low earth orbit (LEO) communications, such as 

Iridium, require the transmitting antenna to radiate a substantial amount of power to obtain a 

reliable signal. This makes adherence to being within maximum radiation exposure levels difficult 

to achieve [2, 3]. The power radiated by a handheld cell phone and satellite phone is contrasted in 

Figure 1.1. 

 

 

Figure 1.1   Cell phone communications contrasted with satellite communications. 

 

Specific absorption rate (SAR) levels are a way of characterizing how much radiation is absorbed 

in a lossy dielectric such as the human body. SAR restrictions for different parts of the human 
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body are specified in Health Canada’s Safety Code 6 [4]. Due to the high radio frequency (RF) 

power required for Iridium communications, it is possible that the radiation emitted from the 

antenna may not be within SAR limitations. Current mobile handheld satellite devices often 

require the user to extend the antenna a certain distance above their head to meet SAR restrictions, 

which is impractical for creating a compact phone. Assuming that the phone would never be placed 

near the head, another method around meeting SAR regulations includes restricting the phone use 

to only data and text. Neither of these methods are optimal. Therefore, compact methods of 

reducing SAR levels will be explored in this thesis. 

 

Modern commercial mobile phones have a high emphasis placed on compact size. The Iridium 

satellite system is attractive since it uses multiple high-gain phased arrays on each satellite, which 

allow for the use of small lightweight handsets to be used on the ground [5]. The Iridium satellite 

service was initially launched in May 1998 [6]. The network consists of 66 satellites at a height of 

780 km [5, 7]. Compared to the geosynchronous earth orbit (GEO) at 35,800 km, the proximity 

of Iridium to the earth provides a much lower propagation delay. The satellites traverse a polar 

orbit and can provide complete global coverage. It is important for the mobile handheld antenna 

operating on the Iridium system to have good coverage across the horizon as shown in Figure 1.2. 

This is because satellite coverage drops to less than 20% as the elevation angle with respect to the 

horizon increases beyond 40∘ [8]. The Iridium network operates from 1616 − 1626.5 MHz with 

a total of 240 channels of 41.67 kHz each [6]. This leaves room for about 2 kHz of guard between 

each channel.  
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Figure 1.2   Illustration of the optimal coverage for the Iridium satellite network. 

 

Typical Iridium handheld devices have a transceiver output power capable of outputting 2 W 

to the antenna feed network [9]. The SAR restriction of interest for this thesis is the peak averaged 

SAR for the head in an uncontrolled environment, which is restricted to 1.6 
W

kg
 averaged over 1 g 

of tissue as shown in Table 1.1. A controlled environment is one where the RF field intensities 

have been well-characterized and the person is aware of the health risks associated with being in 

that environment. The average consumer is almost always going to be in an uncontrolled 

environment.  

 

Table 1.1   SAR restrictions for 100 kHz − 6 GHz [4]. 
 

Condition 
Uncontrolled 

Environment 

Controlled 

Environment 

Peak averaged SAR for the head, neck and 

trunk, averaged over 1 g of tissue 
1.6 

W

kg
 8 

W

kg
 

Peak averaged SAR in the limbs averaged over 

any 10 g of tissue 
4 

W

kg
 20 

W

kg
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The industry standard IEEE P1528 method of calculating SAR is shown in (1.1) [10]. The 

local SAR value over a lossy dielectric object is calculated and is then averaged over 1 g or 10 g 

cubes of tissue. In (1.1), Δ𝑉 is the volume of a cube of tissue [m3], �⃗�  is the electric field vector 

[
V

m
], 𝐽 ∗ is the conjugate of the volume current density [

A

m2
], 𝜌 is the mass density of the tissue [

kg

m3
], 

and 𝜎 is the conductivity of the tissue [
S

m
].  

 

SAR =
1

Δ𝑉
∫

�⃗� ∙ 𝐽 ∗

2𝜌
𝑑𝑉

 

𝑉

=
1

Δ𝑉
∫

𝜎|�⃗� |2

2𝜌
𝑑𝑉

 

𝑉

        units in
W

kg
(1.1) 

 

Since power is proportional to |�⃗� |2, we can determine the SAR level for different input powers 

using the following approximation: 

 

SAR𝑥 ≈
P𝑥

Pmeas
SARmeas (1.2) 

 

In [10], the peak SAR level was measured for a quadrifilar helical antenna, a typical antenna 

found in mobile Iridium handheld devices. For an output power level of 370 mW, the peak SAR 

level at the Iridium center frequency of 1621 MHz was measured to be 1.547 
W

kg
 using a head 

phantom [10]. Using (1.2), the SAR level for an output power level of 2 W would be 8.36 
W

kg
, 

which is well above the restriction of 1.6 
W

kg
 for an uncontrolled environment. Therefore, to safely 

take advantage of the maximum output power capability of an Iridium handheld device, a method 
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of reducing SAR levels is required. To meet the demands of modern commercial phones, the 

method should be compact and low-cost. 

 

There are several techniques that have been used to reduce SAR levels in mobile phones. The 

simplest way to reduce SAR levels is to increase the distance between the antenna and user’s head. 

Due to the commercial demand for thinner and thinner phones, increasing the distance is not a 

practical option. Some alternate methods for reducing SAR levels using shielding techniques were 

discussed in [11]. The authors discuss using ferrite loading, electromagnetic bandgap (EBG)/ 

artificial magnetic conductor (AMC) based surfaces, and adaptive beam shaping. All three of 

these methods were explored in this thesis. 

 

Ferrite sheets can be placed parallel to the electric field of the source to reduce radiation 

towards the user. The ferrite acts as a good magnetic conductor, which has image currents in phase 

with the parallel source. See Figure 3.14 for an illustration. This shapes the radiation away from 

the sheet, which protects the user from harmful exposure levels and improves the radiation away 

from the user. SAR levels were reduced by up to 50% in [12] using a 4.5 × 5 cm sheet of ferrite. 

Unfortunately, ferrite is not commonly available in the GHz frequency range, making it an 

impractical and costly choice for mass production in phones. This is discussed in further detail in 

Section 3.3. 

 

AMC impedance surfaces can mimic perfect magnetic conductors (PMCs) over a designed 

bandwidth [13]. This is done by texturing metallic periodic resonant structures over a grounded 

substrate [14]. This allows for a magnetic conducting surface in the GHz range to be realized 
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practically. Different variations of AMC surfaces are discussed in [13–15]. AMC impedance 

surfaces have been shown to reduce SAR levels by up to 75% while having a negligible effect on 

the antenna efficiency [16]. AMC impedance surfaces were investigated in more detail in Section 

3.5.  

 

Adaptive beam forming can be done using a passive or active approach. A common passive 

approach is to use a resonant length parasitic wire to shape the main beam of the antenna as 

discussed in [17–21]. The downside to this approach for a handheld device is that a 
𝜆

4
 spacing is 

required between the active antenna and the parasitic element for the main beam to be properly 

directed. An active approach can also be done using a two-element phased array. In [22], a simple 

𝜆

4
 length monopole array was used to reduce SAR levels by up to 85%. The main disadvantage of 

this technique is the amount of space required for the multiple elements. 

 

It should be noted that one of the main challenges to shaping the radiation pattern of antennas 

for satellite communication applications is due to the requirement of circular polarization. This 

requires a reflecting device that can maintain circular polarization. Since the orientation of the user 

relative to the satellites is random, circular polarization is necessary to ensure a consistently 

reliable signal. If linear polarization was used, it is possible that no signal would be received if the 

antenna onboard the satellite was perpendicular to the mobile user’s antenna polarization. 

Electromagnetic waves propagating through the ionosphere near 1 GHz also experience significant 

Faraday rotation due to the presence of Earth’s magnetic field in the ionized medium. This causes 

a change in a linear polarized wave’s orientation [23, 24]. This effect is eliminated with the use of 

circular polarization. 
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 Figure 1.3 shows a concept diagram of the adaptive beam shaping approach presented in this 

thesis.  

 

 

 

(a) Both antennas on when the phone is 

away from the head 

 

(b) Patch 1 is turned off when the phone is near the user’s 

head 

 

Figure 1.3   Concept diagram of adaptive beam shaping approach. 

 

This approach is based on a back-to-back patch antenna design where one patch would face 

outwards from the front of the phone and the other patch would face outwards from the back of 

the phone. The on/off control of the patch facing the user’s head (patch 1 in Figure 1.3) would be 

controlled by an impedance monitoring system that could detect a measurable change in the input 

impedance of the antenna when a user’s head was nearby. When the satellite phone is not 

transmitting, the power levels being received are very low due to the large path loss between the 

satellite and the user. Therefore, both patches would be left on to ensure the most optimal coverage 

as shown in Figure 1.3(a). If the user placed the phone near the head to make or receive a call, 

patch 1 would be turned off to minimize the radiation emitted towards the head. This will be 
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discussed in further detail in Chapter 5. The advantage of the presented approach is its ability to 

be easily miniaturized to fit within a mobile handheld device. 

 

1.2. Thesis Objectives 

This thesis had two main objectives. The first objective was to determine a method for directing 

the radiation emanated by an antenna away from the user’s body to reduce human field exposure 

levels. The second objective was to use the antenna’s impedance as a method of detecting the 

presence of a human head by implementing an adaptive feed network to control the antenna’s main 

beam. Since there were no well-defined standards for handheld satellite communication devices, 

the International Civil Aviation Organization (ICAO) manual for Iridium communications was 

used as a guideline [25]. The manual suggested that the gain of the antenna should be greater than 

−3.5 dB and the axial ratio (AR) should be less than 4 dB in the direction of maximum radiation. 

The antenna was required to operate across the Iridium frequency bandwidth of 1616 −

1626.5 MHz and provide right-hand circular polarization (RHCP). The pattern of the antenna 

should also be as omnidirectional as possible to optimize the signal with the Iridium satellites. The 

SAR levels for the human head should remain below 1.6 
W

kg
 at all times [4]. 

 

1.3. Thesis Contributions 

Tom Tessier, the president and founder of Solara Remote Data Delivery Incorporated, had 

monthly meetings with Dr. Bridges and myself to discuss the radiation requirements for antennas 

used for current mobile Iridium communication devices. Solara is a Canadian company based out 
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of Winnipeg that produces handheld satellite communication devices for use with the Iridium 

satellite system. Tom also provided us with some industry standard antennas for Iridium and GPS 

applications. Solara was interested in a method for reducing radiation exposure to the human user 

to ensure that their handheld devices were meeting SAR requirements. The commercial CSA 

Stubby antennas measured in Section 2.2 were donated by Multiband Antennas. Multiband 

Antennas is a company that specializes in designing cutting edge antennas for use with Iridium, 

Orbcomm, Globalstar, and Thuraya networks.  

 

The Keysight vector network analyzer (VNA) model E5063A in the University of Manitoba 

(U of M) RF Lab was used for all reflection coefficient magnitude (|𝑆𝑖𝑖|) measurements. The 

Satimo spherical near-field system, which was housed in one of the anechoic chambers in the U 

of M Antenna Lab, was used for all antenna pattern measurements. I was responsible for carrying 

out all the antenna measurements done on the VNA and Satimo system. Brad Tabachnick, the lab 

technician for the Antenna Lab at the U of M, helped me with the antenna mounting for all the 

measurements done in the Satimo system. The normal-mode helix and back-to-back patch 

antennas designed in this thesis, including the feed networks and balun, were designed by myself. 

The antenna simulations were all done using Ansys High Frequency Structural Simulator 

(HFSS) and were performed by myself with help from Robin Raju, a PhD student of Dr. Bridges. 

I also designed and simulated the adaptive perfect electric conductor (PEC)/PMC beam shaping 

device discussed in Chapter 3. Cory Smit, in the machine shop at the U of M, was responsible for 

fabricating the plexiglass helix mold and the balun in Chapter 3. Cory also fabricated the back-to-

back patch antenna discussed in Chapter 4. Zoran Trajkoski, from the machine shop at the U of 

M, soldered the SMA connectors onto the fabricated back-to-back patch antenna. Kyle Nemez, an 
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MSc student in the Electromagnetic Imaging Lab (EIL) at the U of M, provided us with one of 

his phantoms (“blue phantom”) for simulating a nearby human head for measurements done in 

Chapter 4 and 5. Lastly, I designed and tested the impedance monitoring system discussed in 

Chapter 5. 

 

1.4. Thesis Overview 

This thesis is organized into six chapters. Chapter 1 gives an introduction on Iridium 

communications and the need to reduce SAR levels in handheld satellite communication devices. 

In Chapter 2, the current antennas used for mobile satellite communication applications were 

explored. A commercial state of the art antenna was measured to develop a blueprint of the 

radiation properties required in a mobile handheld satellite communication device. This allowed 

for a simpler helical antenna model with similar radiation properties to be generated in software to 

explore the different beam shaping techniques discussed in Chapter 3. A normal-mode helix was 

successfully designed in Chapter 3 and was used to simulate the adaptive PEC/PMC beam shaping 

technique proposed in Section 3.3. AMC impedance surfaces were also explored through 

simulation. Chapter 4 investigates a back-to-back patch antenna design. The back-to-back patch 

antenna can turn one of the patches off to reduce radiation towards the human user. The SAR levels 

of the back-to-back patch were also simulated in HFSS using a homogenous phantom of the human 

head. Beam shaping by feeding the patches with different phases was explored as well. In Chapter 

5, an impedance monitoring system was investigated for adaptively controlling the pattern of the 

back-to-back patch antenna. The thesis is concluded in Chapter 6 where future work is also 

addressed. 
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Chapter 2 

Analysis and Performance Tests of Commercial 

Antenna Systems 
 

2.1. Antennas Used in Mobile Satellite Communication Devices 

The most commonly used antenna for satellite communications is the quadrifilar helical 

antenna [26]. The quadrifilar helix is attractive due to its robust circular polarization, wide 

beamwidth, compact size, and insensitivity to nearby objects. The quadrifilar helix operates in the 

axial-mode, which means that the main beam of the antenna radiates on the axis of the helix. This 

is also known as the end-fire mode and will be discussed in further detail in Section 3.2. See Figure 

3.2 for an illustration of the axial-mode radiation pattern. A quadrifilar helix typically provides a 

maximum gain of +1 to +6 dB [26–28]. A method of further reducing the size of the quadrifilar 

helix by up to 53% was proposed in [26]. By meandering the four line elements of the antenna, the 

resonance of the structure could be lowered while decreasing the axial length of the antenna. A 

disadvantage of the meandering technique was that the maximum gain was lowered by about 2.5 

dB in comparison to a standard quadrifilar helix design. 

 

Microstrip patch antennas are also used for satellite communications due to their low-cost, thin 

profile, and robustness [5]. Patch antennas are commonly miniaturized by using a high dielectric 

material such as ceramic. The problem with using high permittivity materials is that the bandwidth 

of the patch is inversely proportional to 휀𝑟 [29]. Higher 휀𝑟 materials will cause the fields of the 

patch antenna to become more tightly bound, which will reduce the radiation efficiency and lead 

to greater losses [29]. Consequently, there is a trade-off between the gain and size of the patch 

antenna.  
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The next section explores the performance of a state of the art dipole-helical based antenna. 

This antenna is attractive due to its small height of 2.7 cm, lightweight, low-cost, omnidirectional 

pattern, and RHCP.  It will be used as a benchmark for designing a software model that can mimic 

similar radiation characteristics for exploring different adaptive beam shaping techniques through 

simulation as discussed in Chapter 3. 

 

2.2. Measurement and Performance Analysis 

A measurement and performance analysis was done on the CSA Stubby model antenna from 

Multiband Antennas to create a blueprint of its radiation properties. The CSA Stubby antenna has 

a compact state of the art dipole-helical based design, which provides RHCP for satellite 

communication applications. By characterizing its radiation properties, a simpler helical antenna 

could be modelled in software to match its performance to simulate different adaptive beam 

shaping techniques discussed in Chapter 3. This would ensure these techniques were being tested 

with an antenna that had industry standard radiation properties. Two identical CSA Stubby 

antennas are shown in Figure 2.1. The pattern is omnidirectional and designed to have maximum 

radiation in the broadside direction to communicate with satellites that are just above the horizon. 

As mentioned in Chapter 1, satellite coverage drops to less than 20% as the elevation angle with 

respect to the horizon increases beyond 40∘ [8]. Therefore, it is advantageous to have an antenna 

pattern with maximum gain near the horizon to optimize coverage.  

 



 

13 

 

 

Figure 2.1   CSA Stubby 1 and 2. 

 

The reflection coefficient measurement setup for the CSA Stubby is shown in Figure 2.2. The 

antenna was mounted on styrofoam, which had a permittivity close to free space so it would not 

influence the reflection coefficient measurement.  

 

 

Figure 2.2   Reflection coefficient measurement setup. 

 

 

The resonant frequency of CSA Stubby 1 was measured to be 1639.5 MHz with a reflection 

coefficient of −12.7 dB as shown in Figure 2.3. The resonant frequency of CSA Stubby 2 was 

measured to be 1634.75 MHz with a reflection coefficient of −13.88 dB as shown in Figure 2.4. 
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The edges of the Iridium frequency band have been shown on Figures 2.3 and 2.4 for convenience 

(1616 MHz and 1626.5 MHz). Both antennas are slightly detuned above the Iridium frequency 

band. 

 

 

Figure 2.3   CSA Stubby 1 measured reflection coefficient. 

 

 

Figure 2.4   CSA Stubby 2 measured reflection coefficient. 
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The CSA Stubby 1 was mounted inside the Satimo spherical near-field system for radiation pattern 

measurement. The measurement setup is shown in detail in Figure 2.5.  

 

 

Figure 2.5   CSA Stubby 1 radiation pattern measurement setup. 

 

The Satimo system had 15 crossed-dipole probes evenly spaced 22.5∘ around an arch. The 

antenna under test (AUT) was rotated to obtain a complete near-field distribution. Post 

processing software then applied a near-field to far-field transformation, which allowed us to 

extract the far-field radiation pattern of the AUT. The Satimo system had a gain accuracy of 

approximately ±2 dB. A frequency sweep of 1600 – 1650 MHz with a step size of 1 MHz was 

used to determine the far-field radiation pattern. The maximum gain of CSA Stubby 1 occurred at 

1632 MHz and the radiation patterns were plotted at this frequency in Figure 2.6. It is important 

to note that the maximum gain did not occur at the CSA Stubby 1 resonant frequency of 

1639.5 MHz that was measured on the VNA. Since we were unable to measure the input 

impedance of our AUT in the Satimo set up, it possible that a device before the AUT was causing 

a slight frequency shift. Current also peaks at the resonant frequency, therefore, it is possible that 
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a device in the matching network or external circuitry may be introducing some losses. These 

losses would reduce the measured gain at the resonant frequency. 

 

The gain in the elevation cut, 𝜙 = 0∘, was directional with maximums broadside to the antenna 

as shown in Figure 2.6(a). The half-power beamwidth (HPBW) was determined from Figure 

2.6(a) and was found to be 90∘.  

 

 
 

 
 

(a) 𝜙 = 0∘ cut with 0∘ < 𝜃 < 360∘ 

 

(b) 𝜃 = 90∘ cut with 0∘ < 𝜙 < 360∘ 

 

Figure 2.6   CSA Stubby 1 gain measurement. The co-polarization is with respect to a RHCP 

receiver and the cross-polarization is with respect to a LHCP receiver. 

 

The gain in the broadside direction, 𝜃 = 90∘ cut, is shown in Figure 2.6(b) and was uniform with 

a value of approximately +1 dB. Since the CSA Stubby model was supposed to have RHCP, so 

the gain was measured with respect to an RHCP receiver to determine the co-polarization and with 

respect to a left-hand circular polarized (LHCP) receiver to determine the cross-polarization. As 

expected, the gain was uniform in the broadside direction (𝜃 = 90∘ cut) and directional in the 

elevation cut (𝜙 = 0∘ cut), therefore, the pattern was omnidirectional. 
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Figure 2.7 shows the axial ratio bandwidth of the antenna in the direction of maximum 

radiation (𝜃 = 90∘, 𝜙) across 1600 – 1650 MHz. The axial ratio is defined as the ratio of 
|𝐸𝜃|

|𝐸𝜙|
, 

where an AR = 0 dB indicates a perfectly circularly polarized antenna. A mobile user’s antenna is 

generally required to have an AR < 4 dB for Iridium satellite communications [25]. The axial ratio 

across the Iridium frequency band of 1616 − 1626.5 MHz was less than 1.5 dB, which was well 

below the 4 dB guideline. To further specify the polarization performance, the axial ratio was 

investigated as the elevation angle was changed at the center frequency. The axial ratio for the 

CSA Stubby 1 was less than 4 dB for elevation angles less than 55∘ with respect to the horizon. 

55∘ is well above the 40∘ elevation angle discussed in Section 1.1 for providing sufficient coverage 

with the Iridium system. Therefore, the CSA Stubby 1 has adequate circular polarization for 

Iridium communications. A summary of the CSA Stubby 1 antenna specifications is shown in 

Table 2.1. 

 

 

Figure 2.7   CSA Stubby 1 measured axial ratio bandwidth shown for the direction of maximum 

radiation (𝜃 = 90∘, 𝜙), which was less than 1.5 dB across the Iridium band of 1616– 1626.5 

MHz. 
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Table 2.1   Measured CSA Stubby 1 antenna specifications. 
 

Specifications Value 

Center Frequency 1639.5 MHz 

−10 dB Bandwidth 17.5 MHz (1631 –  1648.5 MHz) 

Maximum Gain 1 dB ± 2 dB 

HPBW 90∘ 

Axial Ratio < 4 dB Elevation angle < 55∘ 

Polarization RHCP 

Impedance 50 Ω 

 

2.3. Conclusion 

We can conclude that both the CSA Stubby antennas had sufficient bandwidth for Iridium 

satellite communications, however, their resonant frequencies would need to be fine-tuned once 

installed in a handheld device. Based on the radiation pattern measurements of CSA Stubby 1, the 

antenna had an acceptable omnidirectional pattern, sufficient gain, and provided the RHCP 

necessary for Iridium communications. The CSA Stubby was also compact enough to fit into a 

handheld device. Based on the SAR discussion in Section 1.1, since the CSA Stubby had a similar 

gain to a typical quadrifilar helical antenna (+1 to +6 dB), the SAR levels of the CSA Stubby 

would be well above the SAR limit of 1.6 
W

kg
 for a 2 W transceiver output. Therefore, a method of 

reducing the radiation towards the human user is still necessary to safely take advantage of the full 

power capabilities of the typical Iridium handheld device. In the next chapter, a normal-mode 

helical antenna will be designed to match the radiation properties of the CSA Stubby. The normal-

mode helix was chosen due to its compact size and similar radiation pattern to the CSA Stubby. 

This will allow for a model with industry standard antenna characteristics to be constructed in 
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software. The adaptive PEC/PMC beam shaping device proposed in the next chapter will then be 

able to be simulated with an accurate representation of a commercial Iridium antenna. 
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Chapter 3 

Adaptive PEC/PMC Beam Shaping 
 

3.1. Overview 

As discussed in Chapter 1, the high transmit power required for handheld satellite 

communication devices can create a high radiation exposure for a nearby human user. The main 

challenge for reducing the radiation exposure stems from the circular polarization that is required 

for satellite communications. Section 3.2 starts with the design of a normal-mode helix, which was 

used to model the industry standard CSA Stubby antenna discussed in Chapter 2. The normal-

mode helix provides us with a direct representation of how the adaptive beam shaping device in 

Section 3.3 would perform for Iridium communication applications. Section 3.3 starts with the 

trivial case of shaping a linearly polarized antenna to illustrate the principles of beam shaping. 

Circular polarization is more complicated to shape because both the 𝐸𝜃 and 𝐸𝜙 components needed 

to be reflected equally to maintain a sufficient axial ratio. This chapter investigates shaping a 

circularly polarized omnidirectional pattern using image theory concepts to reduce radiation 

exposure for the human user.  

 

3.2. Normal-Mode Helix 

3.2.1. Theory 

A helical antenna can operate in many different modes, but the most commonly used modes 

are the normal-mode and axial-mode [29]. A diagram of the basic helix geometry is shown in 

Figure 3.1.  
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Figure 3.1   Helix geometry. 

 

When the diameter 𝑑 < 0.1𝜆 and the spacing between turns 𝑠 < 0.05𝜆, the helix will operate in 

the normal-mode with maximum radiation occurring broadside to the antenna [30]. The helix will 

begin to operate in the axial-mode as the circumference of the helix 𝐶 ≈ 𝜆. The axial-mode has 

only one major lobe, which is maximum along the axis of the helix. The axial-mode of operation 

is also known as the end-fire mode and generally the helix is placed over a ground plane. An 

illustration of the main beam of these two modes is shown in Figure 3.2. 

 

 

 

 

 
       

(a) Normal-mode … 

 

(b) Axial-mode ...…. . 

 

Figure 3.2   Operation of a helical antenna. 
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A normal-mode helical antenna design was chosen since it mimicked a similar radiation pattern 

to the commercial CSA Stubby antenna discussed in Section 2.2. Since the CSA Stubby antenna 

was too complicated to model in software, this allowed for a similar performing antenna to be used 

in-place of it for simulation. The normal-mode helix was chosen due to its simplistic geometry, 

omnidirectional pattern, and its ability to provide circular polarization when designed properly. In 

Section 3.3, the adaptive PEC/PMC beam shaping device could then be simulated with a 

comparable industry standard antenna model.  

 

The normal-mode helix can be understood as the superposition of infinitesimal electric and 

magnetic dipoles (infinitesimal current loops). The current, 𝐼, along the helix is assumed to be 

uniform in both amplitude and phase. The electric field equation for the normal-mode helix is 

shown in (3.1) [31]. 𝑁 is the number of turns of the helix, 𝜇0 is the permeability of free space, 

𝛽 =
2𝜋

𝜆
 is the phase constant, R and 𝜃 are the spherical coordinates of the observation point in free 

space. The 𝜃-component of �⃗� normal−mode is due to the vertical spacing between turns of the helix, 

which is modelled as infinitesimal electric dipoles. The �̂�-component is due to the loop part of the 

helix. From (3.1) we can see that the maximum radiation will occur broadside to the antenna when 

𝜃 = ±90∘ and the radiation will be minimum when 𝜃 = 0∘, 180∘. 

 

�⃗� normal−mode = 𝜃𝐸𝜃 + �̂�𝐸𝜙 =
𝑁𝜔𝜇0𝐼

4𝜋

𝑒−𝑗𝛽𝑅

𝑅
[𝜃𝑗𝑠 + �̂�𝛽𝜋 (

𝑑

2
)
2

] sin(𝜃) (3.1) 
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Since �⃗� 𝜃 and �⃗� 𝜙 are 90∘ out of phase, the antenna will provide circular polarization when |�⃗� 𝜃| =

|�⃗� 𝜙|. When |�⃗� 𝜃| = |�⃗� 𝜙|, (3.1) gives the following relation between the diameter and spacing 

between turns of the helix: 

 

𝑑 = √
2𝑠𝜆

𝜋2
(3.2) 

 

For the normal-mode helix to be resonant its total stretched-out length needs to be close to 
𝜆

2
. 

Once the proper length is selected, the position of the feed can be adjusted along the length of the 

helix to match it to the 50 Ω cable. Note that a ground plane cannot be used with a normal-mode 

helix when circular polarization is desired. This is because the loop part of the helix will have 

image currents in the opposite direction over a PEC ground plane, causing the 𝐸𝜙-component to 

go to zero. This was verified by simulation in HFSS.  

 

3.2.2. Design and Simulation 

The normal-mode helix was designed in Ansys’s HFSS using the antenna toolkit (ATK) and 

then tweaked after until it was tuned to the Iridium frequency band with acceptable circular 

polarization. Initially, the helix was designed with a very short coaxial feed to simulate optimal 

feed conditions with minimal interference from the feed. As the coax feed length was increased to 

a more practical length, it was determined that the helix would require a balun for the antenna to 

operate properly. A custom quarter wavelength sleeve balun was designed for the coaxial feed in 
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HFSS. A physical model of the antenna and balun were then constructed in Section 3.2.3 after 

verifying the reflection coefficient and far-field radiation patterns in HFSS. 

 

The diameter and spacing between turns were chosen so that the helix would be a practical size 

to build while still having enough turns to obtain a satisfactory pattern and impedance 

characteristics [30]. The spacing between turns was chosen to be 𝑠 = 0.525 cm, which gave a 

diameter of 𝑑 = 1.4 cm using (3.2). Both these dimensions satisfied the conditions 𝑠 < 0.05𝜆 and 

𝑑 < 0.1𝜆 respectively for exciting the normal-mode of the helix. We recall that the center 

frequency for the Iridium band is 𝑓0 = 1621 MHz, which has a free space wavelength of 𝜆 =

18.5 cm. The helix in Figure 3.3 was designed and simulated in HFSS using a very short coaxial 

feed. The position of the feed was adjusted until the antenna was matched at the Iridium frequency 

band. 

 

Figure 3.3   HFSS model of the normal-mode helix with a short coaxial feed. 

 

Figure 3.4 shows the simulated reflection coefficient with the resonant frequency and the edges 

of the Iridium band marked for convenience. The −10 dB bandwidth was 6.5 MHz, which was 

slightly narrower than the Iridium frequency, but reasonable enough to be used as a basic model. 
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Figure 3.4   Simulated normal-mode helix reflection coefficient. 

 

Figure 3.5(a) shows the gain in the elevation cut 𝜙 = 0∘. Since the helix was designed to have 

RHCP, the gain with respect to a RHCP receiver shows the co-polarization and the gain with 

respect to a LHCP receiver shows the cross-polarization. The slight asymmetries in the pattern in 

Figure 3.5(a) were accounted for by the non-centered feed. Using a horizontal wire to center the 

feed of the helix was explored in HFSS, however, it did not improve the axial ratio. Figure 3.5(b) 

shows that the gain was uniform and +2 dB in the broadside direction (𝜃 = 90∘ cut). 

 

The axial ratio bandwidth has been plotted in Figure 3.6 in the direction of maximum radiation 

(𝜃 = 90∘, 𝜙). The simulated axial ratio was less than 2.5 dB across the Iridium bandwidth, which 

met the requirement of AR < 4 dB for Iridium communications. A summary of the simulated 

normal-mode helix specifications is shown in Table 3.1. 
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(a) 𝜙 = 0∘ cut with 0∘ < 𝜃 < 360∘…... 

 

(b) 𝜃 = 90∘ cut with 0∘ < 𝜙 < 360∘……. 

 

Figure 3.5   Normal-mode helix gain simulation. The co-polarization is with respect to a RHCP 

receiver and the cross-polarization is with respect to a LHCP receiver. See Figure 2.6 for 

comparison with the measured CSA Stubby pattern. 

 

 

 

Figure 3.6   Simulated normal-mode helix axial ratio bandwidth shown in the broadside direction 

(𝜃 = 90∘, 𝜙), which is shown to be less than 2.5 dB across the Iridium band of 1616 – 1626.5 

MHz. 
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Table 3.1   Simulated normal-mode helix antenna specifications. 
 

Specifications Value 

Center Frequency 1620 MHz 

−10 dB Bandwidth 6.5 MHz (1618 − 1624.5 MHz) 

Maximum Gain +2 dB 

HPBW 93∘ 

Axial Ratio < 4 dB Elevation angle <  45∘ 

Polarization RHCP 

Impedance 50 Ω 

 

An illustration of the balun used for feeding the normal-mode helix is shown in Figure 3.7.  

 

 

Figure 3.7   Cross sectional slice of the length of a quarter wave sleeve balun. 
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Once the length of the coaxial feed becomes comparable to wavelength, the current flowing on the 

inner surface of the outer conductor, 𝐼1, will spill over and flow onto the outer surface of the outer 

conductor, 𝐼2, due to the open-end of the coax. This will cause the feed to become unbalanced 

(𝐼1 ≠ 𝐼). Therefore, a balun design was required before fabricating normal-mode helix. From 

transmission line theory, we know that a shorted piece of quarter wavelength line will look like a 

high impedance at the other end. The balun presents a high impedance at the outer surface of the 

outer conductor so that 𝐼2 ≈ 0 at the open-end of the coax.  This ensures that the current flowing 

in the outer conductor remains on the inner surface, which keeps the feed balanced (𝐼1 = 𝐼). The 

balun was simulated in HFSS. Figure 3.8(a) shows the reflection coefficient of a 5 cm long coax 

feed without a balun, where the antenna is completely detuned and unusable. Figure 3.8(b) shows 

the improvement in matching when the balun is present. 
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(a) No balun 

 

 

(b) With the balun ...  

 

Figure 3.8   Reflection coefficient simulation of the normal-mode helix with a 5 cm long coax 

feed. 

 

3.2.3. Fabrication, Reflection Coefficient, and Radiation Pattern Measurements 

A semi-rigid coaxial cable was chosen as the feed for the helix due to its availability. Two 

different sizes of 50 Ω semi-rigid coax was available. The thinner of the two cables was chosen to 

minimize the amount of space the feed would take up. The inner conductor diameter was 0.49 mm, 
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the outer dielectric diameter was 1.65 mm, and the outer conductor diameter was 2.19 mm. The 

inner and outer conductors were made of copper and the dielectric was Teflon with a permittivity 

of 2.1. The normal-mode helix was constructed using 0.8 mm diameter shellac-coated copper wire. 

A solid plexiglass tube with a diameter of 1.4 cm was manufactured as a mold for winding the 

helix. The wire was hand wound around the plexiglass mold. The spacing between turns of the 

helix was then measured with digital calipers and adjusted until the designed helix was obtained. 

 

 A quarter wavelength balun was constructed out of an aluminum tube due its availability. The 

air gap between the outer conductor of the coax and inner surface of the balun was 1.925 mm since 

that was the smallest inner diameter of aluminum tubing available. The aluminum tubing was 

thinned out on a lathe to minimize the size and weight of the balun. The length of the balun was 

chosen to be 4.625 cm, which is 
𝜆

4
 at the Iridium frequency band. The balun was installed on the 

semi-rigid coaxial cable using a nylon spacer at the open-end. Since aluminum is very difficult to 

solder, a metal washer was silver epoxied onto the short circuit end of the balun and cured in an 

oven at 170 ∘𝐹 for 1 hour. The washer also served as a spacer so the end of the balun could then 

be easily soldered onto the semi-rigid cable to create the short circuit. The helix was then soldered 

onto the semi-rigid feed cable with the balun as shown in Figure 3.9.  
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Figure 3.9   Fabricated normal-mode helix with the balun installed on the semi-rigid coaxial feed 

cable. 

 

The reflection coefficient was measured to tune and match the helix to the Iridium frequency 

band. The helix was tuned to the resonant frequency of 1.621 GHz with a reflection coefficient of 

−15.93 dB by cutting each end of the helix a little bit at a time. The reflection coefficient is shown 

in Figure 3.10. 

 

 
 

(a) Setup …. 

 

(b) Reflection coefficient 

 

Figure 3.10   Normal-mode helix reflection coefficient measurement. 
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The normal-mode helix radiation pattern was measured by placing an absorber around the feed 

cable to minimize the amount of induced currents on the surface of the feed. The induced surface 

currents would compromise the axial ratio performance by causing more radiation in the 𝜃-

direction (radiation due to the infinitesimal electric dipoles), which would make |�⃗� 𝜃| ≠ |�⃗� 𝜙|. The 

maximum measured gain occurred at 1627 MHz, which was 6 MHz higher than the resonant 

frequency measured on the VNA (see Section 2.2 for explanation). 

 

 

Figure 3.11   Normal-mode helix radiation pattern measurement setup with an absorber wrapped 

around the feed cable for electromagnetic shielding. 

 

Figure 3.12(a) shows the measured gain in the elevation cut 𝜙 = 0∘. Figure 3.12(b) shows the 

measured gain in the broadside direction, 𝜃 = 90∘ cut. The maximum gain occurred broadside to 

the normal-mode helix and was approximately 0 dB.  
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(a) 𝜙 = 0∘ cut with 0∘ < 𝜃 < 360∘ …. 

 

(b) 𝜃 = 90∘ cut with 0∘ < 𝜙 < 360∘…… 

 

Figure 3.12   Normal-mode helix gain measurement. The co-polarization is with respect to a 

RHCP receiver and the cross-polarization is with respect to a LHCP receiver. See Figure 2.6 

for comparison with the measured CSA Stubby pattern and Figure 3.5 for comparison with the 

simulated normal-mode helix. 

 

The axial ratio across the Iridium frequency band of 1616 − 1626.5 MHz is shown in Figure 

3.13 and was less than 5.5 dB. This is high when compared to the less than 4 dB guideline for 

Iridium communications. The reason the axial ratio measurement did not match the simulation in 

Figure 3.6 was due to currents being induced on the outer surface of the balun. Since the outer 

surface of the balun then acted like a vertical dipole, this degraded the axial ratio due to the 

increased radiation in the 𝜃-direction. Unfortunately, the absorber could not be placed directly 

over the balun without significantly reducing the gain since it acted as a lossy material. A major 

disadvantage to using a normal-mode helix is an easily de-tunable axial ratio due to the presence 

of any external wavelength comparable conducting objects. Based on these findings, the normal-

mode helix would be an unstable choice for use with a handheld device requiring circular 

polarization. A summary of the fabricated normal-mode helix specifications is shown in Table 3.2. 
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Figure 3.13   Normal-mode helix measured axial ratio bandwidth in the broadside direction (𝜃 =
90∘, 𝜙), which is shown to be less than 5.5 dB across the Iridium band of 1616 − 1626.5 MHz. 

 

Table 3.2   Measured normal-mode helix antenna specifications. See Table 3.1 for comparison to 

the simulated normal-mode helix. 
 

Specifications Value 

Center Frequency 1621 MHz 

−10 dB Bandwidth 6.5 MHz (1618 − 1624.5 MHz) 

Maximum Gain 0 dB ± 2 dB 

HPBW 82∘ 

Axial Ratio < 4 dB N/A 

Polarization RHCP 

Impedance 50 Ω 

 

3.2.4. Comparison with the Commercial CSA Stubby Antenna 

The fabricated normal-mode helix and the CSA Stubby both had RHCP with omnidirectional 

patterns. The maximum gain occurred in the broadside direction with minimum radiation along 

the axes for both antennas. The CSA Stubby had a maximum gain of +1 dB and the normal-mode 

helix had a maximum gain of 0 dB. The CSA Stubby and the normal-mode helix had an AR <
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1.5 dB and AR < 5.5 dB respectively across the Iridium bandwidth. The main reason for the CSA 

Stubby’s superior axial ratio was due to its electrically small fed network. All the external circuitry 

in the CSA Stubby pattern measurement could be covered with absorbers without compromising 

the gain of the antenna. In the case of the normal-mode helix, a quarter wave balun was required 

to create a balanced feed network that would allow the antenna to function properly. Because of 

the proximity of the balun to the antenna, we were unable to cover the balun with absorbers without 

sacrificing gain. Consequently, the axial ratio was degraded because of induced currents radiating 

on the outer surface of the balun.  

 

3.3. Adaptive PEC/PMC Beam Shaping Technique 

The concept of shaping a linearly polarized antenna pattern using a parasitic PEC element is 

similar to a Yagi-Uda antenna reflector. A 
𝜆

2
 length piece of conducting wire can be used as the 

reflector for a linearly polarized source that is parallel to it when there is a separation of 
𝜆

4
 [32]. 

The 
𝜆

4
 distance the wave must travel between the source and reflector creates a 90∘ phase shift. 

When the wave hits the reflector, it will experience another 180∘ phase shift. Both phase shifts, 

coupled with another 90∘ phase shift on the return path, create a full 360∘ phase shift when the 

reflected wave arrives back at the source. Therefore, the reflected wave will add in phase with the 

source and radiate with +3 dB more gain away from the reflector. A more challenging solution is 

required for parasitically reflecting circular polarization in a compact manner. In Section 3.2, it 

was noted that a normal-mode helix could be modelled as the superposition of elemental electric 
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and magnetic dipoles. From image theory [29], shown in Figure 3.14, we know that an electric 

source parallel to a PEC will have an image with a 180∘ phase difference. 

 

 

Figure 3.14   An illustration of image theory with the sources shown on the left side of the surface 

and the images shown on the right side.  

 

By the principle of duality an artificial equivalent magnetic source parallel to a PMC will also have 

an image with 180∘ phase difference. If we move a distance of 
𝜆

4
 away from these surfaces, the 

waves will experience another 180∘ phase shift from travelling from the source to the surface and 

back. This will provide an image that looks like it is in phase with the source.  

 

Given the normal-mode helix can be modelled as independent elemental electric and magnetic 

sources, it is theoretically possible to reflect a circularly polarized wave since both components 

can be reflected when the helix is a quarter wavelength away from a parallel PEC and PMC surface. 

The challenge is that the PMC surface does not exist practically and most high permeability 

materials do not behave well above 1 GHz [33]. Ferrite was considered as option to use as a good 

magnetic conductor, however, it is not commonly available in the GHz frequency range. 
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3.4. Adaptive PEC/PMC Beam Shaping Simulation 

To prove the adaptive PEC/PMC beam shaping technique discussed in the previous section, a 

simulation in HFSS was performed using the normal-mode helix designed in Section 3.2 and is 

shown in Figure 3.15. The source antenna was chosen to be a normal-mode helix due to its RHCP 

and similar radiation pattern to industry standard antennas for Iridium communications as 

discussed in Chapter 2. The normal-mode helix was centered at the origin and the PEC/PMC 

reflector was placed at a distance of 𝑥 =
𝜆

4
 in the 𝑦𝑧 −plane. 

 

 

Figure 3.15   HFSS model of the PEC/PMC reflector device (located in the 𝑦𝑧 −plane) with a 

normal-mode helix source at the origin. 

 

A 
𝜆

2
 length copper wire was used for the PEC reflector and a 

𝜆

2
 length wire was created that had a 

relative permeability 𝜇𝑟 = 1015 and conductivity 𝜎 = 10−15 to simulate the PMC reflector. The 

diameter of the wires was chosen to be 2 mm to satisfy the condition that a dipole’s diameter must 

be much less than the wavelength of operation (𝜆 = 18.5 cm) [29]. The basis of the reflectors is 
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that they would act like parasitic dipoles. The adjacent spacing between the PEC and PMC 

reflectors, located in the 𝑦𝑧-plane, was arbitrarily chosen to be 1 mm to simulate a hybrid-like 

surface that would ensure both reflectors would provide an equal reflection in the same direction. 

Increasing the number of reflectors was not investigated further due to the success of the single 

PEC/PMC reflector, which minimized the space needed to fit a handheld device. The adjacent 

spacing between the PEC and PMC reflectors was not considered further since the 1 mm spacing 

was sufficient for providing proper beam shaping. 

 

Another identical simulation was done using 
𝜆

4
 length reflectors to investigate making the 

reflector system look semi-transparent to the source when turned off. Since the wires are no longer 

resonant length, they should have a negligible impact on the radiation pattern of the source antenna. 

Figure 3.16(a) shows the simulated gain of the source antenna with the PEC/PMC reflecting 

system turned on and Figure 3.16(b) shows the gain with the system turned off. The gain was +5 

dB in the direction away from the reflectors and −5 dB towards the reflectors with the system 

turned on. The slight asymmetries in the pattern are mostly due to the non-centered feed of the 

normal-mode helix. When the system was turned off, the pattern was nearly symmetric with a 

maximum gain of +2 dB. Therefore, the gain is decreased in the reflector direction by 7 dB with 

the system turned on. Figure 3.17 shows the axial ratio bandwidth in the direction of maximum 

radiation (𝜃 = 90∘, 𝜙 = 180∘) when the adaptive beam shaping system is turned on. The axial 

ratio across the Iridium frequency band was less than 1.5 dB, which meets the 4 dB guideline for 

Iridium communications.  
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(a) System turned on …….. 

 

(b) System turned off …… 

 

Figure 3.16   Gain simulation of the normal-mode helix with the adaptive PEC/PMC beam 

shaping device in the 𝜙 = 0∘ cut with 0∘ < 𝜃 < 360∘. The co-polarization is with respect to a 

RHCP and the cross-polarization is with respect to a LHCP receiver. See Figure 3.5(a) for a 

comparison of the simulated gain with no PEC/PMC reflector present. 

 

 

 

Figure 3.17   Simulated axial ratio bandwidth of the normal-mode helix with the adaptive 

PEC/PMC beam shaping device turned on. The axial ratio was less than 1.5 dB across the Iridium 

band of 1616 − 1626.5 MHz in the broadside direction away from the reflector (𝜃 = 90∘, 𝜙 =
180∘). 
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A practical implementation for turning the reflector system on and off would be to open circuit 

the center of the 
𝜆

2
 wires to make them a non-resonant length, which would be controlled by the 

impedance monitoring system. A possible implementation of this is shown in Figure 3.18 using a 

diode based switching system. A concept diagram showing a theoretical implementation of the 

adaptive PEC/PMC beam shaping device is shown in Figure 3.19.  

 

 

                  

(a) Actual system 

 

(b) On state 

 

(c) Off state 

 

Figure 3.18   Illustration of the on/off controls of the adaptive PEC/PMC beam shaping device. 
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(a) Reflector system turned off when a head is not nearby 

 

 

(b) Reflector system turned on when a head is nearby 

 

Figure 3.19   Illustration of the how the adaptive PEC/PMC beam shaping device would operate 

with a human user. 

 

Since the gain is decreased by 7 dB with the adaptive system turned on in Figure 3.16(b), this 

corresponds to about an 80% drop in power radiated towards the human user’s head based on the 

far-field results. The adaptive PEC/PMC beam shaping device would reduce peak SAR levels to 

1.67 
W

kg
 when turned on based on a SAR level of 8.36 

W

kg
 for a 2 W transceiver output power for 
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the industry standard quadrifilar helical antenna discussed in [10]. This is within reason of the 

1.6 
W

kg
 limitation using the crude approximation discussed in Section 1.1, assuming that the 

quadrifilar helical antenna in [10] has a similar gain to the normal-mode helix.  

 

A high permittivity material could be used to minimize the physical space that the electric 

spacing of 
𝜆

4
 between the antenna and the reflector would require. The main obstacle of physically 

implementing the adaptive PEC/PMC beam shaping device would be fabricating a material small 

enough that behaved like a PMC in the GHz frequency range. The next section will explore AMCs 

that have potential for providing the PMC-like behavior. 

 

3.5. AMC Impedance Surface 

A PMC surface does not exist practically, however, EBG/AMC surfaces can mimic the 

characteristics of a PMC across a defined bandwidth [14]. An ideal PMC surface will have a 

reflection coefficient of +1, whereas a PEC will have a reflection coefficient of −1. The intrinsic 

impedance of an ideal PMC surface assuming 𝜇𝑟 → ∞, 𝜎 → 0, and 휀𝑟 = finite is shown below: 

 

𝜂pmc = √
𝑗𝜔𝜇0𝜇𝑟

𝜎 + 𝑗𝜔휀0휀𝑟
  ⇒ 𝜂pmc → ∞ (3.2) 

 

The reflection experienced by a wave hitting a PMC/high impedance surface coming from free 

space (𝜂0 = 377 Ω) is then given by: 

 



 

43 

 

Γpmc =
𝜂pmc − 𝜂0

𝜂pmc + 𝜂0
= +1 (3.3) 

 

Texturing a conducting surface with a periodic structure makes it possible to create a high 

impedance surface for a fixed frequency band. The frequency range where the reflection phase is 

within ±90∘ is defined as the PMC bandwidth due to the surface displaying PMC-like behavior 

[13].  

 

An AMC can be modelled as a parallel LC circuit provided the periodicity of the repeating 

structure is much less than the wavelength. The repeating structure is known as the unit cell. The 

capacitance, 𝐶, represents the interaction between two adjacent square patches and the inductance, 

𝐿, represents a segment of shorted transmission line with a length equal to the dielectric thickness 

ℎ [13]. In Sievenpiper’s paper, each unit cell had dimensions of lattice constant ×

lattice constant with a copper square patch with side lengths lattice constant − 𝑠 centered over 

top of a grounded dielectric [14]. Starting with Sievenpiper’s original design in HFSS it was 

possible to obtain 0∘ of reflection phase near the Iridium center frequency of 1.621 GHz by scaling 

the unit cell appropriately. The unit cell is shown in Figure 3.20(a) and the dimensions were chosen 

as follows: 

 휀𝑟 = 2.2 

 lattice constant = 2.088 cm 

 ℎ = 1.392 cm 

 𝑠 =  1.305 mm 

 𝑤 = 3.132 mm 
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The dielectric chosen was Rogers RT/duroid 5880 with a height of h and dielectric constant of 휀𝑟. 

A cylindrical via with diameter 𝑤 was centered across the unit cell to connect the top patch to the 

ground, providing the inductance 𝐿. 

 

 

 

   

 
 

 

(a) Unit cell …….. 

 
(b) 7 × 7 unit cell surface 

 

Figure 3.20   AMC impedance surface model designed in HFSS based off [14]. 

 

An AMC impedance surface was constructed in HFSS using 7 × 7 unit cells and is shown in 

Figure 3.20(b). The structure was excited with wave ports on the top and bottom surface of the 

outer boundary with a �̂�-polarized electric field. The +�̂� and −�̂� boundary walls were assigned to 

be PECs and the +�̂� and −�̂� boundaries were assigned to be PMCs to create a TEM waveguide 

structure. An incident wave was excited at waveport 1, which allowed the reflection phase of the 

wave at the surface of the AMC to be measured as shown in Figure 3.21(a). The reflection 

magnitude is also shown to be +1 across the PMC bandwidth in Figure 3.21(b). The PMC 

bandwidth of the AMC surface was 769.5 MHz between 1.278 GHz and 2.0475 GHz. 
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(a) Phase 

 

 

(b) Magnitude .. 

 

Figure 3.21   Simulation of the reflection coefficient for the AMC impedance surface. 

 

A single column of the AMC impedance surface was also simulated using a 1 × 7 unit cell 

structure to mimic the PMC wire that was discussed in Section 3.4. The single column structure 

performed poorly in HFSS since the operation of the AMC design in [14] relies on the capacitance 

between neighboring unit cells.  
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Therefore, to successfully miniaturize the AMC structure to fit inside a handheld device it would 

need to be explored in much further detail, which is outside the scope of this thesis. A method of 

making the AMC surface look semi-transparent when the reflector system is turned off would also 

need to be determined. 

 

3.6. Conclusion 

A PEC/PMC based structure was explored in this chapter for adaptively shaping a circularly 

polarized omnidirectional pattern. A normal-mode helix was designed to mimic the far-field 

radiation properties of Multiband Antenna’s CSA Stubby. This ensured that the adaptive 

PEC/PMC beam shaping device was tested with the current state of the art antennas for Iridium 

communications. The simplicity of the normal-mode helix allowed for an easy, but effective model 

for simulating the adaptive beam shaping device in HFSS. The normal-mode helix was also 

fabricated and measured to see how it compared to the CSA Stubby measurements. Because of the 

small electrical size of the normal-mode helix, but large electrical size of the feed network, the 

antenna was only able to provide an axial ratio of 5.5 dB across the Iridium band. Industry standard 

antennas should generally have an AR < 4 dB for applications using Iridium satellites.  

 

The theoretical model of the adaptive PEC/PMC beam shaping device was successful in 

shaping the normal-mode helix pattern away from the reflector in simulation. With the reflector 

system turned off, the helix had a maximum gain of +2 dB in the broadside direction. When the 

reflector was turned on, the gain was directed away from the reflector by +5 dB with only −5 dB 

of gain directed towards the reflector. The decreased gain towards the reflector would ensure less 
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radiation was absorbed by a nearby human body while optimizing the signal strength away from 

the body. Using the rough approximation discussed in Section 1.1, it was shown that the SAR 

levels could be reduced from 8.36 
W

kg
 to 1.67 

W

kg
 with the adaptive beam shaping system turned on 

based on the far-field results.  

 

The main obstacle in fabricating the adaptive PEC/PMC beam shaping device is finding a 

compact enough material that behaves as a PMC in the GHz frequency range. In Section 3.5, we 

explored periodic resonant structures called AMCs, which have a bandgap where they behave like 

a PMC. An AMC impedance surface model was successfully designed and simulated. The 

challenge with the AMC was reducing the size small enough to fit into a handheld device. Due to 

the unlikelihood of being able to further miniaturize the AMC, a back-to-back patch antenna design 

was explored in the next chapter as an alternative to the adaptive PEC/PMC beam shaping device. 
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Chapter 4 

Back-to-Back Patch Antenna 
 

4.1. Overview 

Patch antennas are commonly used for satellite communications since they are low-cost, low-

profile, compact, and can be easily modified to provide circular polarization [5, 34]. The 

disadvantage with using a single patch antenna is that there is only one hemisphere of coverage. 

Consequently, the signal of the handheld device would be compromised if it were oriented in such 

a way that the plane of the patch was facing into the ground. This chapter explores a back-to-back 

patch antenna design that can provide both hemispheres with coverage. The design was based on 

two identical RHCP patch antennas. One patch would face towards the front of the phone and the 

other towards the back of the phone, allowing for a compact design. Both patches would have their 

own separate feed. The separate feeds would allow for simple on/off control of one of the patches 

to reduce radiation exposure to a human user when used in conjunction with the impedance 

monitoring system proposed in Chapter 5. The back-to-back patch antenna design was simulated, 

fabricated, and tested. In Section 4.5, a homogenous phantom was placed near the back-to-back 

patch antenna to emulate a user’s head. Radiation pattern measurements were taken with the 

phantom to investigate how a nearby head would influence the pattern of the antenna. In Section 

4.6, a SAR simulation was done in HFSS using a homogenous ellipsoid model of the human head. 

This simulation was done to determine an approximate distance at which radiation from the back-

to-back patch antenna would be within an acceptable level for human exposure. Beam shaping 

using feed phasing was also investigated in Section 4.7. 
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4.2. Background Theory 

After exploring the normal-mode helix in Chapter 3, a patch antenna was decided on due to its 

more ubiquitous use in satellite communications and its ability to be easily modified to provide 

RHCP. To better understand how a circularly polarized patch antenna works, we will first start by 

briefly analyzing a standard patch antenna as shown in Figure 4.1. The length of the patch should 

be close to 
𝜆

2
 in the direction of the feed. This creates a voltage distribution as shown on the red 

curve in Figure 4.1. Because the edges of the patch look like an open circuit, the voltage magnitude 

will be maximum there. There will be fringing fields between the edge of the patch and the ground 

plane due to the patch’s finite size [29]. Since the patch has a length 𝐿 =
𝜆

2
, the voltage at one edge 

will be maximum while the other edge will be minimum. This creates in phase electric fields in 

the �̂�-direction off both edges, which allow the patch antenna to radiate. Electric fields in the �̂�-

direction will not radiate since they are out of phase and will cancel each other out. Since the edges 

of the patch look like a high impedance, a feed network is required to deliver power to the antenna. 

A quarter wavelength transformer is one method of feeding the patch antenna as shown in Figure 

4.1. 

 

 

Figure 4.1   Patch antenna fringing fields. 
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A square patch antenna will have two dominant orthogonal modes as shown in Figure 4.2(a). 

Since the �̂� and �̂� dimensions of the patch are the same length, the two dominant modes, 𝑇𝑀10 

and 𝑇𝑀01, are known as degenerate modes because they share the same resonant frequency. 

Degenerate modes can be used to generate circular polarization if they are excited 90∘ out of phase 

[5]. One way to generate circular polarization using a single feed is to truncate opposite corners of 

the patch as shown in Figure 4.2(b). 

 

               

 
 

(a) Standard patch …. 

 

(b) Truncated corners for exciting circular 

polarization 

 

Figure 4.2   Excitation of degenerate modes on a square patch antenna. 

 

RHCP or LHCP can be excited depending on what line the feed is located on. Truncating an 

appropriate amount off the corners makes the resonant frequency of the two orthogonal modes 

slightly different. This also causes a perturbation that creates coupling between the two edges, 

which allows us to use a single feed. The coupling between the corners will look capacitive, thus 

providing a 90∘ phase shift between the two modes. An illustration of the 90∘ phase shift between 

the two orthogonal modes is shown in Figure 4.3. The optimal circular polarization will occur 
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between mode 1 and mode 2’s resonant frequencies 𝑓1 and 𝑓2 respectively. This frequency is 

labelled as 𝑓0 in Figure 4.3, which is where the 90∘ phase shift occurs. 

 

 

Figure 4.3   Illustration of how circular polarization is generated from truncating the corners of 

a square patch [5]. 

 

There are several papers discussing how much to truncate off the corners to generate circular 

polarization [34–36]. [34] used a truncation value of 𝑐 = 0.046𝐿, [35] used 𝑐 = 0.072𝐿, and [36] 

used 𝑐 = 0.107𝐿. Due to the variation in truncation values found in the literature, optimization 

will be required to determine the optimal circular polarization for a given patch design.  

 

4.3. Design and Simulation 

A square patch antenna design with truncated corners was chosen for generating the required 

RHCP needed for satellite communications. A method of feeding the patch was explored. In 

Section 4.2, it was mentioned that the impedance at the edge of the patch was too high to deliver 
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significant enough power to the antenna. This is because the current goes to zero there and the 

voltage magnitude is maximum. Therefore, a feed network is required to deliver optimal power to 

the antenna. Since the back-to-back patch antenna would require the two patches to be back-to-

back, a traditional coaxial probe feed would be inappropriate. Several different feeding methods 

were explored such as proximity coupling in [37], coplanar waveguide in [38], and inset feeding 

in [39]. Proximity coupling was simulated in HFSS, however, it was ruled out since it nearly 

doubled the thickness of the back-to-back patch antenna and would require complicated multi-

layer PCB technology for fabrication. Inset feeding was also explored, however, it was very 

difficult to excite and the tune the circular polarization. The perturbation, due to the inset feed, 

disrupts the surface currents on the patch and makes it difficult to generate and tune the circular 

polarization. [39] discusses some various methods for generating circular polarization using an 

inset feed. One of the methods discussed in the paper involved adding a thin slit at one or more of 

the patch edges. The slit combined with the truncated corners helped to meander the surface 

currents appropriately for generating circular polarization. Adding a slit to an inset fed patch 

antenna was explored in HFSS, however, it was still quite difficult to excite and tune the circular 

polarization. Therefore, it was decided that inset fed was not the most suitable method for this 

design. 

 

For initial investigation and implementation, a single quarter wave transformer feed would 

provide the most robust and easily tunable design since the Iridium frequency band is narrow. A 

low permittivity substrate was chosen for the initial antenna design with miniaturization of the 

antenna left for future work. A truncated corner square patch antenna was designed in HFSS using 

RT/duroid 5880. RT/duroid 5880 has a permittivity of 휀𝑟
′ = 2.2 and loss tangent of tan𝛿 =
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0.0009 [40]. A substrate thickness of ℎ = 1.57 mm was chosen due to its availability. A coax 

probe was placed at one of the edges of the patch to simulate the edge impedance. This allowed us 

to determine the necessary characteristics of the quarter wavelength line to properly match the 

antenna. The impedance at the edge of the patch was tuned by varying the truncation value, 𝑐, until 

the two impedances of the degenerate modes were nearly the same as illustrated in Figure 4.3. This 

made the tuning of the circularly polarized center frequency much simpler. The edge impedance 

of the midpoint between the two modes was determined to 𝑍edge = 138 Ω. The characteristic 

impedance required for the quarter wave transformer to provide a 50 Ω match to the patch was 

then calculated using (4.1). 

 

𝑍in =
𝑍0𝑡

2

𝑍𝐿
→ 𝑍0𝑡 = √50 × 138 → 𝑍0𝑡 = 83 Ω (4.1) 

 

The TRL calculator in Ansoft Designer was used to calculate the physical parameters of the 

quarter wavelength line at 1621 MHz. The width and length were determined to 𝑤𝑡 = 1.85 mm 

and 𝐿𝑡 = 34.66 mm respectively after further optimization in HFSS. To ensure that the ground 

plane was symmetric around the entire patch, the length of the quarter wave transformer was used 

as the amount of substrate extending beyond each edge of the patch. The dimensions of the 

optimized patch antenna are shown in Figure 4.4. 
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Figure 4.4   Design of one element of the back-to-back patch antenna with a quarter wave 

transformer feed. All units are in mm. 

 

An identical copy of the patch antenna was placed back-to-back with first patch except with 

its feed along the −�̂�-axis instead of the +�̂�-axis as shown in Figure 4.5. This was done on purpose 

to minimize the coupling between the feeds. 

 

 

Figure 4.5   HFSS model of the back-to-back patch antenna with quarter wave transformer feeds 

to each element. 
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The reflection coefficient of the back-to-back patch antenna was simulated with both patches 

excited as shown in Figure 4.6.  

 

 

Figure 4.6   Simulated back-to-back patch antenna reflection coefficient. 

 

We can see that the Iridium frequency band of 1616 − 1626.5 MHz is all below −10 dB. The 

−10 dB bandwidth of the back-to-back patch was 29 MHz, which was well above the required 

10.5 MHz for an Iridium handheld device. 

 

The gain when both patches were turned on was simulated and is shown in Figure 4.7. Figure 

4.7(b) shows the gain in the elevation cut 𝜙 = 0∘ with a maximum gain of −3 dB and Figure 4.7(c) 

shows the gain in the 𝜙 = 90∘ cut with a maximum gain of +4.5 dB. Both cuts had nulls at 𝜃 =

0∘,  180∘. Figure 4.7(d) shows a more uniform gain in the 𝜃 = 90∘ cut, with the gain varying 

between −3 dB and +4.5 dB. Thus, the maximum gain of the simulated back-to-back patch 

antenna was +4.5 dB. Since the antenna was designed to be RHCP, the co-polarization is with 

respect to what a RHCP receiver would receive and the cross-polarization is with respect to a 

LHCP receiver.  



 

56 

 

      

(a) Orientation of the antenna ….. 

 
(b) 𝜙 = 0∘ cut with 0∘ < 𝜃 < 360∘ ……. 

 

  

(c) 𝜙 = 90∘ cut with 0∘ < 𝜃 < 360∘ …… 

 

(d) 𝜃 = 90∘ cut with 0∘ < 𝜙 < 360∘ …… 

 

Figure 4.7   Back-to-back patch antenna gain simulation with both patches on. The co-

polarization is with respect to a RHCP and the cross-polarization is with respect to a LHCP 

receiver. Note the phone case was not present in the simulation. 

 

Figure 4.8 shows the gain when the −�̂�-patch was not excited and only the +�̂�-patch was left 

on. Both the 𝜙 = 90∘ and 𝜃 = 90∘ cuts have very similar patterns, giving us the expected 

hemispherical pattern shape of a standard patch antenna. The maximum gain was +7.5 dB in the 

broadside direction of the active patch. 
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(a) 𝜙 = 90∘ cut with 0∘ < 𝜃 < 360∘ …… 

 

(b) 𝜃 = 90∘ cut with 0∘ < 𝜙 < 360∘ ……. 

 

Figure 4.8   Back-to-back patch antenna gain simulation with the +�̂�-patch on and the −�̂�-

patch off. The co-polarization is with respect to a RHCP and the cross-polarization is with 

respect to a LHCP receiver. Note that the gain is +3 dB higher in this case when compared to 

both patches being on in Figure 4.7. 

 

It should be stressed that when only a single patch is on, the gain is +3 dB more than when both 

patches are on. The finite sized ground plane allows the fields along the +�̂�- and −�̂�-axes to add 

in and out of phase when both patches are on. This causes the more uniform looking pattern in 

Figure 4.7(d). Therefore, since the pattern is less directional, the maximum gain with both patches 

excited is decreased. The interaction of the fields of the two patches will be explored in further 

detail in Section 4.7. 

 

Figure 4.9 shows the simulated axial ratio performance of the back-to-back patch antenna when 

both patches were turned on and when only one patch was on. In both cases, the axial ratio was 

less than 4.5 dB across the Iridium band as shown in Figure 4.9(a). This was very close to the 

required AR < 4 dB guideline. Therefore, the antenna would provide sufficient RHCP for satellite 

communications.  
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(a) Both patches on … 

 

     

(b) +�̂�-patch on; −�̂�-patch off  .. 

 

Figure 4.9   Simulated back-to-back patch antenna axial ratio bandwidth at 𝜙 = 90∘, 𝜃 = 90∘. 
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4.4. Fabrication, Reflection Coefficient, and Radiation Pattern 

Measurements 

Two identical patch antenna elements were fabricated using the dimensions as shown in Figure 

4.4. The patches were manufactured on RT/duroid 5880 material with a permittivity of 휀𝑟
′ = 2.2 

and loss tangent of tan𝛿 = 0.0009 [40]. The substrate thickness was ℎ = 1.57 mm with double-

sided 1 oz electrodeposited copper cladding. The fabricated patches are shown below in Figure 

4.10. A female SMA connector was soldered onto each of the patches at the edge of the quarter 

wave transformer feed. 

 

 

Figure 4.10   Identical fabricated patch antenna elements. 

 

Figure 4.11 shows a block diagram of the back-to-back patch antenna setup used for 

measurement on the VNA. A 180∘ hybrid coupler was used as a 3 dB power splitter for the two 

patch antennas by match terminating the Δ-port with a 50 Ω load. Patch 1 was connected to the 0∘-

port and patch 2 was connected to the 0∘/180∘-port. Both antennas were fed with a 0∘ phase shift. 
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The reflection coefficient and insertion loss (IL) of the hybrid coupler was measured on the VNA 

as shown in Figure 4.12. Table 4.1 summarizes the reflection coefficient (|𝑆𝑖𝑖| [dB]) and the 

negative insertion loss (|𝑆𝑖𝑗| [dB]) for the hybrid coupler.  

 

 

Figure 4.11   Block diagram of the VNA measurement setup. 
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(a) (a)   Reflection coefficient measurement…. 

 

(b) Insertion loss measurement ….. 

 

Figure 4.12   180∘ hybrid coupler under test on the VNA 

 

Table 4.1   Reflection coefficient and negative insertion loss of the 180∘ hybrid coupler. 
 

Path Value (𝟏𝟒𝟎𝟎 < 𝒇 < 𝟏𝟖𝟎𝟎 MHz) 

Δ-port  |𝑆11| ≤ −33 dB 

0∘-port  |𝑆22| ≤ −19 dB 

0∘/180∘-port  |𝑆33| ≤ −20 dB 

Σ-port  |𝑆44| ≤ −30 dB 

Σ-port to 0∘-port  |𝑆24| = −4.1 dB 

Σ-port to 0∘/180∘-port  |𝑆34| = −3.4 dB 

 

It was important to have a low reflection coefficient value at the Σ-port since anything reflected 

to the VNA from here would distort the reflected data from the antennas. This would give an 

inaccurate reflection coefficient measurement of the back-to-back patch system. The reflection 

coefficient of all four ports of the coupler was measured for completeness, but the other three ports 

were less important for the scope of this thesis. The negative insertion loss from the Σ-port to the 

0∘-port and the Σ-port to 0∘/180∘-port was −4.1 dB and −3.4 dB respectively. 
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The back-to-back patch antenna reflection coefficient was measured using the two different 

setups as shown in Figure 4.13. Figure 4.13(a) shows the setup when both antennas are on and 

Figure 4.13(b) shows the setup when one antenna is on and the other is off. An antenna is 

considered off when it is left open circuited and its port on the coupler has been match terminated. 

 

  

(a) Both patches on …. 

 

(b) One patch on and the other patch off 

 

Figure 4.13   Back-to-back patch antenna reflection coefficient measurement setup. 

 

The reflection coefficient when both patches were turned on is shown in Figure 4.14(a). The 

resonant frequency was 1637.6 MHz with a reflection coefficient of −19.5 dB. Figure 4.14(b) 

shows the reflection coefficient when patch 1 was on and patch 2 was off. The resonant frequency 

was 1636 MHz with a reflection coefficient of −23.27 dB. Figure 4.14(c) shows the resonant 

frequency when patch 1 was off and patch 1 was on. The resonant frequency was 1636.52 MHz 

with a reflection coefficient of −21.46 dB. 
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(a) Both patches on 

 

 
 

(b) Patch 1 on; patch 2 off 

 

 
 

(c) Patch 1 off; patch 2 on 

 

Figure 4.14   Reflection coefficient of the back-to-back patch antenna measured on the VNA. 
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We were unable to do any tuning since the fabricated patches had a higher resonant frequency 

than the Iridium center frequency of 1621 MHz. To decrease the resonant frequency, the patches 

would need to be slightly larger, which would require the antennas to be refabricated. This will 

not be done in this thesis. Patch 1 and patch 2 had slightly different reflection coefficients due to 

manufacturing intolerances. The bandwidth was measured −10 dB down from the baseline. The 

reason the baseline was not at 0 dB was due to the insertion loss of the hybrid coupler. The baseline 

when patch 1 was on and patch 2 was off was about −8 dB. This was accounted for by the −4.1 

dB of negative insertion loss experienced as the reflected wave had to forward and backward 

through the coupler. The baseline when patch 2 was on and patch 1 was off was about −7 dB since 

the negative insertion loss of the coupler through the Σ- to 0∘/180∘-ports was −3.4 dB. The 

baseline when both patches were on was about −1.5 dB. When one patch was turned off, the 

baseline was dropped down approximately −6 dB due to the 3 dB of power lost each way through 

the coupler. The −10 dB bandwidth when both patches were turned on was 27.2 MHz. When 

patch 1 was turned on and patch 2 was off the bandwidth was 28.5 MHz and when patch 2 was 

turned on and patch 1 was turned off was 28 MHz. As expected, the −10 dB bandwidth is roughly 

the same for all three cases since both antennas were nearly identical. Although the frequency 

bandwidth of the fabricated antennas was shifted slightly higher than the simulation, the bandwidth 

values were within agreement. We recall that the simulation −10 dB bandwidth in Section 4.3 was 

29 MHz. 

 

 

The back-to-back patch antenna was mounted in the Satimo spherical near-field system to 

measure its radiation pattern as shown in Figure 4.15. 
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Figure 4.15   Back-to-back patch antenna radiation pattern measurement setup. 

 

The insertion loss of the cables and devices in front of the AUT in the Satimo system was measured 

on the VNA and determined to be −1.5 dB for 1610 < 𝑓 < 1660 MHz. All radiation pattern 

measurements below include the insertion loss of the cables and devices in front of the AUT. The 

frequency was swept from 1610 − 1660 MHz with a step size of 0.5 MHz for all radiation pattern 

measurements. To model the Iridium frequency band, we chose 1633 MHz as the center frequency 

since it had the lowest axial ratio. Had this frequency been lower than the Iridium center frequency, 

we would have been able to tune the antenna by trimming the patches until 1621 MHz was 

obtained. However, refabricating the antennas was unnecessary for this thesis and therefore a 

10.5 MHz bandwidth equivalent of 1628 − 1638.5 MHz with a center frequency of 1633 MHz 

was chosen to represent the Iridium frequency band in this thesis. Note that 1628 − 1638.5 MHz 

was still within the −10 dB bandwidth of the back-to-back patch antenna as verified in Figure 

4.14. Both antennas were fed with an identical 0∘ phase shift. 
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The radiation pattern when both patch antennas were turned on was measured as shown in 

Figure 4.16. The maximum gain was determined to be +4.5 dB, which included the insertion loss 

of the front-end devices before the antenna. Since the front-end insertion loss of 1.5 dB was not 

simulated, 1.5 dB needs to be added to the measured gain to get a direct comparison. In this case, 

the maximum measured gain would be +6 dB compared to the simulated gain of +4.5 dB. We 

note that the Satimo system had a gain tolerance of ±2 dB, so the +1.5 dB difference in gain is 

accounted for. Figure 4.16(b) shows the measured gain in the 𝜙 = 0∘ cut, Figure 4.16(c) shows 

the measured gain in the 𝜙 = 90∘ cut, and Figure 4.16(d) shows the measured gain in the 𝜃 = 90∘ 

cut. The pattern had very prominent nulls in the 𝜙 = 0,  90∘ cuts and had a more uniform look in 

the 𝜃 = 90∘ cut with a gain varying between +4.5 dB and −4.5 dB. All three patterns matched 

the simulation in Figure 4.7. 
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(a) Orientation of the antenna  … 

 

(b) 𝜙 = 0∘ cut with 0∘ < 𝜃 < 360∘ ….. 

 

  

(c) 𝜙 = 90∘ cut with 0∘ < 𝜃 < 360∘ …... (d) 𝜃 = 90∘ cut with 0∘ < 𝜙 < 360∘ …. 

 

Figure 4.16   Back-to-back patch antenna gain measurement with both patches on. The co-

polarization is with respect to a RHCP and the cross-polarization is with respect to a LHCP 

receiver. See Figure 4.7 for comparison with the simulated gain. Note the phone case was not 

present in the measurement. 

 

The radiation pattern when one of the patches was turned off while the other was left on is 

shown in Figure 4.17. The off patch was left open circuited and the disconnected cable was 

terminated in a matched load. The maximum gain remained at +4.5 dB. Since neither the 3 dB 
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splitter nor the 1.5 dB insertion loss was modelled in the simulation, +4.5 dB needs to be added 

to the measured value for a direct gain comparison with the simulation. In this case, the measured 

maximum gain would be +9 dB compared to the simulated gain of +7.5 dB. This is within the 

±2 dB tolerance of the Satimo system. Figure 4.17(a) shows the measured gain in the 𝜙 = 90∘ cut 

and Figure 4.17(b) shows the measured gain in the 𝜃 = 90∘ cut, which matches the simulation in 

Figure 4.8. 

 

  

(a) 𝜙 = 90∘ cut with 0∘ < 𝜃 < 360∘ …... 

 

(b) 𝜃 = 90∘ cut with 0∘ < 𝜙 < 360∘ …. 

 

Figure 4.17   Back-to-back patch antenna gain measurement with the +�̂�-patch on and the −�̂�-

patch off. The co-polarization is with respect to a RHCP and the cross-polarization is with 

respect to a LHCP receiver. See Figure 4.8 for comparison with the simulated gain. 

 

The measured axial ratio of the back-to-back patch antenna with both patches on and then only 

one patch on is shown in Figures 4.18(a) and 4.18(b) respectively in the direction of maximum 

radiation. In both cases, the axial ratio was less than 4 dB for the defined bandwidth of 1628 −

1638.5 MHz. With proper tuning to the Iridium frequency band, the back-to-back patch antenna 

design would have suitable RHCP for Iridium communications. The axial ratio at the center 
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frequency of 1633 MHz was also measured against elevation angle. For an elevation angle of less 

than 70∘ with respect to the horizon, the axial ratio was less than 4 dB. 

 

      
 

(a) Both patches on 

 

      

(b) +�̂�-patch on, −�̂�-patch off 

 

Figure 4.18   Back-to-back patch antenna measured axial ratio bandwidth at 𝜙 = 90∘, 𝜃 = 90∘. 

 

A summary of the fabricated back-to-back patch antenna design is shown in Table 4.2. Based 

on the measurements done in this section, we can conclude that the back-to-back patch antenna 

would meet the guidelines for Iridium communications. However, the antenna would need to be 
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tuned to the proper frequency and be miniaturized before being suitable for use in a handheld 

device. 

 

Table 4.2   Back-to-back patch antenna with both patches on specifications. 
 

Specifications Value 

Center Frequency 1637.5 MHz 

−10 dB Bandwidth 27 MHz (1623 – 1650 MHz) 

Maximum Gain with Front-End @ 1633 MHz +4.5 dB ±2 dB 

HPBW 64∘ 

Axial Ratio < 4 dB Elevation angle < 70∘ 

Polarization RHCP 

Impedance 50 Ω 

 

4.5. Human Head Influence on the Radiation Pattern Using a Crude 

Phantom 

To investigate the effects of RF energy on human beings, usually a phantom is first used in 

place of a real human subject. A phantom is a dielectric model of a specific part of the human 

body. In SAR certification report for the iPhone 5, a table of the electrical properties of a human 

head model were shown at various frequencies with a complex relative permittivity of 휀�̂� = 40.3 −

𝑗14.1 at 1640 MHz [41]. A homogenous liquid phantom made of glycerin and water was used as 

a crude model of the head. Figure 4.19 shows a plot of the complex permittivity versus frequency 

for two different mixtures of glycerin and water. The complex permittivity of the “blue phantom” 

was 휀�̂� ≈ 42.5 − 𝑗22.5 at 1600 MHz. This provided us with similar properties to that used in [41]. 
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The bottle containing the “blue phantom” was made of 1.88 mm thick polyethylene terephthalate 

(PET) with a diameter of 7.2 cm and a height of 21.6 cm. 

 

  

(a) Real . 

 

(b) Imaginary .  

 

Figure 4.19   Complex permittivity of the “blue phantom” that was used as a crude model of 

the human head.  

 

To investigate the effects of the phantom on the back-to-back patch antenna, the phantom was 

placed 1 mm away from the −�̂�-patch as shown in Figure 4.20. A measurement was taken with 

both patches turned on as shown in Figure 4.21(a). We can see that the phantom is perturbing the 

pattern of the −�̂�-patch at 𝜃 = 270∘. The gain at 𝜃 = 270∘ is now around −4 dB, where it was 

previously +4.5 dB with no obstructions as shown in Figure 4.17(c). The −�̂�-patch was turned off 

with the +�̂�-patch left on to determine whether the phantom would look invisible to the opposite 

patch. The results are shown in Figure 4.21(b). Figure 4.21(b) matched Figure 4.17(a) very closely, 

which indicated that the phantom had a negligible effect on the patch opposite to it. Therefore, we 

would expect little radiation to be absorbed by a nearby human head when the patch facing the 

human head is turned off based on the far-field results.  
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Figure 4.20   Back-to-back patch antenna radiation pattern measurement setup with the “blue 

phantom” used to roughly emulate the human head. 

 

 

  

(a) Both patches on  ……… 

 
(b) Phantom side patch off and +�̂�-patch on  

 

Figure 4.21   Gain measurement with the “blue phantom” 1 mm away from the back-to-back 

patch antenna in the  𝜙 = 90∘ cut with 0∘ < 𝜃 < 360∘. The co-polarization is with respect to a 

RHCP and the cross-polarization is with respect to a LHCP receiver. See Figures 4.16(c) and 

4.17(a) for a comparison of the gain when no phantom was present. 
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4.6. SAR Level Simulation 

A SAR level simulation was done in HFSS using the back-to-back patch antenna model from 

Section 4.3 with a homogenous phantom of the human head. The phantom was placed at various 

distances away from the antenna to determine where the peak SAR levels would become safe for 

human exposure. In [42], the 50th percentile for a human head size in the side plane of the head 

was found to be 23.2 × 19.7 cm for males and 21.8 × 18.7 cm for females. The average male 

human head size was modelled as an ellipsoid in HFSS with a major axis of 23.2 cm and a minor 

axis of 19.7 cm. The complex relative permittivity used for the phantom was 휀�̂� = 40.3 − 𝑗14.1 

at 1640 MHz. This was the industry standard for modelling the human head for SAR level 

certification [41]. The SAR simulation was done at 1621 MHz to best represent the Iridium 

frequency band. Solara’s Field Tracker 2100 was used as a reference for the maximum transceiver 

power since it is an industry standard handheld Iridium device. The Field Tracker 2100 can 

produce 2 W of power at the output of the transceiver [9]. Since the power in the back-to-back 

patch antenna was split between the two patches and 1.5 dB of power was lost in the front-end 

(see Section 4.4), 0.71 W of power would be delivered to each patch. The built-in SAR calculator 

in HFSS was used since it uses the industry standard IEEE P1528 method of calculating SAR in 

(1.1), which is required for device certification [41]. See Section 1.1 for more detail on how SAR 

is calculated. 

 

Figure 4.22 shows the SAR simulation setup for the back-to-back patch antenna in HFSS. The 

phantom was moved to various distances away from the back-to-back patch antenna to determine 
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what distance the SAR< 1.6 
W

kg
. The SAR level in the phantom along the �̂�-axis at various 

distances away from the antenna is shown in Figure 4.23.  

 

 

Figure 4.22   3D SAR level simulation using a homogenous ellipsoid model of the human head 3 

cm away from the back-to-back patch antenna for 0.71 W power delivered to each patch. 

 

 

Figure 4.23   SAR level simulation along the y-axis using a homogenous ellipsoid phantom at 

various distances away from the back-to-back patch antenna for 0.71 W power delivered to each 

patch. Figure 4.22 shows the orientation of the antenna and the phantom. 
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Figure 4.23 shows that the SAR level was the highest near the surface and decreased as the power 

penetrated through the phantom. Outside of 3 cm, the peak SAR ≤ 1.6 
W

kg
. This distance will be 

investigated further in Chapter 5 since as a human head approaches 3 cm, the impedance 

monitoring system would need to turn off the patch facing the user’s head to be within SAR 

limitations. 

 

4.7. Beam Shaping Using Feed Phasing 

The motivation for the design of the back-to-back patch antenna was to create a somewhat 

omnidirectional antenna. This means that we want as uniform of gain as possible in the broadside 

direction of the antenna. Initially, both patches were fed with identical phase shifts to try to provide 

360∘ degrees of coverage in the broadside direction. From Figure 4.7(d), we see that the simulated 

antenna provided a +4.5 dB > 𝐺RHCP > −3 dB in the broadside direction. The phase of the −�̂�-

patch feed was changed from 0∘ to 180∘ in HFSS. The phase of the +�̂�-patch was left at 0∘. When 

both patches were on, a phase difference between the two patches caused the nulls along the +�̂�- 

and −�̂�-axes to rotate by 90∘ in the 𝑥𝑧-plane. A 3D illustration of this is shown in Figure 4.24 with 

the back-to-back patch antenna centered at the origin in the 𝑥𝑧-plane.  
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(a) Orientation of the antenna  …… 

 

(b) Legend ..  

 

 
 

(c) Both patches fed with 0∘ ……. 

 

(d) −�̂�-patch = 180∘; +�̂�-patch = 0∘ …… 

 

Figure 4.24   3D simulation of different feed phasing for the back-to-back patch antenna 

(located in the xz-plane). Note the phone case was not present in the simulation. 

 

Figure 4.25 shows only the 𝑥𝑧-plane of Figure 4.24. Figure 4.25(a) shows the gain when both 

patches are excited with a 0∘ phase shift and Figure 4.25(b) shows the gain when there is a 180∘ 

phase shift between the two patches. By comparing Figures 4.25(a) to 4.25(b), we can see that the 
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null was rotated by 90∘. Both gains are with respect to a RHCP receiver with a maximum gain of 

−3 dB. 

 

  

(a) Both patches fed with 0∘ .  

 

(b) −�̂�-patch = 180∘; +�̂�-patch = 0∘  

 

Figure 4.25   Feed phasing effects on shaping the null of the back-to-back patch antenna in the 

𝑥𝑧-plane. 𝜙 = 0∘ and 0∘ < 𝜃 < 360∘. Both gains are with respect to a RHCP receiver. Refer 

to Figure 4.24 for a 3D view. 

 

The phase of the far-field electric fields with the r-dependency removed was simulated for each 

patch individually with the other patch off. This was done to determine how the far-fields of the 

two patches were interacting. Figure 4.26(a) shows a plot of the electric field phase of each patch 

in the 𝑥𝑧-plane when both feeds were excited with a 0∘ phase shift. Since the +�̂�-patch is fed with 

a quarter wave transformer at 𝜃 = 90∘, the fields at 𝜃 = 90∘ will have a phase near −90∘ due to 

the 𝑒−𝑗90∘
 phase shift of the transformer. The −�̂�-patch on the other hand is fed with a quarter 

wave transformer at 𝜃 = −90∘, therefore, the fields at 𝜃 = −90∘ will have a phase near +90∘ due 

to the 𝑒+𝑗90∘
 phase shift of the transformer.  
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(a) Both patches fed with 0∘ 

 

 

(b) −�̂�-patch = 180∘; +�̂�-patch = 0∘ 

 

Figure 4.26   Analysis of the beam steering using feed phasing by looking at the phase of the 

electric field in the 𝜙 = 0∘ cut (𝑥𝑧-plane) as shown in Figure 4.25. 

 

Thus, the electric fields of both patches will be in phase around 𝜃 = ±90∘, which can be verified 

in Figure 4.25(a) since the gain is maximum there. Both patches are 180∘ out of phase around 

integer multiples of 𝜃 = 180∘. This is reflected in Figure 4.25(a) where the nulls occur at 𝜃 =

0∘,  180∘.  
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Figure 4.26(b) shows a plot of the electric field phase of each patch in the 𝑥𝑧-plane when the 

−�̂�-patch was excited with a 180∘ phase shift and the +�̂�-patch was still excited with 0∘. 

Comparing Figures 4.26(a) and 4.26(b) we can see that the −�̂�-patch phase has shifted down 180∘. 

Now, around 𝜃 = ±90∘ the two patches have electric fields that are out of phase, therefore, shifting 

the nulls to 𝜃 = 90∘, 270∘ in Figure 4.25(b). The electric fields of both patches are now in phase 

at integer multiples of 𝜃 = 180∘, which is where the maximum of the pattern in the 𝑥𝑧-plane 

occurs in Figure 4.25(b). A simple relation for the null rotation in the 𝑥𝑧-plane versus the phase 

difference between feed excitations is shown in (4.2). 

 

null rotation𝑥𝑧−plane =
∢feed+�̂�patch − ∢feed−�̂�patch

2
(4.2) 

 

Possible applications for beam steering of the null in the 𝑥𝑧-plane of the antenna would be as 

follows: 

 Locking into satellites directly overhead by optimizing the location of the null to increase 

signal reliability 

 Adaptatively controlling the null to reduce radiation exposure to a human user 

 

4.8. Conclusion 

In this chapter, a back-to-back patch antenna was successfully designed, simulated, fabricated, 

and measured. The fabricated back-to-back patch antenna provided a maximum gain of +4.5 dB 

in the direction broadside to the antenna with an axial ratio of less than 4.5 dB across a 10.5 MHz 

−10 dB bandwidth. Both specifications are within the acceptable guidelines for Iridium handheld 
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communication devices. It was shown in Section 4.5, that when a phantom was placed near the 

patch that was off, the on patch on the other side of the ground plane was negligibly effected by 

the phantom. Based on the far-field results, this suggests that if the patch facing the human user’s 

body was turned off, the radiation exposure for that individual would be significantly decreased. 

The SAR simulation carried out in Section 4.6 showed that 3 cm was required between the back-

to-back patch antenna and the phantom for SAR levels to be within government restrictions in 

Canada. This distance will be used as a reference for the impedance monitoring control system in 

Chapter 5. Lastly, it was shown that the nulls in the plane of the patch could be rotated within that 

plane by feeding the two patches out of phase. 
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Chapter 5 

Impedance Monitoring System 
 

5.1. Overview 

In this chapter, an impedance monitoring based system was investigated to adaptively control 

the pattern of the back-to-back patch antenna for reducing radiation exposure to a human user. The 

same “blue phantom” used in Section 4.5 was used to determine the sensitivity of the input 

impedance of the back-to-back patch antenna in proximity to a human head. By investigating the 

input impedance sensitivity, it was determined that a method of adaptively controlling the antenna 

could be formed based on the orientation of the antenna.  

 

5.2. Reflection Coefficient Sensitivity 

To study the feasibility of an impedance monitoring based system, the back-to-back patch 

antenna was set up with the “blue phantom” and the reflection coefficient was measured as shown 

in Figure 5.1. The “blue phantom” provided a crude representation of the human head. The 180∘ 

hybrid coupler that was measured in Section 4.4 was used to split the power between the two 

patches. With both patches turned on, the main interest was to explore how the reflection 

coefficient varied as the phantom approached one of the antennas. This was done to simulate a 

human user placing the phone up against their head. 
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Figure 5.1   Measurement setup with the “blue phantom” to investigate the reflection coefficient 

sensitivity of the back-to-back patch antenna. 

 

Figure 5.2 shows the measured reflection coefficient as the phantom was gradually moved 

closer to the back-to-back patch antenna. Table 5.1 summarizes the key points on Figure 5.2. The 

key points were the reflection coefficient values at the resonant frequency and the upper frequency, 

𝑓𝐻, of the −10 dB bandwidth of the back-to-back patch antenna. 

 

 

Figure 5.2   Reflection coefficient in the presence of the “blue phantom” with both patches on. 
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Table 5.1   Resonant frequency shift in the presence of the “blue phantom” with both patches on. 
 

Phantom Distance |𝑺𝟏𝟏|𝒎𝒊𝒏 𝒇𝟎 |𝑺𝟏𝟏|𝒇𝑯
 

No Phantom −19.5 dB 1637.6 MHz −11.7 dB 

4 cm −23.2 dB 1635.3 MHz −12.7 dB 

3 cm −27.4 dB 1642 MHz −16.7 dB 

0.1 cm −22.5 dB 1645 MHz −17.4 dB 

 

As the phantom came within 3 cm of the antenna, the resonant frequency of the back-to-back 

patch antenna began to shift higher in frequency. Inside of 3 cm, random fluctuations in the room 

had a negligible effect on the reflection coefficient. Outside of 4 cm the resonant frequency became 

dependent on random movements in the room and therefore would not provide a suitable method 

of detection. The resonant frequency never increased by more than +2.4 MHz for distances of 4 −

50 cm. The +2.4 MHz changed occurred at 12 cm. A trend began to occur at the upper frequency 

band, 𝑓𝐻 = 1650 MHz, of the antenna as the phantom was moved closer. Once the phantom was 

moved within 3 cm, the reflection coefficient was always less than −16.7 dB. This will be used as 

the basis for the operation of the impedance monitoring system discussed in Section 5.3.  

 

The patch facing the phantom was turned off by open circuiting it and terminating its port on 

the coupler with a matched load. The reflection coefficient of the patch on the opposite side of the 

ground plane was measured to investigate whether the phantom would affect it. The measured 

reflection coefficient is shown in Figure 5.3 when the phantom was 1 mm away from the off patch. 

The two curves almost completely overlap, indicating that when one patch was on and the phantom 

was on the opposite side of the ground plane there was negligible interaction. This was also 

confirmed earlier in Section 4.5 when the phantom was placed in the same scenario in the Satimo 

system with very little change in the radiation pattern occurring. 
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Figure 5.3   One patch on and one patch off reflection coefficient measured on the VNA. The “blue 

phantom” was placed 1 mm away from the off-patch side to determine if the phantom influenced 

the on patch on the opposite side of the ground plane. 

 

Since there was insignificant change in the input impedance and radiation pattern of the antenna, 

we can conclude that there would be little interaction with a nearby human body when only the 

outward facing patch was turned on.  

 

5.3. Operation of the Monitoring System 

For the operation of the impedance monitoring system to be feasible with the back-to-back 

patch antenna designed in Chapter 4, it would first need to be miniaturized to fit within in a 

handheld device. Assuming this could be done in future work, the initial assumptions for the 

impedance monitoring system in this thesis are as follows: 

1. Impedance monitoring would only occur before the phone transmits 

2. Patch 1 would be facing outwards on the front side of the phone and patch 2 would be 

facing outwards on the back side 
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3. Only patch 1 would be turned on/off 

4. Patch 2 would always be on 

5. A user about to start transmitting would have the phone placed up against their head in 

time for the impedance monitoring system to detect them, otherwise patch 1 would be left 

on if the person was only sending data or text 

6. The antenna would be located at a place on the phone where the user’s hand would not 

cover patch 2 

Figure 5.4 gives an example illustration of how the back-to-back patch antenna would be 

positioned relative to a human user if miniaturized and inside a phone.  

 

 

Figure 5.4   An example of a miniaturized version of the back-to-back patch antenna in a phone 

with a user making a call. 

 

A block diagram of the impedance monitoring system has been shown in Figure 5.5. The 

through port of the directional coupler would be connected to the phone transceiver, the coupled 
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port would be connected to a detector and the input port would be connected to the power splitter 

that goes to the patches. Patch 1 would be connected to a switch that would be terminated in a 

matched load when the patch is turned off, leaving the patch open circuited. Patch 2 would be 

connected directly to the output of the splitter and for the case of this thesis would always be left 

on. 

 

 

Figure 5.5   High-level block diagram of the impedance monitoring system. 

 

 

When the phone is not transmitting, both patches would be left on since the power being 

received from the satellites would be very low due to the large path loss. Any time before the 

phone was about to transmit, the transceiver would send a single test tone at 𝑓𝐻 to determine the 

power being reflected from the antenna (𝑃refl). The reflected power would be coupled to the 

detector through the directional coupler. Since the power being reflected from the antenna is 

related by (5.1), we are effectively measuring the change in input impedance of the antenna. 
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|𝑆11| [dB] = 10 log10

𝑃refl

𝑃tone
= 20 log10|𝑆11| = 20 log10 |

𝑍in − 𝑍0

𝑍in + 𝑍0
| (5.1) 

 

|𝑆11| [dB] is the input reflection coefficient magnitude in dB, 𝑃tone would be the transmit 

power of the test tone sent by the transceiver, 𝑍0 would be the 50 Ω characteristic impedance of 

the system, and 𝑍in would be the combined impedance of the back-to-back patch antenna system. 

In Section 4.6, based on the homogenous head phantom, it was determined that SAR levels become 

unsafe inside 3 cm for a transceiver output power of 2 W. We note that a 2 W transceiver output 

power is typically the maximum power for an Iridium handheld device [9]. Therefore, the 

impedance monitoring system would need to turn off patch 1 when it sensed that the user’s head 

was within 3 cm. In the previous Section, it was discovered that a |𝑆11| < −16.7 dB at 𝑓𝐻 meant 

the phantom was within 3 cm of the antenna. As a safety buffer, a |𝑆11| < −15 dB will be used as 

the threshold since an inexpensive detector may have an accuracy as poor as ±1 dB [43]. A |𝑆11| =

−15 dB is still far enough above the −12.7 dB minimum that occurred outside of 4 cm, which 

would allow for detector inaccuracies of ±1 dB. A state diagram of the impedance monitoring 

system is shown in Figure 5.6. 
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Figure 5.6   State diagram of the operation of the impedance monitoring system. 

 

5.4. Conclusion 

In this chapter, an impedance monitoring system for controlling the back-to-back patch antenna 

was explored. The motivation for this was to adaptively control the antenna to reduce radiation 

exposure for the human user. Based on the reflection coefficient sensitivity results of the back-to-

back patch antenna with the “blue phantom”, a primitive impedance monitoring system was 
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designed. The system could detect a phantom within 3 cm of the antenna. Any time before the 

phone was about transmit, the transceiver would be required to emit a single test tone to determine 

whether a human head was within unsafe distance of the antenna. For data and text, both antennas 

would likely transmit, however, if the phone was placed up to the head for a call, the patch facing 

the head would be turned off to stay within SAR limitations. 
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Chapter 6 

Conclusion 
 

A state of the art commercial antenna from Multiband Antennas was measured to provide a 

blueprint of the radiation properties expected in a mobile Iridium handheld device. The 

commercial antenna had an omnidirectional pattern with a maximum measured gain of +1 dB and 

an axial ratio of less than 1.5 dB across a −10 dB bandwidth of 17.5 MHz. 

 

HFSS was used to design a normal-mode helical antenna that mimicked similar characteristics 

to Multiband Antennas’ CSA Stubby model to explore a method of shaping the radiation away 

from a human head. The normal-mode helix was also fabricated. The reflection coefficient and 

radiation pattern of the fabricated normal-mode helix was measured. A PEC/PMC based structure 

was explored for shaping a circularly polarized omnidirectional pattern and a working simulation 

was created using the designed normal-mode helix. Due to the impractical realization of the PMC, 

we needed to explore periodic resonant structures called AMCs. An AMC impedance surface 

model was successfully designed and simulated. Because of the unlikelihood of being able to 

miniaturize the AMC any further, a back-to-back patch antenna design was explored as an 

alternative to the adaptive PEC/PMC beam shaping device. 

 

The back-to-back patch antenna design had two separate feeds to allow for on/off control of 

either patch to minimize radiation exposure to the human user. The back-to-back patch antenna 

was fabricated and had a −10 dB bandwidth of 27 MHz with a maximum gain of +4.5 dB and an 

axial ratio of less than 4 dB for an elevation angle < 70∘ when both patches were on. Since there 

were no well-defined specifications for mobile handheld satellite devices, the ICAO standard for 
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Iridium communications was used as a guideline. The ICAO manual specifies that the gain should 

be greater than −3.5 dB and the axial ratio should be less than 4 dB in the direction of maximum 

radiation. Therefore, the back-to-back patch antenna has sufficient specifications for Iridium 

communications. The back-to-back patch antenna was shown to be isolated on each side of the 

ground plane when a phantom was present on the opposite side of the excited patch with only one 

patch on. This suggests, that if one of the patches were placed against a human head, it could be 

shut off and the opposite side patch would have little effect on the human head. It was determined 

that a distance of at least 3 cm was required between the back-to-back patch antenna and a head 

phantom to meet SAR regulations for a 2 W transceiver power output. Finally, beam steering of 

the nulls around the plane of the patches was explored through simulation using different feed 

phasing between the two patches. It was discovered that a null rotation of 90∘ occurred for a phase 

difference of 180∘ between the feeds. 

 

An impedance monitoring system for adaptively controlling the back-to-back patch antenna 

was explored. It was determined that the antenna could detect the phantom within 3 cm of it by 

looking at the reflection coefficient trend at the upper part of the frequency band. Therefore, by 

shutting off the patch facing the user’s head, the system was able to reduce SAR levels to safe 

levels (≤ 1.6 
W

kg
) for a 2 W transceiver power output. 

 

6.1. Future Work 

The first thing to explore would be miniaturizing the back-to-back patch antenna to where it 

could fit within a handheld device form factor. If this was successful, an implementation of the 
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impedance monitoring system, discussed in Chapter 5, could be fully tested inside a handheld form 

factor. The effects of a human user’s hand on the form factor of the device near the antenna would 

need to be studied to validate the assumptions in Section 5.3. In [44], a similar approach recently 

patented by Google discusses the concept of monitoring the reflection coefficient of two or more 

antennas for adaptively shaping the radiation away from the user to reduce SAR levels. The patent 

did not show an implementation of the monitoring system with a specific set of antennas.  

 

The impedance monitoring system proposed in this thesis could be tested with two existing 

commercial patch antennas placed back-to-back. An alternative method of operation for the 

impedance monitoring system would be to intermittently turn the +�̂�- and −�̂�- patches on/off and 

monitor the patch impedances separately. This would allow for on/off control of both patches, 

which would make the system more adaptive. Using different feed phasing between the two 

patches of the back-to-back patch antenna could also be explored for adaptive beam steering to 

optimize signal reception with the satellites and further reduce SAR levels. Another item to explore 

would be miniaturizing an AMC to the point where it would fit within a handheld device for use 

with the adaptive PEC/PMC beam shaping device proposed in Chapter 3. 
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Appendix A 

Additional Commercial Antenna Measurements 
 

A second set of helical antennas were received from Multiband Antennas that were supposed 

to have better tuning than the first set discussed in Chapter 2. Three CSA Stubby and three 

Embedded CSA Stubby models were donated from Multiband Antennas. The Embedded CSA 

Stubby had a similar design to the CSA Stubby model, but without the radome covering the top of 

the antenna. The measurement setup with the VNA was the same as the first set of antennas 

measured in Chapter 2 and is shown in Figure A.1.  

 

  

(a) 

 

(b) 

 

Figure A.1   (a) CSA Stubby mounted on styrofoam while under test. (b) Embedded CSA Stubby 

mounted on styrofoam under test. 

 

The reflection coefficient plots for the CSA Stubby antennas are shown in Figures A.2 – A.4 and 

the Embedded CSA Stubby antennas are shown in Figures A.5 – A.7. The resonant frequency and 

edges of the Iridium band are shown for convenience on each plot.  
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Figure A.2   CSA Stubby 3 reflection coefficient measured on the VNA. 

 

 

Figure A.3   CSA Stubby 4 reflection coefficient measured on the VNA. 
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Figure A.4   CSA Stubby 5 reflection coefficient measured on the VNA. 

 

 

Figure A.5   Embedded CSA Stubby 1 reflection coefficient measured on the VNA. 
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Figure A.6   Embedded CSA Stubby 2 reflection coefficient measured on the VNA. 

 

 

Figure A.7   Embedded CSA Stubby 3 reflection coefficient measured on the VNA. 


