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The results of research done in three areas of electromagnetics are presented in a three part 

document.  Part I discusses the development of a wirelessly controlled and wirelessly powered 

space-fed phased array antenna (WiPAA). The WiPAA is presented as a viable solution to the 

problem of deploying and operating large area phased array antennas in space. Chapters 1 

through 7 describe the development, construction, and testing activities that were completed to 

this end over the course of several years. Part II is a report on the work done in developing a 

model for laser heating of solid objects through a turbulent medium. This work details a method 

for estimating the temperature rise in various types of materials due to a laser beam whose 

intensity has been reduced to some degree by atmospheric turbulence. Chapters 8 through 12 

contain the details of this work which is particularly relevant to operators of high power laser 

systems operating near the ground or ocean surface. Part III is a report on the development of a 

steerable 60GHz phased array using a continuously variable dielectric phase shifting technique. 

Chapters 13 through 16 contain the results of this project including measured results from a 

prototype dielectric phase shifter and beam steering measurements from a 60GHz phased array. 



 

 

INTRODUCTION 

This document is a compilation of publishable work done in three areas of electromagnetics. Part 

I is a full report on the work done in developing a wirelessly controlled and wirelessly powered 

space-fed phased array antenna (WiPAA). In recent years there has been renewed interest in 

large apertures for space-based applications including space-based radar systems and for 

microwave transmission from solar power satellites.  The aim of the WiPAA project is to present 

a viable solution to the problem of deploying and operating large area phased array antennas in 

space. Chapter 1 presents a case for the use of lightweight foldable antennas for space-based 

arrays and introduces the concept of the WiPAA. Chapter 2 outlines the basic requirements 

imposed on the WiPAA development which are intended to model real-world performance 

criteria for a typical space-based array system. Chapters 3 and 4 describe component 

technologies well-suited for the construction of a WiPAA system. Through detailed simulation 

and prototyping, an X-Band unit-cell with C-Band wireless power and control is developed. 

Chapters 5 and 6 present the design, fabrication, and testing results for WiPAA hardware 

prototypes which were constructed to explore the fabrication and operation of a functioning 

WiPAA system. Chapter 7 provides a summary of the project and guidance towards future 

activities to improve the WiPAA technology.   

Part II is a report on the work done developing a model for laser heating of solid objects through 

a turbulent medium. This work details a method for estimating the temperature rise in various 

types of materials due to a laser beam whose intensity has been reduced to some degree by 

atmospheric turbulence. Chapter 8 explains the motivation for the project and describes some of 

the previous work done in the area of laser propagation and heating. The unique problem of 

focused beam propagation near the ground or ocean surface is described and the reasons for the 



 

 

development of a new model are explained. Chapter 9 contains the mathematical description of a 

focused laser beam through turbulence as well as a brief discussion of the possibility of non-

linear effects from thermal blooming. Chapter 10 describes how laser energy is transferred into 

solid objects via absorption and how the resulting heat diffuses through objects subjected to 

various time/thickness dependent boundary conditions. Using the formulations in Chapters 9 and 

10 we constructed a computational code to model the net heating caused by a laser beam through 

turbulence incident on a solid object target. Chapter 11 presents numerical examples for 4 

different solid targets: solid water, copper, polyimide, and glass fiber reinforced polymer. For 

each case the minimum laser dwell time required to reach the melting point or boiling point is 

computed for a range of laser transmit powers.  

Part III is a report on the development of a steerable 60GHz phased array using a continuously 

variable dielectric phase shifting technique. The motivation for a low cost 60GHz steerable array 

is established through a review of technologies for 60GHz communication.  Chapter 14 provides 

the theory of dielectric slab phase shifting using a transmission line model of the structure. The 

dielectric slab phase shifting technique is applied to a 60GHz transmission line and slabs of 

various materials and lengths are tested for phase delay and insertion loss characteristics. The 

results of the slab tests are used to construct a prototype phased array to demonstrate beam 

steering with the use of dielectric slabs. Chapter 15 describes the design of a 3x8 60GHz array 

and the use of dielectric slabs to obtain beam steering. Chapter 16 summarizes the results of the 

project and ideas for constructing a fieldable 60GHz array using dielectric slab phase shifters are 

presented.   
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Part I. Development of Wirelessly Controlled and Powered Space-Fed Phased 

Array Antenna 

Chapter 1:  INTRODUCTION 

 

1.1. Large array antennas in space 

Phased array antennas are a critical component in many radar and communications systems. The 

increased collector area and directivity of a large area phased array antenna is particularly 

attractive to long range or high sensitivity applications. Space-based radar antenna systems, for 

example, typically require a large total aperture area to achieve the directivity needed to provide 

accurate target location information. The TechSat 21 experiment put forward by the Air Force 

Research Laboratory (AFRL) was premised on the idea that a number of autonomous antennas 

operating as one could provide a large “virtual aperture” and be useful for interferometric 

imaging, geolocation, and ground moving target indication (GMTI) [1]. A 2005 investigation 

identified apertures in the range of          as the minimum required to achieve desirable 

performance for an x-band space-based radar antenna [2]. 

Another application for large area RF apertures in space is in the transmission and focusing of 

space solar power to locations on the Earth’s surface. Since at least the 1970’s the idea of 

conveying harvested solar power from space to the Earth with a microwave link has been 

considered [3]. An early report describes a notional reference –system antenna comprised of 

7220 subarrays, each        generating and transmitting a total of     of power to the Earth 

[4]. In 1981 the congressional Office of Technology Assessment (OTA) produced a report on the 

merits and feasibility of Solar Power Satellites (SPS) [5]. Included in the OTA report was a 

discussion of a reference system for microwave transmission of power from an SPS to a ground-
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based rectifying antenna array. Work in the 1980’s by W. C. Brown explored the idea of using 

space-based arrays of rectennas on a roll-up flexible material for the deployment of apertures of 

up to          [6]. The 1994 PowerSat report estimates a rectangular array        would be 

sufficient to overcome propagation losses and achieve efficient power transfer from a satellite-

based power station producing 102kW [7]. The PowerSat project identified a phased array 

antenna construction technique that made use of inflatable technology to provide a lightweight, 

compactable, and easily deployable structure. A more recent report by NASA describes an array 

of 33,000        dishes forming a large      diameter space-based transmitter for solar energy 

[8]. All of these designs have in common the technical challenge of transporting and deploying 

structures with large total surface area with launch vehicles that are volume, diameter, and 

payload limited cylinders.  

1.2. Low mass density and foldable antennas 

Space-based array antennas are generally large, especially if the frequency of operation is at X-

Band or below. The increased array size provides the benefit of enhanced directivity and larger 

total power output however as the array size increases the weight and complexity of such a 

structure becomes a limiting factor. The MIT study projected a mass of 700-1500 kg (17.5 – 37.5 

kg/m
2
) for a 40m

2
 X-Band aperture [2]. This projection was based on an assumption that an array 

is constructed using discrete transmit/receive (TR) modules assembled in ‘brick’ fashion. If a 

‘tile’ architecture is used the expected mass of a 40m
2
 array is 500-700 kg (12.5 – 17.5 kg/m

2
). 

Although the utility of these phased array construction techniques has been proven, such 

antennas have limited application in very large (>100m
2
) space-based communications or remote 

sensing systems. The inherent rigidity of ‘brick’ or ‘tile’ phased array apertures hinders their 

deployment in space-based systems. A 1991 article from the Rockwell Corporation describes a 
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unique “venetian blind” array which is compact enough to stow in an Atlas-Centaur payload 

faring but deploys to form a        diameter space-fed lens [9]. More recent efforts to develop 

large-area high-altitude phased array antennas have suggested that significant reduction in 

aperture mass density is possible. DARPA’s ISIS program demonstrated a large X-Band aperture 

with a mass density of 2 kg/m
2
 using a unique printed-paper antenna element [10]. 

1.3. Space-fed arrays 

A 2003 study considering radar technology suitable for medium Earth orbit (MEO) (~10,000km) 

operation suggests that large space-fed arrays are a viable solution [11]. Space-feeding is a well-

known technique to reduce the cost and complexity of large array systems [12]. Whereas an 

active phased array antenna has a full T/R module at each unit cell, a space-fed phased array acts 

as a passive lens and requires only a phase shifter at each unit cell.  This is a technique first 

described by Miccioli in [13] and previously demonstrated in [14, 15]. As the patent by Miccioli 

describes, the array is fed with a smaller antenna at some distance from the array surface. The 

divergent nature of the transmitted beam is corrected by the phase shifters between feed side and 

space side of the array. The collimated and steered beam is propagated along some direction, 

dictated by the inputs to the phase shifters, shown in Figure 1.1, as coming from some generic 

device called a ‘programmer.’  
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Figure 1.1: Conceptual space-fed array diagram [13]. 

 

1.4. Wireless phased array antenna concept 

The challenge of putting large area phased array antennas in space has motivated this research 

effort and to demonstrate a potential solution to this problem we have developed a wireless 

space-fed phased array antenna (WiPAA). 

 

The WiPAA is a patented concept developed by Boeing’s Advanced Network and Space 

Systems (ANSS) describing “a system configured for radar or communications applications, 

comprising: a wireless, space-fed, phased array of antennas…” [16]. An overview of an example 

WiPAA system level block diagram is shown in Figure 1.2. 
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Figure 1.2: Block diagram of wireless space-fed phased array system [16]. 

In the patent by Sego, the wireless nature of the space-fed array concept is extended to the 

‘programmer’. Both the digital command for element-wise phasing, and the power needed to 

interpret and implement phase commands is propagated to the array elements wirelessly. The 

result is a phased array antenna free of wired power or control busses and without the 

constraints, both in rigidity and in mass density, of fixed analog power combining/dividing 

networks.  

1.5. Scope of dissertation work 

Many of today’s state-of-the-art phased array antenna systems are structurally rigid due to the 

presence of a common distribution manifolds for power, control signals, and RF signals [17] [18] 

[19]. Some of the most innovative large area phased array antenna concepts have eliminated 

distribution manifolds for RF signals by utilizing space-fed radiating elements and have focused 

on structurally-integrated antenna designs the will bend, flex, and maintain rigidity as and when 

needed [9] [10]. In this work I will demonstrate a unique solution to the problem of creating 

large, compactable, phased array antennas that focuses on eliminating the distribution manifolds 

for power, control, and RF signals all together.  
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Chapter 2 will discuss the requirements I have imposed on the example WiPAA system to bound 

the problem to a finite endeavor while demonstrating the important and relevant technical merits 

of this novel approach. Section 2.1 describes how required RF performance of the PAA system 

simulates the aperture demands of common radar applications and the choice of primary RF 

frequency represents a trade between applications in remote sensing and applications for 

microwave power transmission from space power satellites. Section 2.2 establishes the desired 

functionality of a wireless link to convey power and control signals to the elements in a WiPAA 

antenna system. Section 2.3 provides rationale for implementation of the WiPAA concept 

through a discussion of the mechanical features of the array. Section 2.4 provides guidance for 

the choice of materials in space-based WiPAA systems with a focus proven RF materials for 

space applications. 

Chapter 3 reports on the selection of and design of an RF radiator for use with the demonstrative 

WiPAA system. Section 3.1 presents the requirements imposed on the RF radiator extrapolated 

from the WiPAA system requirements. Section 3.2 provides the rationale for selection of a 

printed patch radiator for use with the space-fed array. A modified feeding structure is discussed 

and simulation results are presented. Section 3.3 details how the radiator can be integrated into a 

larger structure and replicated into an array of elements. 

Chapter 4 describes the mechanism for conveying power and command information to the array 

unit cells in a wireless fashion. Section 4.1 provides evidence for the use of a slot antenna 

operating at a complementary RF frequency (in this case C-Band) for a secondary power and 

command signal harvesting aperture. The implications of the secondary aperture choice on the 

array unit cell are discussed and simulation results of the slot antenna are presented. Section 4.2 

describes the implementation of a circuit for rectifying incident RF energy to provide power to 
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array components and a method for using this power signal to simultaneously convey beam-

steering control information to the WiPAA. Methods for efficient RF-to-DC conversion, 

simulation data, and measurements of prototype circuits are included.  

Chapter 5 includes the detailed description of the implementation of important constituent 

WiPAA technology in a passive 2D X-Band aperture array. This test proves the functionality of 

the X-Band apertures and interconnects independent of the RF phase shifters or wireless power 

and control circuitry. Section 5.1 provides the details of the 2D array design including CAD 

drawings and assembly procedures. Section 5.2 describes the test procedures to extract the RF 

performance of the space-fed 2D array. Section 5.3 presents the results of the test along with 

analysis and a discussion of potential sources of loss in the structure.  

Chapter 6 presents the implementation of the WiPAA concept in a 4-element electronically 

scanned prototype array. Section 6.1 covers the design of the 1D array and presents a CAD 

drawing showing the layout of all of the apertures and components. Section 6.2 shows the 

communication protocol used for controlling the array with a wireless signal. Section 6.3 

describes methods for the preliminary testing of the array. Section 6.4 describes the test 

procedures for demonstrating beam steering and presents antenna patterns to confirm beam 

mobility of the WiPAA prototype.  

Chapter 7 provides conclusions and a brief discussion of the remaining technical challenges in 

implementing WiPAA technology. Section 7.1 is an overview of the WiPAA project and focuses 

on the work done to mature the idea from concept to functioning prototype. Section 7.2 looks 

ahead to the future of WiPAA technology. The possibilities and challenges of the technology are 
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explored through a discussion of electronics packaging, mitigation of inter-element coupling, and 

the efficiency of wireless power transfer in the context of WiPAA.    
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Chapter 2:  WIPAA SYSTEM REQUIRMENTS 

 

Figure 2.1 shows the WiPAA space-fed array architecture. The fundamental elements of the 

concept including space-fed primary RF, wireless control, and RF rectification to provide power 

are shown. The figure also shows the independent nature of the primary RF and power /control 

RF signals. The following sections establish the system requirements for a specific 

implementation of a WiPAA in an effort to exemplify the details of the space-fed array design.  

 

 

Figure 2.1: WiPAA space-fed array architecture. 
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2.1  RF performance of WiPAA  

 

In principal the WiPAA design paradigm can be applied to arrays operating at any frequency. In 

practice, space-based arrays will encounter weight and size limitations at low frequencies and 

limitations in packaging and integration at high frequencies. The primary frequencies of interest 

for satellite antenna operators have historically been in the range of VHF to Ku-Band (130MHz 

to 18GHz). Because of size limitations, space-based phased arrays are most useful from about S-

Band to Ku-Band (2GHz to 18GHz).  Using the patented claims as a guide, the WiPAA concept 

has been matured via detailed simulations of compatible aperture technologies and 

implementation of multiple hardware prototypes. Throughout the exploratory and design phases, 

a few parameters are used to bound the resulting technology and maintain compatibility with 

notional space-based applications. Generally, the array should be: thin, lightweight, and flexible. 

For the prototype antenna systems we considered X-Band frequencies from 8-12GHz and Ku-

Band frequencies from 12-18GHz for primary RF due to their usefulness for radar and/or 

communications. The Ku-Band range may have the benefit of a larger component market due to 

its heavy use in commercial satellite communications but the difference in required element to 

element spacing favored X-Band so the design of demonstrative prototypes was done at 9.5GHz. 

To maintain reasonable radar performance, specifically in regards to resolution, the 

instantaneous bandwidth target is 500MHz.  

2.2  Wireless power and control of WiPAA 

The WiPAA relies on a wireless signal propagated to each element of the array for both the 

power and control information required by the beam steering control. In this context, beam 

steering control includes a digital RF phase shifter with 4-bits of control and a processing unit to 

interpret beam steering commands and provide the voltage bias required to activate the correct 
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phase state in each RF phase shifter. A typical RF phase shifter draws very little current and does 

not contribute heavily to the DC power requirement of the unit cell. The processing unit must 

take in a packet of command information, for instance a scan angle, and interpret this signal 

based on its unique position within the array. The processing unit must provide the voltage bias 

required to activate the correct phase state in the phase shifter and the processing unit must 

continually monitor the incoming data for changes in the command information. These 

operations will require power and ultimately the efficiency and speed of the processing unit 

determines the power consumption of the unit cell.  

2.3  Mechanical requirements of WiPAA 

The WiPAA is unique in that it eliminates electrical connections between unit cells in the phased 

array. Eliminating electrical connections between the unit cells allows for the use of flexible 

and/or foldable materials to physically hold the array together. One major requirement imposed 

on a large space-based array system is that it can be transported to orbit using launch vehicles of 

limited storage capacity. The PowerSat study considered using a Taurus launch vehicle which 

has a cylindrical payload faring which is         long and has a         diameter [7]. In 

order to most efficiently use this space to transport a large area phased array aperture 

(eg.       antenna) the antenna will need to be folded or rolled.   

2.4  Materials requirements of WiPAA 

The antenna technologies developed for the WiPAA are planar PCB-based designs. Printed or 

etched structures are well suited for the construction of large-area arrays. Printed circuit boards 

require very little hand assembly and are relatively cheap to manufacture. In addition the cost per 

panel decreases significantly when producing a large volume of boards and the process is highly 

repeatable. Use of the X-band frequency regime requires a high-frequency PCB material. In 

addition the board materials must exhibit good performance in the presence of vacuum to be 
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useful in space-based antennas. NASA has defined outgassing specifications which limit 

maximum volatile condensable material (VCM) content and maximum total mass loss of 

polymers used in space applications to 0.1 percent and 1.0 percent respectively [20]. This 

guideline helps ensure that the release of VCMs does not contaminate or impede functionality of 

sensitive spacecraft components. Many commercial materials are available which are well suited 

for high-frequency space-based applications and meet the outgassing specifications established 

by NASA. PTFE/ceramic composite materials such RF-35TC from Taconic, RT/duroid 6002 

from Rogers, or CLTE-AT from Arlon all satisfy the basic requirements for high-frequency use 

in space-environments [21] [22] [23]. Liquid crystal polymer (LCP) has also been shown to be 

useful in the fabrication of antennas and effective in high-frequency space-based applications 

[24] [25]. The advantage of LCP over PTFE/ceramic composite materials is that LCP can be 

fabricated in very thin sheets (0.05mm and 0.10mm are typical) which are strong yet flexible. 

LCP is very resistant to the effects of space including radiation, vacuum effects, and temperature 

extremes. LCP can also be processed using standard PCB etching/processing techniques making 

it attractive for large area circuits [26].  
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Chapter 3:  RF RADIATOR FOR WIPAA 

 

3.1  Constraints on radiator topology 

The motivation behind developing WiPAA technology for space-based antennas is primarily to 

reduce the weight and rigidity of large phased array apertures. A good choice of a radiator for the 

WiPAA would be a radiator which is compatible with RF materials that are thin, lightweight, and 

flexible. Materials such as polyimides and glass/PTFE/ceramic composites are good candidates 

for space-based RF board materials due to their mechanical properties and their compatibility 

with common PCB etching processes. As the design calls for a thin, lightweight, and flexible 

antenna on a planar structure and the instantaneous bandwidth requirement is modest (5% at X-

Band), printed patch antennas are investigated as elements for the space-fed array. 

 

  

Figure 3.1: Normalized bandwidth of patch antenna vs. substrate thickness [27]. 
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Figure 3.1 shows the normalized bandwidth for a square patch antenna as a function of substrate 

thickness for a range of substrate densities [27]. The curves come from an electromagnetic 

analysis of the patch structure using a cavity model. Based on these design curves, a standard 

1.58mm (62mil) Duroid 5880 substrate is used in preliminary simulations. Figure 3.2 shows a 

probe fed patch antenna on a 1.58mm Duroid substrate.    

 

 

Figure 3.2: Probe-fed X-Band patch antenna on 1.58mm Duroid 5880. 

 

 

The antenna dimensions are calculated using design equations in [27]. Ansoft HFSS is used to 

tune the antenna to the 9.5GHz center frequency. The simulated negative return loss of the 

probe-fed X-Band patch antenna is shown in Figure 3.3. The probe fed patch has an 

instantaneous bandwidth (VSWR< 2:1) of 500MHz, consistent with Figure 3.1.  
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Figure 3.3: Negative return loss for probe-fed X-Band patch antenna. 

 

 

Figure 3.3 shows the simulated radiation patterns over θ in primary planes (E-Plane: Φ = 90° and 

H-Plane: Φ = 0°). The pattern is consistent with expected microstrip directivity, though the 

tendency to radiate the cross-polarized mode is somewhat high. This is likely due to the square 

nature of the patch and the low reactance of the lowest order orthogonal resonant mode. A non-

square patch should exhibit both greater bandwidth and a reduced sensitivity to cross-polarized 

modes.  
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Figure 3.4: Directivity of probe-fed X-Band patch antenna in E-Plane and H-Plane. 
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(b) 

Figure 3.5: Diagram showing element spacing for 5x5 array with: (a) Max scan 45°;     (b) Max 

scan 60° 

 

Using the dimensions of the simulated square patch, example array configurations are generated 

to assess the available space for phase control, wireless receivers, and secondary apertures for 

wireless command and power harvesting. Using a rectangular lattice, the element to element 

spacing in X and Y is limited by the need to suppress grating lobes in the visible half-space (-

90°<θ<90°). Figure 3.5 shows two examples of maximum array spacing corresponding to 

maximum look angles of 45° and 60°. The maximum element to element spacing for 45° and 60° 

are 18mm and 16.5mm respectively.   
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3.2  Proximity coupled patch radiator 

In an effort to minimize the overall array thickness alternate radiator and feed geometries are 

investigated. The probe feed used to excite the square patch in the simulation above is useful for 

quickly finding good impedance match while the patch dimensions are varied but the substrate 

thickness could be reduced if a different feeding method is used.   

History 

Pozar describes, “an alternative method of obtaining enhanced bandwidth...using a microstrip 

feed line proximity-coupled to a patch antenna printed on a superstrate above the feed line,” in a 

1987 paper [28]. The key aspects of the feed geometry proposed by Pozar, including capacitively 

coupled open circuit feed line and parallel tuning stub, are shown in Figure 3.6.   

 

 

Figure 3.6: Capacitively coupled feed proposed by Pozar [28]. 
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Simulation results 

The proximity-coupled feeding technique is implemented with a modified X-Band patch element 

in HFSS. The model, with feed line on .254mm substrate and patch on .762mm superstrate, is 

shown in Figure 3.7.  

 

 

Figure 3.7: Capacitively coupled X-Band patch antenna model. 

 

The simulated input impedance for the capacitively coupled X-Band patch is shown in Figure 

3.8. The additional series capacitance due to the feed structure has caused the impedance locus to 

become more tightly wrapped and, as the plot in Figure 3.9 shows, the instantaneous bandwidth 

(VSWR< 2:1) has been improved. Based on the result of simulation, the capacitively coupled 

feed structure is preferable because it improves performance while reducing total thickness by 

more than 30%.  
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Figure 3.8: Input impedance of capacitively coupled X-Band patch antenna. 
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Figure 3.9: Negative return loss of capacitively coupled X-Band patch antenna. 

 

Figure 3.10 shows the simulated directivity of capacitively coupled X-Band patch over θ in 

primary planes (E-Plane: Φ = 90° and H-Plane: Φ = 0°). Following the guidance of the original 

Pozar paper, a non-square patch is used and as a result the sensitivity to the cross-polarized mode 

is reduced compared to the probe-fed antenna shown previously.  
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Figure 3.10: Directivity of capacitively coupled X-Band patch in E-Plane and H-Plane.  
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Improvement in antenna performance is possible with the reduced footprint feed network 

proposed by Duffy [29]. As shown in Figure 3.11, a split 3/4λ open circuit transformer is used 
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Figure 3.11: Reduced footprint feed network proposed by Duffy [29]. 

In the paper, Duffy shows an example using an X-Band patch on 1mm substrate (εr = 2.9). He 

notes three observed benefits of the technique: improved bandwidth (relative to baseline quarter 

wave feed) without increasing substrate height or decreasing dielectric constant, the matching 

network consumes no additional area beyond that occupied by the patch, and radiation is 

shielded by the patch and potentially conserved via re-radiation. Although bandwidth and cross-

pol performance are adequate without modification, Duffy’s approach could reduce the area 

occupied by the antenna element and matching network in an array environment where space is 

limited. Though shelved, the idea is kept in mind as the design of a prototype proceeds with the 

less complicated proximity-coupled feed.  

3.3  WiPAA integration 

To use the capacitively-coupled patch antenna with the WiPAA we need to consider how the 

antenna will be implemented in the context of a space-fed array. A space-fed array has radiating 

elements on two sides, one set on the feed side and one set on the space side. The microstrip line 

used to feed the proximity-coupled antenna above requires an interconnection to another 

microstrip line on the opposite side of the ground plane. An RF transition using a metalized via 
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to connect two 50Ω microstrip lines on opposite sides of a common ground plane is shown in 

Figure 3.12.  

 

Figure 3.12: Model of feed-side to space-side RF transition. 

 

The simulated negative return loss and negative insertion loss in Figure 3.13 shows a well 

matched transition, with expected loss ~.1dB.  

 

Figure 3.13: Simulated |S21| and |S11| for feed-side to space-side RF transition. 
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Chapter 4:  WIRELESS POWER AND COMMAND SIGNAL 

HARVESTING 

 

4.1  C-Band slot antenna  

Compatibility with WiPAA unit cell 

To achieve wireless command of element-wise phasing and wireless transfer of power to the RF 

modules, a second aperture operating in the ISM band at 5.8GHz is used. For many years NASA, 

Raython, JPL, and others have used RF in the low GHz range to transfer power wirelessly to 

arrays of rectifying antennas [30]. For the WiPAA system an RF signal located in the ISM band 

at 5.8 GHz is used. This frequency band is preferred over other ISM bands (915MHz or 2.4GHz) 

because apertures designed to receive 5.8GHz efficiently tend to be complimentary with the size 

and spacing of X-Band patch elements (i.e. a wavelength at 5.8GHz is roughly twice the 

wavelength at 9.5GHz). The apertures for transmitting power to the WiPAA are can be more 

compact at 5.8GHz than at 2.4GHz and efficient operation of rectifying components at 5.8GHz 

has been demonstrated [31]. Because of the relative size of C-Band antennas to X-Band 

antennas, a decision is made to include one C-Band antenna for every two X-Band antennas. The 

resulting WiPAA unit cell consists of a 1x2 array of X-Band antennas and a single C-Band 

antenna. Figure 4.1 shows a notional WiPAA unit cell with a λ/4 x λ/4 C-Band patch antenna.  
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Figure 4.1: WiPAA unit cell with C-Band quarter patch antenna. 

 

Although there are two X-Band elements per unit cell, we would like to maintain (if possible) 

independent phase control at each X-Band element. The area occupied by the C-Band quarter-

patch leaves little useful room for a phase shifter, command/rectifying circuit, and signal 

distribution. As a result, an alternative antenna is investigated. Because of its compact size, a 

slotted ground plane under a microstrip feed line is used for the C-Band antenna [32]. Figure 4.2 

shows top and side views of a microstrip fed slot antenna at C-Band. Figure 4.3 shows a 

microstrip fed slot antenna model used for HFSS simulation. This antenna has a longer but 

narrower footprint that is more suited to placement between X-Band patch elements in the array.  

 

Unit cell
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Figure 4.2: C-Band microstrip-fed slot antenna for array command and wireless power 

harvesting. 

 

 

Figure 4.3:  A microstrip-fed slot antenna model. 
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Simulation results 

To better understand the performance of the proposed C-Band slot antenna, the topology in 

Figure 4.2 is simulated in HFSS. Figure 4.3 shows the simulated instantaneous bandwidth 

(VSWR<2:1) for the C-Band slot antenna is better than 400MHz around the 5.8GHz design 

frequency. This is many times better than bandwidth for a typical quarter-patch antenna which 

exhibits fractional bandwidth less than 1%. Though the bandwidth requirement for control of the 

array is not large the increased bandwidth of the slot antenna adds design robustness in that small 

tolerance differences across the array will not result in antenna elements operating significantly 

outside the range of the control signal carrier. If the quarter wave patch was used, its much 

smaller “notch-like” frequency response may result in this type of tolerance induced signal 

insensitivity.   
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Figure 4.3: Simulated negative return loss for C-Band microstrip-fed slot antenna. 

 

 

Figure 4.4: Simulated radiation patterns for microstrip-fed slot and quarter-patch antennas. 
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The radiation patterns in Figure 4.4 highlight the difference between the quarter-patch and slot 

antenna directivities. While the quarter-patch is nearly omni-directional in only one half space (-

90°<θ<90°) the slot antenna has high gain regions in both half spaces (-180°<θ<180°). This 

means that even though the quarter patch confines radiation to one half space it is only slightly 

more directional (peak directivity 5.06dBi vs. 4.78dBi for slot antenna). As previously 

mentioned, the instantaneous bandwidth of the slot antenna is much higher than for the quarter-

patch antenna (quarter-patch ~ 10MHz or <<1% while slot > 400MHz or 7%). This improves the 

robustness of the design against tolerance induced fabrication errors and/or changes in carrier 

frequency during operation. Additionally, the microstrip-fed slot antenna is preferred over the 

quarter-patch because of its efficient use of the available space. The feed line easily subtends 

regions near two X-Band patch feeds, as shown in Figure 4.5, facilitating the distribution of C-

Band control to RF modules on a single layer.  

 

 

Figure 4.5: WiPAA unit cell comprised of 2 X-Band patch elements and 1 C-Band slot element. 
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4.2  Co-located radiating element test coupon 

To test the antenna designs simulated above and gather a preliminary assessment of the 

deterioration in performance due to collocation, a prototype antenna, consisting of two WiPAA 

unit cells, is fabricated and tested. Side by side 1x2 arrays of X-Band patch antennas are 

fabricated each with a C-Band slot antenna located within the unit cell. Each antenna is fed with 

a line extended to the board edge and terminated in an edge launch SMA connector. 

 

Figure 4.6: CAD drawing of a two WiPAA unit-cell test coupon. 

 

A CAD drawing of the two layer board is shown in Figure 4.6. The drawing shows a WiPAA test 

coupon with an array of four linearly polarized X-Band patch elements interleaved with two C-

Band antennas (microstrip-fed slots in ground plane). Each of the six antenna elements in the test 

coupon are fed with 50Ω microstrip lines. The board is composed of two dielectric layers: a .76 

mm superstrate layer supporting X-Band patch elements and a .25 mm substrate layer with feed 
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lines, ground plane, and slot antennas. The substrate and superstrate layers are etched separately 

and held together using a multitude of fasteners around the perimeter of the 2x2 array. A picture 

of the fabricated substrate layer, including the holes for fasteners, is shown in Figure 4.7. 

 

Figure 4.7: Fabricated substrate layer (feed network) for WiPAA test coupon. 

 

Figure 4.8 shows the measured return loss for a single X-Band element in the small test array. 

The response shows a good match (VSWR<2:1) across a 400 MHz range from 9.4-9.8 GHz. 

Figure 4.9 shows the measured return loss for a single C-Band element in the small test array. 

The response shows a good match (VSWR<2:1) across an 800 MHz range from 5.6-6.4 GHz. 

The measured impedance bandwidth of the slot antenna is much larger than other proposed PCB-

based apertures (e.g. quarter-patch antenna). A larger bandwidth can loosen the manufacturing 

tolerances required to control resonant frequency differences across the array. For this 

application, susceptibility to noise and/or interference is not a major concern because the control 

signal is designed to be quite strong (see Section III A) relative to noise and/or stray signals.    In 
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Figure 4.9 we also see a small range of low return loss around 10 GHz. This measured response 

indicates a potential problem: specifically, if received X-Band RF passes through the C-Band 

slot and is directly coupled to the space-fed array feed it could create a path for direct coupling 

from space-side to feed-side, circumventing the element-wise phase delay imposed by the 

WiPAA. One major design feature limiting direct coupling is the space-side to feed-side 

polarization diversity. Polarization of X-Band patch elements on space-side is orthogonal to 

polarization of X-Band patch element on the feed-side. The C-Band slot is only sensitive to 

electric field polarized linearly in one dimension (vertically in Fig. 4). The polarization of the 

slot antenna is kept orthogonal to the space-fed array feed polarization which provides isolation 

from the X-band receive. By including this polarization isolation we can limit the effect of any 

direct coupling from space-side to feed-side through the C-Band slot antenna.  

 

Figure 4.8: Measured |S11| for X-Band patch antenna element in array of 2 WiPAA unit cells. 
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Figure 4.9:  Measured |S11| for C-Band slot antenna element in array of 2 WiPAA unit cells. 

 

Figure 4.10 shows the measured radiation pattern in the E-Plane for a single X-Band patch 

element plotted against the simulated embedded element pattern from a 4-element simulation. 

The measured element was the x-band patch element on the bottom left of the 4-element array in 

Figure 4.6. The simulation and the measurement show similar gain deterioration from       

   . The asymmetery in the pattern is expected because the measured/simulated patch element 

has neighboring elements on 2 sides and no neighboring elements on the other 2 sides.    

 



35 

 

 

Figure 4.10:  Measured E-Plane pattern for X-Band antenna element in array of 2 WiPAA unit 

cells and simulated E-Plane pattern for reference. 

4.3  C-Band rectifier and wireless control circuit 

The WiPAA uses a wireless signal to control the element-wise phase shift across the aperture 

face. Additionally, because there are no electrical connections amongst the unit cells the control 

signal must also provide the power needed to run the phase control circuitry. At each WiPAA 

unit cell this circuitry consists of two X-Band phase shifters and a control IC to interpret the 

control signal and provide the correct bias voltages to each phase shifter. These requirements 

suggest that a modulated C-Band RF signal will be propagated to the unit cell, received by the C-

Band slot antenna, and both DC voltage and digital data stream will be extracted. To accomplish 

this we need to employ both a RF-DC rectifier and a RF demodulator. For the former, the well-

known Dickson topology is chosen for its simplicity and scalability [33]. 
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Charge pump considerations  

When a Dickson charge pump is connected to an RF source the result is a rectifier with a DC 

output that can be higher than the peak incident RF voltage. Increasing the number of stages in 

the charge pump has the effect of further increasing the DC voltage at the expense of DC current 

progressively increasing the output impedance of the rectifier. The ideal number of charge pump 

stages depends on the impedance of the load and will determine the input resistance as seen by 

the RF source. Figure 4.11 shows a 2-stage Dickson charge pump with RF source on the left and 

the DC output voltage VDC taken across the output capacitor at the far right.  

 

 

Figure 4.11: A 2-stage Dickson charge pump. 

 

The required output voltage and the load resistance are dictated by the choice of phase shifter 

and control IC. In the development of the first steerable prototype a 4-bit digital phase shifter 

from Hittite Microwave is used (HMC543LC4B). This chip provides 0 - 360° phase delay with 

22.5° of resolution across a frequency range of 8-12GHz. The phase shifter is controlled with 

complementary logic of 0/-3V and presents a load of .9MΩ. The control IC is implemented using 
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an ultra-low power MCU from Texas Instruments (MSP430F2112). This IC can provide up to 24 

bits of general purpose I/O (GPIO) with 300µA current consumption at 3V (10kΩ load).  

Rectifier simulation and measurement results 

Multiple charge pump designs were simulated using Ansoft Designer and a harmonic balance 

simulation. To compare the voltage outputs and RF to DC conversion efficiency, charge pumps 

with from 1 to 5 stages were analyzed. Figure 4.12 shows an Ansoft Designer model of a 3-stage 

charge pump. The simulation includes an enhanced SPICE diode model for each of the Schottky 

diodes in the charge pump. Both the HSMS-285 zero-bias Schottky detector diode and the 

HSMS-286 microwave Schottky detector diode from Avago Technologies were used in 

simulation [34] [35]. The HSMS-285 zero-bias Schottky diodes are useful when DC-bias is not 

available which is the case in the RF-DC rectifier design shown here. The HSMS-285 diode is 

typically used as a detector at frequencies below 1.5GHz and at power levels below -20dBm. 

Though we are not using the device in a detector circuit, our higher input power levels and 

higher frequency of operation may result in poor performance from the HSMS-285 diode. We 

also consider the HSMS-286 microwave Schottky detector diode and compare the performance 

of the two devices in simulation. Although the HSMS-286 is typically used as a DC-biased 

detector, it is also useful for operation without bias at frequencies above 4GHz and power levels 

above -20dBm.  
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Figure 4.12: Ansoft Designer model of 3-stage Dickson charge pump. 

The SPICE parameters for the HSMS-285 used in the simulation are provided in Table 4.1 and 

the SPICE parameters for the HSMS-286 are provided in Table 4.2. The load resistance (RL) 

used in the simulation is 8kΩ which corresponds to the worst case current draw from the TI 

MSP430F2112 when running with a 1MHz clock and an output voltage of 2.4V. We can use a 

resistor in place of the microcontroller and forgo the voltage regulator because the most basic 

implementation of the MCU code does not put the device into any of the available low power 
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modes and thus the current draw remains relatively constant while the WiPAA system is 

illuminated with the 5.8GHz power signal.     

Table 4.1: Diode SPICE parameters for HSMS-285 used in charge pump simulations. 

Name Description Value Unit 

IS Saturation current 3E-6 A 

N Emission coefficient 1.06 (none) 

IBV Current at breakdown 3E-4 A 

BV Breakdown voltage 3.8 V 

RS Series resistance 25 Ω 

CJ0 Zero bias junction 

capacitance 

0.18 pF 

VJ Junction potential 0.35 V 

EG Barrier height 0.69 V 

 

Table 4.2: Diode SPICE parameters for HSMS-286 used in charge pump simulations. 

Name Description Value Unit 

IS Saturation current 5E-8 A 

N Emission coefficient 1.08 (none) 

IBV Current at breakdown 1E-5 A 

BV Breakdown voltage 7 V 

RS Series resistance 6 Ω 

CJ0 Zero bias junction 

capacitance 

0.18 pF 

VJ Junction potential 0.65 V 

EG Barrier height 0.69 V 

 

 

To compare the two Schottky diodes, the RF input power level is swept from -5dBm to +20dBm 

in charge pump circuits of from 1-5 stages and the output simulated output voltage is recorded. 

This is done for identical circuits using either the HSMS-285 or the HSMS-286. 

Figure 4.13 shows the DC output voltage (VDC) vs. the RF input power level (Pin) for five 

Dickson charge pumps (from 1-5 stages) when the HSMS-285 zero-bias detector diode is used. 

Figure 4.14 shows DC output voltage (VDC) vs. the RF input power level (Pin) for five Dickson 

charge pumps (from 1-5 stages) when the HSMS-286 microwave detector diode is used.  
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Figure 4.13: VDC vs. Pin for 1-5 stage charge pump simulation with HSMS-285. 

 

Figure 4.14: VDC vs. Pin for 1-5 stage charge pump simulation with HSMS-286. 
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From the results of the two simulations we can see that the circuit with the HSMS-285 diode 

achieves         at a lower     than the circuit with the HSMS-286 diode. We can also see 

that the 2-stage rectifier and the 3-stage rectifier achieve         at              which 

is the lowest of any of the simulated cases. Figure 4.14 shows the RF to DC conversion 

efficiency vs. Pin for each of the five Dickson charge pump designs using the HSMS-285 diode.   

 

Figure 4.14: Simulated RF to DC conversion efficiency for 1-5 stage charge pumps  

 

The RF to DC conversion efficiency is calculated using a ratio of output power to input power:  

           
   

 

  
 

 

   
 



42 

 

The simulation shows that a rectifier containing either 2 or 3 charge pump stages is most 

efficient at producing a |VDC| of approximately 3V. For both designs the RF to DC conversion 

efficiency is approximately 20% when the output voltage is 3V. We can also see from the 

simulation that none of the charge pump designs have maximum efficiency at the Pin required to 

produce a |VDC| of 3V. We also note that the charge pump has not been specifically optimized for 

an RF input frequency of 5.8GHz. 

Figure 4.15 shows a fabricated Dickson charge pump rectifier prototype. The test coupon has a 

50Ω input, a Dickson charge pump and a 10kΩ resistor to simulate the MCU load. To examine 

the relationship between number of stages and output voltage the number of stages for the 

Dickson charge pump was varied from 1 to 5. Figure 4.16 shows the measured VDC versus the 

RF power level Pin for a 5.8GHz CW source. Because of the requirement that phase shifter be 

driven with 0/-3V logic (relative to RF ground) we show the measured VDC as a negative voltage.  

 

 

Figure 4.15: 1-5 stage rectifier test coupon.  
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Figure 4.16: Measured rectifier performance with 10kΩ load using a 5.8GHz CW source.  

 

To increase the RF to DC conversion efficiency of the rectifier circuit a matching circuit is added 

to the rectifier input. In the previous simulations 50Ω source impedance was assumed however 

the input impedance of the rectifier with 8kΩ load is higher than 50Ω. Reactive matching can 

reduce the input impedance of the rectifier near resonance and result in improved RF to DC 

conversion efficiency at 5.8GHz. This also means a 1-stage rectifier can be implemented with 

good efficiency, reducing the total component count and board area required for the power 

harvesting circuit.  

Figure 4.17 shows a 1-stage rectifier with an LC input matching circuit. The shunt reactance 

reduces the input impedance of the rectifier circuit when the inductance and capacitance is 

carefully chosen for the input RF frequency. The values of the matching components are: 
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              and              . The value of the smoothing capacitors is, as in 

previous simulations,              . 

 

Figure 4.17: 1-stage rectifier with matching circuit. 

 

The circuit in figure 4.17 was simulated with RF input power         , load resistance 

        , and source impedance of             . The higher source impedance makes 

the match less sensitive to frequency differences, improves the overall efficiency, and is realistic 

given the range of achievable slot antenna output impedances with the chosen topology. The 

circuit in 4.17 is simulated both with the LC matching circuit (as shown) and without the LC 

matching circuit (not shown). The frequency is swept from 5.75GHz to 5.85GHz and the RF to 

DC conversion efficiency of the rectifier with and without LC matching circuit is produced. 

Figure 4.18 shows the efficiency vs. frequency for both circuits. Whereas only 5% efficiency is 

shown for the circuit without LC matching, an efficiency of near 50% is shown near 5.8GHz for 
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the circuit with LC matching. Reactive matching is included in the design of the rectifier for use 

with the 1-D WiPAA in Chapter 6 as it allows for the use of rectifiers with fewer stages and 

better RF to DC conversion efficiency.  

    

 

Figure 4.18: RF to DC conversion efficiency of 1-stage rectifier with and without LC matching 

circuit. 

Wireless control circuit 

A slight amplitude modulation of the RF power signal can produce a serial data stream and a 

simple threshold detector can operate as a 1-bit A/D converter. This configuration has been 

shown effective in a variety of wirelessly powered applications [36]. The control IC is used to 

interpret the serial data stream encoded with scan angle information and, based on the element 
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location in the array, command the desired phase shift. Figure 4.19 shows a block diagram of the 

wireless control system.  

 

Figure 4.19: Block diagram of example WiPAA control circuit 
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Chapter 5:  A PASSIVE 2D WIPAA 

 

5.1 2D array design 

To demonstrate the RF performance of the WiPAA capacitively coupled patch radiators in an 

array environment an unfocused space-fed array is constructed. Figure 5.1 shows conceptual 

drawings of a space-fed array using the developed X-Band and C-Band elements. Figure 5.1a 

shows the array from one side of the ground plane (side 1) while Figure 5.1b shows the array 

from the opposite side (side 2). Although the goal in this phase is to demonstrate a space-fed 

array without any onboard electronics, a space is shown on the conceptual drawing where a 

phased array module may go in future iterations.   

The overlaid view in Figure 5.1c shows both sides of the space-fed antenna via additional 

transparency in the ground plane layer. From this drawing, it is clear that the X-Band patch 

antenna on side 1 is horizontally polarized while the X-Band patch on side 2 and the C-Band slot 

are vertically polarized. The orthogonal polarization of space and feed sides provides isolation 

from direct coupling either through or around the space-fed array. This is particularly useful for 

testing small and medium sized arrays, as the coupling around the edges of the array is isolated 

from the receiver via polarization mismatch.  

A prototype antenna is constructed to demonstrate fabrication and assembly of the full space-fed 

array. The prototype antenna is fabricated using a fixed path length from feed-side element to 

space-side element regardless of the elements position relative to the center of the array. 

Additionally, the array employs direct coupling from feed-side to space-side without phase or 

amplitude conditioning electronics. For the highest probability of success, the complexity was 

kept low, and thus the prototype array was left unfocused (spherical isodelay lines at feed-side 
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produce spherical isodelay lines at space-side). Figure 5.2 shows a CAD drawing of the 6x6 unit 

cell WiPAA test article.  
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(a)                               (b) 

 

(c) 

Figure 5.1: Space-fed array of capacitively coupled X-Band patch elements. (a) Side 1 (b) Side 

2 (c) Sides 1 and 2 overlaid. 
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Figure 5.2: CAD drawing of 6x6 unit cell WiPAA test article. 

 

As in the conceptual array above, the feed and space side patch antennas are both linearly 

polarized and oriented with a rotation of 90° relative to each other. Figure 5.3 shows an exploded 

view of the WiPAA unit cell. Once the pattern is etched on each constituent board the antenna is 

assembled in three steps: first the two feed boards are aligned and bonded, next the thru via holes 

are drilled and plated, and finally the patch superstrate layers are aligned and bonded.  
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Figure 5.3: Exploded view of WiPAA unit cell showing 5 copper layers separated by 4 sheets of 

dielectric material.  

 

Figure 5.4: Top layer of fabricated WiPAA test article.  
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5.2 Test procedure 

To test the passive WiPAA prototype, a unidirectional measurement system is created using a 

pyramidal horn as the transmit antenna and ridged waveguide as receive antenna. The absolute 

propagation loss of the link is measured both with and without the WiPAA in the propagation 

path. Additionally, the ridged waveguide antenna is rotated 90° in each configuration to capture 

the gain of vertically polarized transmit to vertically polarized receive (co-polarized) as well as 

vertically polarized transmit to horizontally polarized receive (cross-polarized). The 

measurement of the unidirectional link loss without WiPAA in place is used as a baseline to 

normalize the measurement of the unidirectional loss with the WiPAA in place. In this regard, 

the primary case of interest is the cross-polarized loss with WiPAA in place relative to the co-

polarized loss without WiPAA in place. Ideally, a passive and unfocused space-fed array is not 

expected to scale gain (amplify) or alter the directivity over angle (focus) of the source antenna, 

however the finite size of the prototype may be insufficient to capture and reradiate all of the 

energy produced by the source antenna. To address error due to finite array size, we normalize 

the measured link gain with WiPAA in place using information about the radiation 

characteristics of the pyramidal horn source antenna.      

Source illumination normalization 

The feed side of the prototype space-fed array is illuminated with an X-Band pyramidal horn 

antenna at a distance sufficient to put the array in the radiating near-field of the source. Figure 

5.5 shows a CAD model of the WiPAA at a distance of 9” from the aperture of a pyramidal horn 

antenna. Accurate measurement of the loss incurred as waves propagate through the WiPAA 

requires normalization by a factor of the portion of radiated power incident on the array surface.     
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 E-Plane                          H-Plane 

Figure 5.5: Simulated X-Band pyramidal horn antenna feed (WiPAA shown for reference). 

 

Because a model extent of sufficient size to include both feed horn and WiPAA is 

computationally impractical, a projection technique is used to approximate the power incident on 

the array surface. First the apex of the horn antenna is found by extending the tapered sidewalls 

until the intersection point was found. From the apex, a pair of lines was drawn (in both E-plane 

and H-plane) from the apex to the edges of the WiPAA stood off at a distance of 9” from the 

horn aperture. In both E and H plane the lines define a cone in which radiated power density 

from the aperture of the horn will impinge on the surface of the WiPAA. We can equate the 

radiated power density through a cross section of the cone that resides inside the model extent to 

the radiated power density through the surface of the WiPAA.  Figure 5.6 shows a diagram of the 

projected surface used to calculate the power incident on the array.   
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Figure 5.6: Diagram showing relationship of WiPAA face to projected surface used in power 

calculation. 

 

The power incident on the projected surface is calculated using:  

     ∫  (    )    
 

 

To normalize the measurement results we use a source illumination normalization factor defined 

as: 

   
    

    
  

Where Prad is the total power radiated from the pyramidal horn. To normalize absolute gain 

measurements from a spectrum analyzer, the log scale value should be subtracted from the 

measured data for cases where the WiPAA is in place. As suggested by Figure 5.6, HFSS is used 

to simulate the pyramidal horn antenna. To check the method, four different cross sections are 

WiPAA

Projected surface

Apex of horn

Model 

extent

WiPAA

Projected surface

Apex of horn

Model 

extent



55 

 

taken along the pyramidal cone extending from the WiPAA edges back to the apex of the horn. 

Each projected surface lies some distance (D) between the aperture face and the actual WiPAA 

test location. The source illumination normalization factor is calculated for each: N = .82, .84, 

.86, .82 for D = .1”, .5”, 5.5”, 9” respectively. The average N is used to normalize the 

measurement results below N  = .835.  In log scale, N dB = -.783dB. 

 

5.3 Test results 

Testing of the passive WiPAA prototype involved four unique configurations of source antenna, 

receive antenna, and WiPAA test article. They are:   

• Test configuration #1: Source antenna vertically polarized; receive antenna vertically 

polarized; no WiPAA in place. 

• Test configuration #2: Source antenna vertically polarized; receive antenna vertically 

polarized; WiPAA in place. 

• Test configuration #3: Source antenna vertically polarized; receive antenna horizontally 

polarized; no WiPAA in place. 

• Test configuration #4: Source antenna vertically polarized; receive antenna horizontally 

polarized; WiPAA in place. 

 

A measurement of test configuration #1 provides a normalizing factor to facilitate transcription 

of the recorded absolute gain for subsequent tests into relative gain. Test configuration #2 

demonstrates the relative isolation of the (horizontally polarized feed side) WiPAA to cross-

polarized incident fields. Test configuration #3 demonstrates the relative isolation of the receive 

antenna to cross-polarized incident fields. Test configuration #4 demonstrates the relative gain of 



56 

 

the WiPAA test article. Specifically, two comparisons can be made: Comparing the absolute gain 

of test configuration #1 to the absolute gain of test configuration #4 gives a measure of the loss 

due to the WiPAA hardware and comparing the relative gain of test configuration #3 to the 

relative gain of test configuration #4 demonstrates that this effect is due to signal propagating 

through the WiPAA test article and not via direct coupling from source to receiver.  

An image of the test setup and the corresponding measurement result is shown below for each of 

the four configurations.  Each plot of measurement results displays absolute (measured) gain 

and, in the case of test configuration #4, the gain is not normalized using the source illumination 

normalization factor.  

Figure 5.7 shows test configuration #1 which consists of vertically polarized source and 

vertically polarized receive antenna with no WiPAA in place. The synthesizer output power is 

set to 0dBm. Figure 5.8 shows the measured signal strength at the receive antenna from 5GHz to 

12GHz. The response is relatively flat and between -38.5dBm and -35.5dBm from 7.8GHz to 

12GHz. A sharply declining gain is observed as the frequency is decreased from 6.7GHz towards 

5GHz. This is due to the waveguide cutoff (6.5GHz) of the WR-90 feed of the source antenna. 

The absolute gain at the 9.5GHz WiPAA center frequency is -35.85dB. 
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Figure 5.7: Test configuration #1: Vertically polarized source, vertically polarized receive, and 

no WiPAA in place. 

 

Figure 5.8: Spectrum analyzer measurement for test configuration #1: Vertically polarized 

source, vertically polarized receive, and WiPAA in place. 
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Figure 5.9 shows test configuration #2 which consists of vertically polarized source and 

vertically polarized receive antenna with WiPAA in place. The synthesizer output power is set to 

0dBm. Figure 5.10 shows the measured signal strength at the receive antenna from 5GHz to 

12GHz. The response is heavily attenuated (-15 to -30dB) relative to configuration #1 with no 

WiPAA in the range 7GHz to 12GHz. A peak gain is observed at 6.65GHz where the edge of the 

slot antenna band meets the steeply declining gain response of the pyramidal horn source 

antenna. The absolute gain at the 9.5GHz WiPAA center frequency is -54.05dB. 

 

 

Figure 5.9: Test configuration #2: Vertically polarized source, vertically polarized receive, and 

WiPAA in place. 
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Figure 5.10: Spectrum analyzer measurement for test configuration #2: Vertically polarized 

source, vertically polarized receive, and WiPAA in place. 

 

Figure 5.11 shows test configuration #3 which consists of vertically polarized source and 

horizontally polarized receive antenna with no WiPAA in place. The synthesizer output power is 

set to 0dBm. Figure 5.12 shows the measured signal strength at the receive antenna from 5GHz 

to 12GHz. A high level of polarization isolation is observed across the band. The response is 

heavily attenuated and in noise from 5GHz to 12GHz. The absolute gain at the 9.5GHz WiPAA 

center frequency is indistinguishable from noise at ~-60dB.  
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Figure 5.11: Test configuration #3: Vertically polarized source, horizontally polarized receive, 

and no WiPAA in place. 

 

Figure 5.12: Spectrum analyzer measurement for test configuration #3: Vertically polarized 

source, vertically polarized receive, and WiPAA in place. 
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Figure 5.13 shows test configuration #4 which consists of vertically polarized source and 

horizontally polarized receive antenna with WiPAA in place. The synthesizer output power is set 

to 0dBm. Figure 5.14 shows the measured signal strength at the receive antenna from 5GHz to 

12GHz. The presence of the WiPAA creates a bandpass region with peak absolute gain -37.95dB 

at 9.59GHz and -3dB bandpass region from 9.25 to 9.75GHz.  The response is heavily attenuated 

elsewhere in the measurement range. The absolute gain at the 9.5GHz WiPAA center frequency 

is -38.45dB.  

 

Figure 5.13: Test configuration #4: Vertically polarized source, horizontally polarized receive, 

and WiPAA in place. 
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Figure 5.14: Spectrum analyzer measurement for test configuration #4: Vertically polarized 

source, vertically polarized receive, and WiPAA in place. 
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article: 

MKR 9.55GHz 

= -38.45dBm

9.25GHz          

= -40.1dBm

9.75GHz          

= -40.6dBm
9.50GHz          

= -38.45dBm

Peak @ 9.59GHz         

= -37.95dBm

MKR 9.55GHz 

= -38.45dBm

9.25GHz          

= -40.1dBm

9.75GHz          

= -40.6dBm
9.50GHz          

= -38.45dBm

Peak @ 9.59GHz         

= -37.95dBm



63 

 

WiPAA relative gain @ 9.25GHz  -39.32dB – (-36.70dB) = -2.62dB 

WiPAA relative gain @ 9.50GHz  -37.67dB – (-35.85dB) = -1.82dB 

WiPAA relative gain @ 9.75GHz  -39.82dB – (-36.00dB) = -3.82dB 

 

Using the sample points at low, mid, and high frequencies of WiPAA band it appears the relative 

gain varies from -1.82dB to -3.82dB. This implies that, for instance at 9.5GHz, 1.82dB of loss is 

unaccounted for when WiPAA is used instead of directly coupling source antenna to receiver. 

This loss may come from misalignment in fabrication and/or mismatch at WiPAA elements as a 

result of detuning. The difference may also come from a faulty assumption that the physical 

extent of the surface of the WiPAA panel is roughly equal to the effective aperture of the 

unfocused array of patch elements. Future tests to better clarify the results may include: x-ray 

imagery of the array to determine the quality of layer alignment and/or more detailed simulations 

of the source/array interaction to determine the precise amount of coupling into the WiPAA feed 

side elements.  
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Chapter 6:  A 4-ELEMENT 1D ELECTRONICALLY SCANNED WIPAA 

 

A 4x1 array is created using the aperture technologies discussed in chapter 3 and with the C-

Band rectifier and wireless control protocol discussed in chapter 4. The purpose of this prototype 

is to demonstrate a steerable space-fed lens antenna that is powered and controlled with a 

wireless signal. The prototype consists of two adjacent WiPAA unit cells (as defined in Figure 

4.5) and contains all of the necessary wireless control circuitry needed to collimate and 

electronically steer a beam using a wireless signal. 

 

6.1 Design and layout of 4x1 array 

In this prototype Rogers 4350 substrate is used rather than the Rogers 6002 substrate because of 

restrictions with the chosen PCB manufacturer. The small difference in relative dielectric 

constant (εr = 3.4 vs 2.9) may result in a subtle shift of resonant frequency but the concept can 

still be demonstrated.  

The wireless control circuitry used in the 4x1 prototype includes a 1-stage Dickson-style 

rectifier, threshold detector, and MSP430 MCU. The prototype also includes 4 Hittite X-Band 

phase shifters in 4mm
2
 surface mount packages. Figure 6.1 shows a CAD drawing of the 4x1 

array with all layers visible. The wireless control circuitry and X-Band phase shifters are all 

attached directly to the PCB adjacent to the X-Band antenna feed (purple layer in CAD drawing). 

The chips are attached using a combination of reflow and hand-solder techniques. Figure 6.2 

shows the fabricated 4x1 array with the 4 phase shifter modules attached but without the 

components for the rectifier attached. The fabricated antenna is shown partially assembled and is 

missing the patch superstrate layer. The patch superstrate layers, which constitute the top and 
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bottom layers of the antenna, only cover a portion of the total PCB area. This ‘strip’ assembly 

technique is useful because it allows SMD devices to exist on a lower layer without the need for 

machined rebates in the superstrate. The effect on RF performance from truncated substrate is 

expected to be minimal because most of RF energy in the radiator is contained in the field 

distributed immediately below the patch. This negligible effect from substrate truncation was 

confirmed in simulation. Figure 6.3 shows a close up of 2 elements of the 4x1 array once the 

patch superstrate layer has been attached.  

An assessment of the material densities and thicknesses used can give an estimate of the total 

mass density of an array constructed in this fashion. The array consists of two layers of Rogers 

4350 material (density = 1.86 g/cm
3
) and two layers of Rogers 6002 (density = 2.1 g/cm

3
). The 

total volume of 4350 required per square meter of array is 624cm
3
 while the total volume of 

6002 required is 368cm
3
 (when dielectric superstrate is just in the region of the patch). The 

resulting mass density of the array including just the board materials is 1.93kg/m
2
. Using rough 

estimates for the mass of other key components (copper, components, silkscreen, and adhesive) 

we expect the total mass density of an array constructed in this fashion to be 3-5kg/m
2
.    
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Figure 6.1: CAD drawing of 4x1 prototype antenna. 

 

 

Figure 6.2: Partially assembled 4x1 WiPAA prototype with phase shifters attached 
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Figure 6.3: Fabricated 4x1 WiPAA prototype with patch superstrate attached 

 

 

6.2 Communication protocol for beam steering  

For this prototype system we are using linear progressive phase delay for beam steering and so a 

4-bit word is sufficient to distinguish the 16 unique beam positions. The 4-bit word is bookended 

with a preamble (101010) and postamble (1011) to ensure successful transmission of the entire 

word. The received word is given as an input to the MCU which controls each of the two X-

Band phase shifters in each WiPAA unit cell via an 8-bit control bus. The 4-bit word is 

interpreted as a multiple of the phase shifter LSB (in this case 22.5°) at the MCU for each unit 

cell and the correct position-dependent phase shift is determined.       
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Figure 6.4: Functional diagram showing the relationship between Δφ and the element-wise 

phase delay.  

6.3 Preliminary testing  

The 4x1 array is tested in various stages. First the rectifier/demodulator is tested to ensure there 

is sufficient voltage to power on the MCU and that the A/D converter is producing a readable bit 

stream. Figure 6.5 shows the smoothed output of the 1-stage rectifier when the array is presented 

with a modulated RF carrier at 5.8GHz from some distance above the surface. The result is a 

steady voltage differential of nearly 3V with the RF ground at the highest potential. Figure 6.6 

shows the input to the op-amp inverter (operating as a threshold detector). Figure 6.7 shows the 

output of the threshold detector when presented with the signals in Figures 6.5 and 6.6; this data 

stream is fed into the MCU. The test data confirms that the bits are of sufficient magnitude to 

convey the digital data to the MCU and we can proceed with the test confident that the MCU is 

receiving data.  
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Figure 6.5: Smoothed output of 1-stage rectifier when illuminated with AM 5.8GHz source. 

 

 

Figure 6.6: Non-smoothed output of 1-stage rectifier when illuminated with AM 5.8GHz source. 
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Figure 6.7: Output of threshold detector when presented with the two signals in Figures 6.5 and 

6.6. 

6.4 Beam steering test and analysis 

Because of initial problems with the antenna measurements the patterns were taken with the 

5.8GHz rectifier by-passed and a direct data signal into the MSP430. It was later determined that 

the problem was in the code on the MSP430 and the data will be repeated once the wireless 

circuitry is re-enabled.  Figure 6.8 shows the pattern test configuration from the space side 

looking towards the array. The 4x1 antenna is embedded in absorber to minimize leakage of feed 

side signal around the edges of the array. This improves the effective signal to noise ratio of the 

measurement and produces more accurate data.  
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Figure 6.8: Array pattern test configuration as seen from space side. 

 

 

Figure 6.9: Feed side of WiPAA test fixture 
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Figure 6.9 shows the feed side of the WiPAA test fixture with the absorber removed. The X-

Band feed antenna is a pyramidal horn separated some distance from the face of the feed side 

WiPAA patch elements. In testing this distance is usually small (4-8”) to minimize leakage 

around the test coupon and to maximize conveyed through the array to the space side receive 

antenna. 

Figure 6.10 shows measured and simulated radiation patterns for the 4x1 space-fed array with 0° 

phase delay at each element. This is achieved by propagating the 4-bit word “0000” to each 

MCU on the test PCB. It is important to note that in this and subsequent plots both measured and 

simulated plots are normalized to the peak gain.   

 

Figure 6.10: Measured vs. Simulated for Δφ = 0° linear progressive phase shift. 
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Figure 6.11 shows measured and simulated radiation patterns for the 4x1 space-fed array with 

22.5° linear progressive phase delay across the 4 elements of the array. This is achieved by 

propagating the 4-bit word “0001” to each MCU on the test PCB.  

 

Figure 6.11: Measured vs. Simulated for Δφ = -22.5° linear progressive phase shift. 

Figure 6.12 shows measured and simulated radiation patterns for the 4x1 space-fed array with 

45° linear progressive phase delay across the 4 elements of the array. This is achieved by 

propagating the 4-bit word “0010” to each MCU on the test PCB. 
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Figure 6.12: Measured vs. Simulated for Δφ = -45° linear progressive phase shift. 

 

Figure 6.13 shows measured and simulated radiation patterns for the 4x1 space-fed array with 

67.5° linear progressive phase delay across the 4 elements of the array. This is achieved by 

propagating the 4-bit word “0011” to each MCU on the test PCB.  
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Figure 6.13: Measured vs. Simulated for Δφ = -67.5° linear progressive phase shift. 

 

Figure 6.14 shows measured and simulated radiation patterns for the 4x1 space-fed array with -

22.5° linear progressive phase delay across the 4 elements of the array. This is achieved by 

propagating the 4-bit word “0011” to each MCU on the test PCB.  
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Figure 6.14: Measured vs. Simulated for Δφ = 22.5° linear progressive phase shift. 

 

In Figures 6.12 – 6.14 we observe higher than expected side-lobe levels. Although we cannot 

directly confirm the phase values at each element in each state we expect that one or more phase 

errors are manifested in the results. An error of this type has multiple possible sources: error in 

net phase delay produced by the phase shifters, manufacturing differences in the feed structures, 

or deflection of the array surface out of plane. In practical array systems phase errors are 

common and the impact is minimized with calibration procedures. Despite the observed errors, 

the results show clearly beam mobility resulting in a unique beam position for each state.  
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Chapter 7:  CONCLUSIONS AND FUTURE WORK 

 

7.1 WiPAA project summary 

A prototype space-fed phased array antenna operating at X-Band was developed and 

demonstrated. The aperture is constructed in a way that minimizes the total number of PCB 

layers and has a mass density in the range of 3-5kg/m
3
 which is much lower than many 

alternative PAA construction techniques. Using additional apertures and a microcontroller a 5.8 

GHz signal was used to wirelessly power and command the operation of the phased array. The 

results show that a phased array antenna can be successfully steered in this manner. The transmit 

power required to turn on and control the phased array was relatively large making the design 

suitable for applications where enabling large area apertures is more important that absolute 

power consumption of the system. One example of such an application is a very large array to 

focus energy from a solar power satellite. In any space-based system there are significant trade-

offs between the size, weight, and power consumption of an antenna. While this project address 

improvements in the size and weight of large-area antennas implementation of this technology 

may come at the expense of total power consumption. Future work will focus on reducing the 

board area of the RF rectifier and demodulator so that a 2D phased array antenna can be 

constructed. Future work will also focus on utilizing the wireless nature of the PAA unit cells to 

enable unique construction techniques that can create a large scale folding arrays.  

 

7.2 Future development of WiPAA technology 

Reduction of component footprint 

The development of smaller more integrated electronics is the next logical step in maturing 

WiPAA technology and is necessary in implementing a grating lobe free scanning 2D array. The 
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area available per unit cell for circuitry (using the current WiPAA topology) is approximately 

18mm
2
 (6mm x 3mm). If the topology proposed by Duffy is successfully implemented, this area 

could be increased to roughly 60mm
2
 (6mm x 10mm) [29]. X-Band phase shifters are currently 

available in two small integrated circuit package sizes from supplier Hittite Microwave Corp 

1mm x 2.5mm x .1mm and 3.25mm x 1.9mm x .1mm. The MSP430F2112 microcontroller used 

in the 4x1 prototype array is available in a 9.8mm x 6.6mm x 1.2mm surface mount packages or 

a 5.8mm x 5.8mm x .8mm QFN package. It is clear that if two phase shifters and one 

MSP430F2112 (in QFN package) are used in each WiPAA unit cell the available area is nearly 

used up. The level of integration will ultimately need to be high to implement the phase shifters, 

MCU, wireless receiver, and wireless power harvesting circuitry on a single layer.  

The prospect of assembling WiPAA unit cell electronics in an area less than 18mm
2
 (current 

technology) and 60mm
2
 (upper limit on available unit cell area) using the smallest components 

available and both sides of the PCB for chip attach needs to be examined. This study would 

likely include analysis of a more compact X-Band probe feed as well as simulations assessing 

the impact of component nearness to radiating elements. Once the X-Band antenna design is 

chosen the remaining surface area can used for component placement. Additionally, a study on 

the available receiver/control IC (MCU) technologies is needed. This study would seek the 

smallest commercially available component with the requisite functionality. 

 

Detailed simulation and analysis of 2D WiPAA 

The ultimate aim of WiPAA technology is a scanning space-fed 2D array without electrical 

interconnects between elements. The elimination of electrical interconnects allows for the 

creation of a large area aperture that can be folded or disassembled for storage or transportation. 
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To demonstrate the distinct benefit of WiPAA technology a detailed design of a 2D scanning 

array needs to be performed. This effort would include a detailed CAD drawing sufficient to 

create a working scanning space-fed array. One idea to realize a bendable structure is to add a 

thin layer of flexible plastic (PVF, LCP, PTFE, or similar) in between the two interior PCB 

layers (distribution layers) to function as a backing sheet. The remaining PCB layers (distribution 

and patch layers) would be scored/routed along the rows and/or columns so the entire sheet could 

be compacted, for instance by rolling around a cylinder of some appropriate diameter.  

The simulations of the capacitively coupled element used in the prototype WiPAA did not 

include potential effects from neighboring elements. To ensure good RF performance, detailed 

simulations of a WiPAA unit cell should be performed. The simulation should include the 

infinite array boundary condition to ensure optimal performance of the element in the array 

environment. The scan performance of the antenna can be simulated by varying the phase delay 

across the problem boundaries along orthogonal lattice vectors. This simulation can be done 

using Ansoft HFSS and a 3D CAD model of the WiPAA unit cell.  

 

Wireless power transfer efficiency study 

The 4x1 prototype WiPAA antenna demonstrated major limitation of the concept. In the test 

environment the antenna requires around 1mW of received power to generate enough voltage to 

turn on the MCU. It was difficult to attain a consistent measure of maximum allowable 

separation between source and receiver because of near-field effects and the presence of absorber 

but in practice this distance was often quite small (~5” or so)  even though the transmitted power 

was quite high (2W RF at the source antenna). Before the WiPAA is considered for use in space-

based systems the maximum wireless power transfer efficiency should be determined and if it is 
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found to be insufficient alternative methods of conveying power to the unit cell electronics 

should be considered.   
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Part II. Temperature rise in objects due to optical focused beam through 

atmospheric turbulence near ground and ocean surface 

Chapter 8:  INTRODUCTION 

 

8.1 History of study of laser propagation through atmosphere and laser heating of objects 

When a high power optical beam is propagated through atmospheric turbulence and is incident 

on an object, power is transferred, causing the temperature of the object to rise. Recent 

demonstrations by the Navy show a multi-kilowatt beam igniting the engine housing of a small 

boat from over 1 km distance in a maritime environment [37]. Interest in this technology 

motivates the investigation of turbulence effects on beam wave propagation and its impact on 

target heating. Laser beam propagation through the atmosphere in the presence of turbulence has 

been studied extensively [38] [39].  The US Navy has developed HELCAP (High Energy Code 

for Atmospheric Propagation), a 3D code to model high energy laser propagation, and published 

many papers based on the results [40] [41] [42]. The basic problem of laser induced heating of a 

variety of solid objects has been studied [43] [44] [45].  Many of the studies of laser heating to 

this time have been performed in the context of laser machining and without regard to a large 

volume of turbulent media between transmitter and solid object. While these studies give useful 

results for the laser power and dwell times common in laser machining these parameters do not 

generally translate well to the problem of a laser beam propagated over a large distance through 

the atmosphere. In these cases spot sizes are generally larger and dwell times generally longer. 

This paper provides a prediction of temperature rise due to a high power optical emitter 

operating over a large distance in a variety of plausible atmospheric conditions. To predict 

heating of solid objects due to the incident laser, beam wave propagation, optical absorption, and 

heat diffusion are simultaneously considered.  For a beam wave in turbulence, a statistical model 
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is used to obtain the second moment which is the long term average intensity. For short pulse 

durations, on the order of 10 ms or less, the fourth order moment is also obtained. A beam of 

sufficiently high power density causes heating of the atmosphere and non-linear propagation, or 

thermal blooming, of the beam. The threshold transmit power beyond which thermal blooming 

has a discernible effect on the characteristics of the optical beam are readily estimated for each 

considered scenario. A discussion of possible implications of exceeding this threshold follows. 

For transmit powers below the threshold, thermal blooming effects are disregarded. The beam 

wave is incident on the object and power is absorbed causing a net heating of the material. To 

quantify the absorbed power the optical absorptivity of the object must be determined. We 

assume optical absorption in the form of intrinsic bulk absorption. For metallic objects a Drude 

model is used to find the complex dielectric constant of the object at the desired optical 

frequency. For non-metals, published optical absorptance values are used. The net temperature 

rise at the object surface is calculated using a thermal diffusion model, appropriate boundary 

conditions, and the bulk thermal characteristics of the target material.  A flow chart of the 

process is provided in Figure 8.1.  
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Figure 8.1: Flow chart of laser heating of solid object through turbulence calculation. 
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Chapter 9:  LASER BEAM IN ATMOSPHERE 

 

9.1 Focused beam through turbulence 

 

Figure 9.1: Focused optical beam and solid object target 

 

The expression for an optical focused beam in free space as shown in Figure 9.1 is given by [46]. 
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Where 𝜉 is given by:  
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0z  is called the “Rayleigh range” and gives an approximate dividing distance such that the field 

is considered in the “near field” for 0z z . The Rayleigh range is a function of wavenumber k  

and aperture radius 0W : 
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0
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2

kW
z    (3) 

 

0R  is the focal distance. The field at 0z   has Gaussian amplitude and a focused phase front. 

Fig. 1 shows the focused beam in atmospheric turbulence and a target. We define the total input 

power at 0z  , and amplitude constant 0A  as: 
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The intensity distribution of a focused beam in the turbulence has been obtained and in the range 

       , where iz  and cz  depend on the inner scale 0l  and outer scale 0L  of the turbulence: 

 

  
1

2 2 5/3

00.39i nz C k l
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The intensity distribution is given by [46] [47]: 
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Where 
 

'
2 2 c

W


  , E  is the atmospheric attenuation constant, and where the structure 

function sD  and beam size W  are given by:  

 

 2 1/3 8/5 5/36.2s nD C k z W   (9) 
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    
2 22 2

0 1 21W W z z    
 

 (10) 

 

The atmospheric attenuation constant E  accounts for the absorption and scattering properties of 

the medium. Values for E  are widely known and reduction of laser transmittance due to 

atmospheric attenuation for distances 1km  in relatively clear air is minimal [48]. In the 

numerical calculations that follow 0E   is assumed unless otherwise specified.  

The index of refraction structure constant 2

nC  has been found in the range 1710  (very weak) to 

1210  (very strong) over land and  1610  (weak) to 1310  (strong) over the open ocean [47] [49]. 

The coherent intensity of the beam wave is given by [46]: 
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Where the constant of attenuation due to turbulence 0  is: 
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These expressions can be used to model the intensity of an optical beam through turbulence at 

the location of a distant target. 

 

9.2 Special consideration for short-term intensity 

For a short term on the order of 10 ms or less, the peak intensity is approximately close to the 

speckle intensity. In this context, speckle refers to the amplitude variations in the laser spot 

caused by constructive/destructive interference from incident rays of varying phase. When the 

laser dwell time is sufficiently short the interference pattern is essentially static and the use of the 

average intensity to determine peak intensity is not appropriate. The fourth order intensity 2I  

can be approximately given by the following, using “circular complex Gaussian assumption”:  

 
42 22I I U   (13) 

Under this approximation, we get a short-term intensity Eq. (14a) whereas when the time is not 

short we use the average intensity Eq. (14b). 

 
1/2

422shortI I U  
 

 (14a) 

 
1/2

42I I U  
 

 (14b) 

Using Eqs. (14a) & (14b) we can calculate the intensity of the laser beam at the object surface. In 

the numerical examples, 14a is used for pulse durations less than 10 ms and 14b is used for pulse 

durations greater than or equal to 10 ms. This arbitrary choice of a short pulse cutoff results in a 

small discontinuity in the incident flux at 10 ms. 
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9.3 Thermal blooming in the atmosphere 

The air in the atmosphere has some absorption at optical wavelengths. The absorption of power 

produces a local heating, increasing the pressure and decreasing the density which causes a 

decrease of the refractive index. The beam intensity profile is initially maximum on the axis but 

as the heating occurs the refractive index decreases on the beam axis which causes a divergence 

of the beam from the beam axis. This is referred to as thermal blooming of the beam [50]. 

Thermal blooming has been studied numerically and analytically using geometric optics, 

perturbation theory, and extended Huygens-Fresnel methods. If multiple pulses are used, the 

wind moves the minimum refractive index away from the beam axis and the new pulse will be 

focused into the upstream direction of the wind and the center of the beam moves toward the axis 

giving enhancement of the peak power on the axis. The peak power can then become higher than 

the free space peak power. Numerical examples in [50] show that the peak power can be 

enhanced by 17%.  

If we make a few assumptions about the conditions of operation we can use an order-of-

magnitude expression, following the lead of [50], to estimate the onset of thermal blooming 

effects.  We first assume the beam wave is propagated through some transverse flow of velocity 

v and that the air has some absorption coefficient α that contributes to local heating of the 

propagation medium. From [50] we can estimate the minimum transmit power level at which 

thermal blooming effects may be significant:  
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If we assume the constants are (typical values for sea level air):  

  is the heat capacity ratio;    = 1.4 for air at 20°C 

0n  is the initial index of refraction; 4

0( 1) 3 10n    for air 

0  is the ambient pressure; 5 2

0 10 Nm  at sea level 

E  is the atmospheric extinction coefficient; 4 14 10  E m     for tropical air in rural 

environment [48]. 

  is the wavelength of radiation; 510  m   

v  is the velocity of the transverse flow; 113.6v ms  about 30 mph 

0W  is the radius of the aperture; 0  0.05W m  

L  is the propagation distance to the target; 30.5 10L m   

 

Then we find that the threshold power is approximately:  

 

  7 02.9 10 120min
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P kW

L


    

  

The order of magnitude calculation shows that for the power densities considered in this analysis 

it requires transmit power in excess of the upper limit of most CO2 laser systems to encounter 
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thermal blooming effects. Additionally, this calculation did not consider the effect of 

atmospheric turbulence which will, in general, further reduce the radiation power density along 

the path of the beam wave.   
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Chapter 10:  INTERACTION OF LASER AND SOLID OBJECTS 

 

10.1  Absorbed power in the object 

An optical beam is incident on the object and power is dissipated into the medium as heat which will raise 

the temperature. The power transmitted into the object aL  can be calculated:  

 

    
    

 

 
|  |

         (     ) (16) 

 

The dielectric constant of the object is   ' ''i      and the attenuation in the object is given by: 

  

   2 22Im k   (17) 

 

where 
2k µ  . The transmitted electric field into the object at a distance 2z  from the incident 

surface is given by: 

 

  2 2 2exp( )t iE z TE ik z  (18) 

  

where T  is the transmission coefficient. If we consider a metallic object, the dielectric constant at optical 

wavelengths is given by a Drude model: 
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where 
p  is the plasma frequency and   is the relaxation time. For copper, the plasma frequency and 

relaxation time were determined in [51] [52] [53]. Using the most recent number, the value of ε is 

computed: 

 

 
3 38.04 10 1.85 10copper i       (20a) 

 

For many non-metals, the optical constants in the mid-infrared have been directly observed. The relative 

permittivity of water at 10.6µm  has been determined [54]: 

 

 1.21 0.02water i    (20b) 

 

The complex index of refraction of polyimide at 10.6µm  has been published; from this the relative 

permittivity is computed [55]: 

 

 3.23 0.18PI i    (20c) 

 

Glass-fiber reinforced plastic (GFRP) is a mixture of glass fibers in a thermally cured plastic resin (e.g. 

polyesters) background material. Properties of GFRP including volume fraction of glass fiber, melting 

temperature of resin, and typical thermal properties are described in [56]. The complex index of refraction 

of silica glass at 10.6µm  has been published; from this the relative permittivity is computed [57]:  

 

 3.75 2.0glass i    (20d) 
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The complex index of refraction of polyethylene at 10.6µm  has been published; from this the relative 

permittivity is computed [58]: 

 

 2.25 0.0025PE i    (20e) 

 

The dielectric properties of composite materials such as GRFP have been studied extensively at 

microwave frequencies using different mixing formulas [59]. At 10.6 m , the size of glass inclusions in 

polymer resin background material are usually much larger than the wavelength and these mixing 

formulas may not be applicable. Therefore, in this paper, we use a simple average of Eqs. (20d) and (20e) 

to obtain a rough estimate of the GFRP permittivity.   

 

10.2  Heat diffusion in solid objects 

The absorbed power is given by Eq. (16), which will be the heat source for the temperature rise. 

The diffusion equation for the temperature is given by:   

 2   a

s

LT
D T

t C


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
 (21) 

Where T is the temperature, ρ (kg/m
3
) is the density, Cs (J/kg°C) is the specific heat of the solid, 

and D (m
2
/s) is the thermal diffusivity. The thermal properties for the 4 materials under 

consideration are summarized in Table 10.1. 

 

 

 

 

 



95 

 

Table 10.1: Thermal properties of various laser targets 

Material 
 

3
 ( )

kg

m
    ( )s

J
C

kg C
  

2

 ( )
m

D
s

 
  ( )s  

 ( )
3

l s


 

Copper  38.92 10   30.39 10   41.12 10   137.6 10   52.9 10  

Water  31.00 10   34.18 10   71.44 10   26.0 10   2.3  

Polyimide [60]  31.42 10   31.09 10   87.75 10   49.0 10   21.1 10  

Glass/resin 

composite [56] 
 31.90 10   31.00 10   73.20 10   52.8 10   21.1 10  

  

Equation (21) needs to be solved with boundary conditions. A commonly used approximate 

boundary condition is the Neumann condition: 

 0
T

n





 (22) 

This is equivalent to zero heat flow across the boundary. This boundary condition is appropriate 

when the heat transfer from the solid object to the surrounding media is low (i.e. a relatively 

good thermal conductor in still air). The thermal time constant   for a skin depth s  determines 

the approximate time required for heat generated by the conversion of laser energy in the skin 

depth region to diffuse a distance greater than the thickness of the skin depth region. 
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s


  (23a) 

 
2

s

D



   (23b) 

If the laser is incident on the target for a short time relative to the skin depth of the material the 

heat diffusion will be approximately given by [61]:  

When t  is in the range    t  :  
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Assuming heat has diffused out of the skin depth region, for relatively short times the heat will 

have not yet diffused far enough to reach the back surface of the metallic object located at 2z l . 

This time is determined by the thermal time constant: 
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l

l

D
   (25) 

In this time interval heat diffuses as it would in a semi-infinite metallic object and a Neumann 

boundary condition is assumed at 2 0z   only. With this assumption, the temperature rise, ΔT, at 

2 0z   is given by [61]. 

When t  is in the range (     
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For relatively long times the heat will have diffused through the thickness of the object and a 

Neumann boundary condition assumed at both 2 0z   and 2z l . With these assumptions, the 

temperature rise, ΔT, at 2 0z   is given by [61].   

When t  is in the range (
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Chapter 11:  NUMERICAL EXAMPLES 

 

11.1  Attenuation due to turbulence 

 

We consider a beam focused on a solid copper object of thickness l = 0.1 mm. Figure 11.1 shows 

the predicted minimum laser dwell time required to heat the surface of the copper target to the 

melting point of copper using 10.6 µm radiation through a focused 5 cm aperture at 0.5 km. 

Although in practice it may be difficult to focus a laser at a distance of 0.5 km we use the focused 

case to illustrate the worst-case degradation due to turbulence. The effect of turbulence on a 

collimated beam is less pronounced and thus the result will be closer to the free-space solution. 

The transmit power is varied from 10-100 kW and various cases of atmospheric turbulence are 

considered: free space (no turbulence), turbulence Cn
2
 = 10

-14
, turbulence Cn

2
 = 10

-13
, turbulence 

Cn
2
 = 10

-12
. For the thickness of copper and time range considered, eq. (27) is used exclusively as 

heat has diffused a distance much greater than the thickness of the copper target.  
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Figure 11.1: ΔT vs. Pt at λ = 10.6 µm; L = 0.5 km; A0 = 5 cm (focused); Pt = 10-100 kW; copper 

thickness l = 0.1 mm. 

The plot in Figure 11.1 can be used to predict the laser dwell time required to realize the onset of 

melting for a laser system of known transmit power. This result considers only when the 

absorbed power is sufficient to cause a sustained rise in temperature in excess of the melt 

temperature it applies generally to either pulsed or continuous wave (CW) operation provided 

that the average power is held constant (e.g. 10-100 kW). In pulsed operation the beam will have 

a higher power density and thus may cause a momentary spike in local temperature above the 

melt temp but during the off portion of the duty cycle the heat will diffuse out of the area and the 

temperature will decrease. Over many pulses the average temperature will rise at the same rate as 

a CW laser of equal average power.  
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Figure 11.2 shows the predicted minimum laser dwell time required to heat the surface of a l = 

10 mm sample of Kapton (polyimide) target the glass transition temperature (400°C) using 10.6 

µm radiation through a focused 5 cm aperture at 0.5 km. The transmit power is varied from 10-

100 kW and various cases of atmospheric turbulence are considered: free space (no turbulence), 

turbulence Cn
2
 = 10

-14
, turbulence Cn

2
 = 10

-13
, turbulence Cn

2
 = 10

-12
. The discontinuity at 

210dt s  is due to the inclusion of the fourth-order moment for short pulse durations as 

described in section 9.2. For the thickness of polyimide and time range considered, eq. (24) is 

used for 49 10t s   and eq. (26) is used for  49 10t s  .  

 

Figure 11.2: ΔT vs. Pt at λ = 10.6 µm; L = 0.5 km;  A0 = 5 cm (focused); Pt = 10-100 kW; 

Kapton thickness l = 10 mm. 

Figure 11.3 shows the predicted minimum laser dwell time required to heat the surface of a l = 1 

mm sample of water to its boiling point (100°C) using 10.6 µm radiation through a focused 5 cm 
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aperture at 0.5 km. The transmit power is varied from 10-100 kW and various cases of 

atmospheric turbulence are considered: free space (no turbulence), turbulence 2 141  0nC  , 

turbulence 2 131  0nC  , turbulence 2 121  0nC  . For the thickness of water and power ranges range 

considered, eq. (24) is used exclusively as 0.06  s  which is greater than the maximum 

required laser dwell time to heat water to its boiling point.  

 

Figure 11.3: ΔT vs. Pt at λ = 10.6 µm; L = 0.5 km;  A0 = 5 cm (focused); Pt = 10-100 kW; Water 

thickness l = 1 mm. 

Figure 11.4 shows the predicted minimum laser dwell time required to heat the surface of a l = 

10 mm sample of GFRP to the melting point of polyester resin using 10.6 µm radiation through a 

focused 5 cm aperture at 0.5 km. The transmit power is varied from 10-100 kW and various cases 

of atmospheric turbulence are considered: free space (no turbulence), turbulence 2 141  0nC  , 

turbulence 2 131  0nC  , turbulence 2 121  0nC  . For the thickness of GFRP and power ranges range 
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considered, equation (26) is used exclusively as the required laser dwell times fall between 

52.8 10 s
   and  21.1 10

3

l s


  . 

 

Figure 11.4: ΔT vs. Pt at λ = 10.6 µm; L = 0.5 km;  A0 = 5 cm (focused); Pt = 10-100 kW; GFRP 

thickness l = 10 mm. 

 

11.2  Attenuation due to turbulence and atmospheric extinction 

The combined effect of atmospheric scattering and attenuation on a laser beam propagated 

through the atmosphere to a solid object target is a reduction in transmittance which can, under 

the right conditions, become similar to or even greater in magnitude than the interference caused 

by atmospheric turbulence. Like the attenuation caused by atmospheric turbulence, the total 

extinction seen in a volume of atmosphere increases with the greater separation between the laser 

source and the target.  This is easily deduced from eq. (8) which contains the exponential 
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attenuation term  exp .E z  The product of extinction coefficient and linear distance is 

commonly called optical thickness: E E z  . An order-of-magnitude approximation is that the 

effect of atmospheric extinction should be considered when optical thickness 1E ‰ . For a 

distance of 0.5km this corresponds to 12E km ‰ . Figure 7 shows the effect of atmospheric 

extinction in this range on the laser dwell time required to heat a copper target to its melting 

point. Considering the free space (no turbulence) case we can observe an increase in minimum 

laser dwell time when 12E km    which is in the range of the increase required in moderate 

turbulence. If optical thickness 1E  the increase in laser dwell time will be minimal and if 

1E  the effect of atmospheric extinction will dominate and the relative effect of turbulence 

will be small.  

Figure 7 shows the effect of  12E km   on laser propagation over 500m. In real-world 

conditions this value of atmospheric extinction is not typical when visibility is relatively good. 

According to [48], for visibility ranging from hazy to clear (5km - 40km) atmospheric extinction 

remains below 10.33E km   in a rural non-maritime environment. According to [26], the 

atmospheric extinction coefficient for a maritime environment at 99% relative humidity is 

10.45E km  . In the presence of fog, however, when visibility can be reduced to 50-1000m 

atmospheric extinction in the range 11 100E km    can be expected. This is shown in a number 

of fog model calculations in [62] [63]. 
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Chapter 12:  CONCLUSIONS AND FUTURE WORK 

 

12.1  Project summary 

This project concerns the study of an optical beam propagated through turbulence and incident 

on various targets, generating heat and causing a temperature rise. The propagation of a beam 

wave in the atmosphere is discussed including the fourth order moment and the effect of thermal 

blooming. Transmitted power of 10 100 kW  is absorbed in the target and converted into heat 

causing the temperature to rise. Numerical examples are given for 10.6 m , free-space and 

turbulence, aperture size 0 5W cm , copper target thickness of 0.1mm , Kapton target thickness 

of  0.1mm ,  water thickness of 1mm , and GFRP thickness of 10 mm  In each case the beam is 

focused at 0.5 km  and the minimum laser dwell time required to heat the sample to its 

melting/boiling point is predicted. The effect of atmospheric extinction through absorption and 

scattering is discussed and it is determined that the attenuation due to atmospheric extinction 

should be included in a dwell time calculation when  1E ‰ . A plot is presented which shows the 

predicted difference in required dwell time for a focused laser through the atmosphere in zero 

and moderate turbulence with 0E   and 1E  . 

12.2  Future work and model verification 

Future work in this area will be focused on expanding the application of the temperature rise 

estimation technique to cover a more diverse array of environments and conditions and verifying 

the accuracy of the computational model using either simulation or experimental results. For 

certain situations including high-power density lasers, low transverse flow velocity (low wind), 

and highly absorptive atmospheres thermal blooming may also become important and its 

inclusion in the laser power transfer model will need to be investigated. 



104 

 

Part III. A steerable 60GHz array antenna using a continuously variable 

dielectric phase shifter 

 

Chapter 13:  INTRODUCTION 

 

13.1  History of 60GHz communication and technologies  

The unlicensed spectrum around 60GHz is becoming increasingly interesting for wireless 

communication applications because of the potential to realize high throughput data links. The 

60GHz band allows up to 7GHz of spectral bandwidth making it ideal for high data rate 

commercial communications systems [64]. There are standards in place for 60GHz 

communication including WiGig which has support for phased array antenna beamforming [65]. 

Phased array antennas are a natural fit for many applications in this design space because of the 

increased spatial diversity and range obtained through directional communication. Recently, a 

number of phased array modules and system-in-package arrays for 60GHz have been created 

[66] [67] [68]. Good electrical performance of CMOS devices at 60GHz has been shown 

however the module assembly is generally quite complex motivating a simpler beam steering 

solution.   

A 60GHz reconfigurable dielectric phase shifter has the potential to make low cost V-band 

phased array antennas realizable by eliminating the need for solid state or MEMS devices. The 

phase shifting concept is based on previous work at lower frequencies [69] [70]. For this effort, a 

60GHz reconfigurable dielectric phase shifter is examined. The reconfigurable dielectric phase 

shifter relies on the ability to obtain a specific effective permittivity on a length of transmission 
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line using movable dielectric slabs. To maintain sufficient range in effective permittivity when 

using widely available ceramic composites as dielectric slab materials, the phase shifting 

transmission line was designed on low-permittivity Rogers Duroid 5880 (εr = 2.2). The 

relationship between ceramic slab to transmission line separation and effective permittivity is 

characterized and used to predict relative phase delay. Instances of both continuous and discrete 

slab to transmission line separation are considered. Measurements are obtained using a mm-wave 

module for VNA. A 3x8 element 60GHz patch array, to pair with the reconfigurable dielectric 

phase shifter, is designed and simulated. A functional phased array system with dielectric slab 

phase shifters is demonstrated.  
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Chapter 14:  A DIELECTRIC SLAB PHASE SHIFTER 

 

14.1  Principles of operation 

A reconfigurable dielectric phase shifter is essentially a movable or variable superstrate for a 

section of transmission line. Figure 14.1 shows a diagram of the reconfigurable dielectric phase 

shifter including coplanar waveguide (CPW) transmission line on substrate of thickness h and 

dielectric superstrate separated by distance d from the top surface of the CPW. The position of 

the superstrate (value of d) influences both the characteristic impedance and the propagation 

constant of the CPW in the region immediately below the dielectric slab.   

 

Figure 14.1: Diagram of movable dielectric slab over coplanar waveguide transmission line. 

As the dielectric slab to coplanar waveguide separation is decreased (d → 0) the effective 

dielectric constant of the transmission line begins to change. Using transmission line theory we 

can determine the two primary effects on the transmission path [70]. The relative phase delay θ 

incurred by a section of transmission line with index of refraction    influenced by a dielectric 

slab of length l at position d above a section of coplanar waveguide with nominal index of 

refraction    is given by Eqn. (1).  

  (     )       (1) 

G g S

h

d
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We also expect the characteristic impedance (Z1) of the l length slab altered section to scale 

linearly with the index of refraction of that section. The characteristic impedance of the slab 

section should be less than or equal to the characteristic impedance of the slab-free sections (Z0). 

Equation (2) shows this relationship.  

   
  

  
        (2) 

 

One approach to introduce relative phase delay using the above guidelines is to eliminate the 

problem of mismatched impedance by ensuring reflections from the slab boundaries cancel. This 

is done by ensuring the slab section is an integer multiple of a guided wavelength. To do this the 

slab section must satisfy the relationship in Eqn. (3). 

              (3) 

Both the phase shift requirement and impedance match requirement can be satisfied for a discrete 

set of points corresponding to slab heights d and discrete cases of phase shift can be realized 

(dependent on the choice of N). This is a discrete approach to phase shifter design as it provides 

only a limited set of realizable phase shift values for each slab type and geometry. 

An alternate approach is to let the slab length l be relatively large, for instance 4λ. This will 

allow significant relative phase delay to be realized for relatively small differences       (for 

instance θ ranges from 0 to 360 for       from 0 to .25). By keeping the difference in index of 

refraction small we keep the change in characteristic impedance of the slab section small. If the 

difference in characteristic impedance between the slab section and the rest of the coplanar 

waveguide transmission line is small enough it may be ignored. By eliminating the impedance 
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match requirement, we can realize a continuous set of relative phase delay cases by simply 

satisfying the phase shift requirement. This is a continuous approach to phase shifter design as it 

provides, in theory, a continuous range of phase delay from 0 to some maximum phase delay 

which is dictated by the slab type and length of the slab.  

A CPW transmission line is designed for 100Ω characteristic impedance when d is large 

(effectively no slab). The center conductor dimension S = 0.35mm and the gap size is g = 

.25mm. To maintain the maximum array column spacing sufficient to avoid grating lobes at scan 

the total width of the coplanar waveguide transmission line is constrained to 6.25mm which 

requires a ground conductor width of G = 2.7mm. The propagation constant of the transmission 

line is found to be β = 1558 rad/m and the relative effective dielectric permittivity is found to be 

εeff = 1.53. This transmission line is used to examine both discrete and continuous phase shifting 

techniques.  

 

14.2  Examination of dielectric slab phase shifting at 60GHz 

To examine the dielectric slab phase shifting technique at 60GHz a V-Band measurement system 

is constructed in which sections of CPW transmission line can be measured. Figure 14.2 shows 

the transmission line measurement system which consists of a 50-75GHz source coupled to one 

end of a CPW transmission line upon which a dielectric slab can be positioned and a 50-75GHz 

receive module connected to the other end. The mm-wave modules multiplies RF in the range 

12.5-18.3GHz by 4 and harmonic mixers with LO of 12.5-18.3GHz are used for detecting IF 

(8.33MHz).  
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Figure 14.2: V-Band transmission line measurement system. 

The measurement system is calibrated using a THRU response calibration for S21. This 

calibration is done with no dielectric slab present and is sufficient to provide relative phase shift 

for cases when the dielectric slab is introduced.  

To test the phase shift range of the dielectric slab technique a total of 5 different slabs are used. 

The slab material properties and lengths are shown in table 14.1. 

Table 14.1: Measured dielectric slab samples 

Sample 

number 

Material εr Slab length Max Δθ  

(at d = 0) 

Insertion 

loss at 

d=0 

1 Rogers 6002 2.94 4.9mm 70° 2.4dB 

2 Rogers 6002 2.94 8mm 110° 2.9dB 

3 Isola IS620 3.72 8mm 135° 1.5dB 

4 Rogers 3006 6.15 10mm 220° 2dB 

5 Rogers 6010 10.2 8mm 255° 9.5dB 
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Also shown in table 14.1 is the maximum measured phase delay for each slab. This is the phase 

delay, relative to no slab, that is exhibited when the dielectric slab is placed in direct contact with 

the CPW transmission line (   ). A z-axis positioner with micrometer accuracy is used to 

increase the dielectric slab separation   in small increments and the relative phase delay is 

measured. Figure 14.3 shows the relative phase delay vs. slab height for the 4.9mm Rogers 6002 

slab. Figure 14.3 also shows the result of an HFSS simulation using the same transmission line 

dimensions and dielectric slab material properties. 

 

Figure 14.3: Phase shift vs. slab height for 4.9mm Rogers 6002 slab. 

The measured phase delay is not in perfect agreement with the simulation, particularly for very 

small values of    (very small gap). This is likely because it is, in practice, difficult to achieve an 

ideal slab/CPW interface. Imperfections in the positioner, transmission line, or slab surface can 

all lead to air gaps between the slab and CPW which will reduce the effective dielectric constant 

and relative phase delay of the phase shifter.  
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Figure 14.4 shows the measured and simulated relative phase delay for the 8mm Isola IS620 

slab. This slab is longer and has a higher dielectric permittivity than the 4.9mm Rogers 6002 slab 

and as a result exhibits increased relative phase delay over the range of slab separations tested. 

The slab has a maximum relative phase delay that is almost double the relative phase delay of the 

Rogers 6002 slab. This is useful because the more range a phase shifter provides (in general) the 

wider the field of view of the phased array antenna will be. As was the case with the 4.9mm 

Rogers 6002, the simulation overestimates relative phase delay in the very small gap region 

(      ).  

 

Figure 14.4: Phase shift vs. slab height for 8mm Isola IS620 slab. 

Figure 14.5 shows the measured and simulated relative phase delay for the 10mm Rogers 3006 

slab. This slab is longer than both the 4.9mm Rogers 6002 slab and the 8mm Isola IS620 slab. It 

also has a higher dielectric permittivity than both of the previous slabs. As a result the maximum 

relative phase delay of 220° is the largest of the three slab materials. A test was done using an 
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8mm Rogers 6010 slab but the measured insertion loss was much too high for the slab to be 

useful as a phase shifter.  

 

Figure 14.5: Phase shift vs. slab height for 10mm Rogers 3006 slab. 
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Chapter 15:  A 3x8 60GHZ PHASED ARRAY ANTENNA WITH 

DIELECTRIC SLAB PHASE SHIFTER 

 

15.1  Design and layout of array 

To demonstrate the beam steering capability of the dielectric slab phase shifter a 3x8 60GHz 

array antenna is constructed with CPW feed lines. The CPW feed lines feed the series-fed arrays 

which constitute the columns of the array. First, a 1x8 series-fed array with 100Ω input 

impedance is designed and simulated in HFSS. Next, a 3-way power divider with 50Ω input and 

equal amplitude 100Ω output is designed and simulated. In the case of the array without CPW 

feed lines a triangular divider design is used [71]. Finally, the series-fed array and power divider 

are combined to form the 3x8 array. 

Figure 15.1 shows the two fabricated 60GHz arrays. Figure 15.1a shows the fabricated fixed 

beam 3x8 array used to characterize the 60GHz antenna radiation pattern independent of the 

reconfigurable dielectric phase shifter. Figure 15.1b shows the fabricated 3x8 array with 

integrated reconfigurable dielectric phase shifter. In the case of Figure 15.1a each output from 

the 3-way power divider feeds a 1x8 series fed patch array. In the case of Figure 15.1b, the 

outputs of the power divider feed 3 independent CPW transmission lines. A dielectric slab phase 

shifter is used on transmission lines feeding columns 1 and 3 of the array and a transmission line 

with fixed delay (no slab) is used for column 2 of the array. The outputs of the CPW lines are 

then used to feed columns of 1x8 series fed arrays.   
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(a)                       (b) 

Figure 15.1: (a) 3x8 60GHz patch array without CPW; (b) 3x8 60GHz patch array with CPW. 

The use of preset delay simplifies the design and testing of the array by utilizing properties of 

symmetry and fixing the center column. In this design the preset delay is 110° which allows the 

array to steer more than +-30deg in the H-plane.   
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15.2  Test results 

 

(a)                                           (b) 

Figure 15.2: (a) Measured E-plane radiation pattern of 3x8 array of Figure 15.1a plotted with V-

band conical gain horn. (b) Measured H-plane radiation pattern of 3x8 array of Figure 15.1a 

plotted with V-band conical gain horn. 

 

To assess the performance of the 60GHz array design in Figure 15.1a, the radiation pattern is 

measured in both E-plane and H-plane. In each case the pattern is compared with the measured 

pattern of a V-band conical gain horn. The expected peak gain of the fixed beam 3x8 patch array 

is 20dB and the expected peak gain of the V-band conical gain horn is 22dB. The observed 

difference in peak gain is 6dB and we expect that this is partially due to the waveguide to coax 

transition which was needed for the 3x8 patch array but not used in measuring the waveguide fed 
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conical gain horn and partially due to additional mismatch loss in the coax to microstrip 

transition on the 3x8 patch array.  

Figure 15.3 shows the measured radiation patterns for the antenna in Figure 15.1b with 0° 

relative phase delay between each column. This is accomplished by applying 110° phase delay to 

columns 1 and 3 using the 8mm Rogers 6002 slab with a separation of    . The radiation 

pattern is plotted with the simulated radiation pattern which is generated by simulating the 3x8 

array in HFSS with equal phase at each of 3 column feeds.  

 

 

Figure 15.3: Measured radiation pattern of 3x8 array with 0° relative phase delay between each 

column 
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Fig. 15.4: Measured radiation pattern of 3x8 array with -60° relative phase delay between each 

column 

 

Figure 15.4 shows the measured radiation patterns for the antenna in Figure 15.1b with -60° 

relative phase delay between each column. This is accomplished by applying 170° phase delay to 

column 1 using the 8mm Isola IS620 slab with a separation of     and applying 50° phase 

delay to column 3 using the 4.9mm Rogers 6002 slab with separation of        . In practice 

a separation of        is most easily achieved using a single sheet of      thick plastic to 

physically support the slab above the CPW.  Although the maximum measured phase delay of 

the 8mm IS620 slab was 135° in the VNA measurement test we found that by applying 

additional force once the slab was in contact with the CPW produced additional phase delay. The 

value of 170° phase delay was achieved in situ by carefully varying the force of the slab on the 

CPW. The radiation pattern is plotted with the simulated radiation pattern which is generated by 

simulating the 3x8 array in HFSS with 60° uniform progressive phase delay across 3 column 

feeds.  
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Figure 15.5: Measured radiation pattern of 3x8 array with -110° relative phase delay between 

each column 

 

Figure 15.5 shows the measured radiation patterns for the antenna in Figure 15.1b with -110° 

relative phase delay between each column. This is accomplished by applying 220° phase delay to 

column 1 using the 10mm Rogers 3006 slab with a separation of    . The radiation pattern is 

plotted with the simulated radiation pattern which is generated by simulating the 3x8 array in 

HFSS with 60° uniform progressive phase delay across 3 column feeds.  
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Chapter 16  

Chapter 16:  CONCLUSIONS AND FUTURE WORK 

 

16.1  Project summary 

A steerable antenna for use at 60GHz band was developed using a reconfigurable dielectric 

phase shifter and 1x8 series fed patch arrays. A mm-wave VNA system is used to measure the 

relative phase delay and insertion loss of various dielectric materials placed near to a section of 

CPW transmission line. The results suggest various lengths of dielectric materials in the range 

       can provide up to 220° phase delay with less than 3dB insertion loss. An antenna was 

fabricated on Rogers Duroid 5880 for use with a dielectric slab phase shifting technique. Using 

slabs of Rogers 6002, Isola IS620, and Rogers 3006 the array is steered off axis approximately 

30°.   

 

16.2  Future of 60GHz array technology 

Future work on 60GHz dielectric phase shifting for phased arrays will need to focus on 

increasing the field of view of the phase array and on a means to accurately and dynamically 

position the dielectric slabs over the CPW transmission line. Increasing the field of view likely 

means increasing the length of slab sections beyond the maximum tested (10mm) so that 

additional phase shift can be realized while minimizing insertion loss. Ideas for mechanical 

positioning of dielectric slabs include the use of linear actuators with high resolution stepper 

motors, voice-coil positioners, or piezo linear motors. To achieve the beam steering performance 

cited above the required resolution is in the range of microns; well above the positioning 
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resolution of all three technologies. The primary factors determining which positioning 

technology to use are cost and required positioning speed.      
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CONCLUSIONS 

Three papers on topics in electromagnetics were presented. Part I explored a method of enabling 

large area phased array antennas using a wirelessly controlled and powered space-fed phased 

array. The WiPAA project demonstrated that an array of physically and electrically disconnected 

apertures can operate collectively as a  phased array antenna and a wireless signal can be used to 

control and point a collimated beam. Prototype hardware was developed at X-Band  to 

demonstrate various characteristics of the technology including: an electromagnetically coupled 

patch antenna, collocated  X-Band and C-Band apertures, and a wirelessly controlled steerable 

space-fed 4x1 array. Part II presented a new method for estimating the temperature rise in solid 

object targets when illuminated by a laser beam propagated through turbulent atmosphere. A 

statistical model is used to determine the average intensity of a laser beam propagated through a 

range of turbulent environments representative of the atmospheric turbulence that exists near the 

ground and near the ocean’s surface. A diffusion model is used to determine the temperature rise 

in a solid object’s surface over time when illuminated by a laser light source. These two models 

are combined to produce an estimation of the minimum dwell time required to heat an object to 

its melting point given a specific set of laser parameters. Several numerical examples are given 

which contain parameters relevant to operators of modern day CO2 laser systems. Part III 

contains the results of a study on dielectric slabs for phase shifting at 60GHz. Building on 

previous work by Junho Cha and others, we extend the concept of using movable dielectric slabs 

to selectively alter the phase of transmission lines to 60GHz, an area targeted by future high data 

rate wireless communications applications. We successfully demonstrated low loss phase shift 

using a number of different dielectric materials and concluded that in many cases a usefully large 

continuous range of phase values is achievable using relatively low εr and relatively long slab 
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lengths. We demonstrated a 3x8 steerable phased array antenna using the reconfigurable 

dielectric slab phase shifter. The results show that the beam pointing ability and relatively low 

loss of the technique make it an attractive alternative to integrated circuit based phasing for low 

cost 60GHz phased array antennas.  
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