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ABSTRACT 

 

 

 

 Three-dimensional (3D) rapid prototyping holds significant promise for future 

antenna designs. Many complex designs that would be unmanufacturable or costly are 

realizable on a 3D printing machine. The ability to create 3D designs of virtually any 

configuration makes it possible to build compact antennas that can form fit to any space.  

These antennas build on the concept that small antennas can best reach the ideal 

operating limit when utilizing the entire 3D space in a sphere surrounding the antenna.  

Antennas require a combination of dielectric and conductive materials.  3D rapid 

prototyping is already well advanced for plastics and dielectric materials (with more 

options coming online).   Prototyping with conductive materials has lagged behind; due 

mainly to their higher melting points, but this is advancing as well.  This dissertation 

focuses on 3D rapid prototyping for antenna design.  A 3D antenna made from small 

cubical cells is optimized for 2.4-3GHz using a genetic algorithm (GA). The antennas are 

built using 3D printing of plastic covered by conductive paint.  The effects of the 

conductivity of the paint and number of layers on the resonance and gain of the antenna 

are evaluated. These results demonstrate the feasibility of using 3D rapid prototyping for 

antenna design.   



 

 

iv 

 

 A 3D dipole is also optimized using a GA to function from 510-910MHz. The 

antenna was built using 3D rapid prototyping from plastic. The 3D antenna was covered 

with a conductive coating and measured, showing good agreement with simulation.  The 

3D GA is used to design 3D antennas of random shape to fit inside the empty space in a 

cell phone case and optimized for cell phone bands 800-900MHz and 1.6-3.7GHz. The 

research also evaluates methods and materials that can be used to produce 3D antennas.  

In addition to the flexibility that 3D prototyping brings to antenna design, this paper 

describes how this new and emerging method for building antennas can provide fast and 

affordable antennas for testing, teaching, and fast turn-around prototyping. 
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CHAPTER 1 

 

 

 

  INTRODUCTION 

 

 

 

Small antenna design is a longstanding area of great importance and interest.  It is 

an ever present reality that as electronic devices continue to get smaller, antenna size 

must continue to decrease.  Smaller antennas with improved performance are necessary 

to keep pace with electronics that are decreasing in size while increasing in memory and 

processing speed.  The planar or wire antennas most commonly used today allow a part 

of the geometry to decrease in size; however, they do not take advantage of a significant 

portion of the volume and are therefore necessarily suboptimal in their designs.    One 

way to improve small antenna performance is to use three-dimensional (3D) designs 

rather than one-dimensional (1D) (wire) or two-dimensional (2D) (planar) designs.  

This dissertation will demonstrate how 3D antennas can be built with rapid 

prototyping methods to create a new opportunity in antenna design. This antenna can be 

designed with virtually any shape or configuration. They can fill arbitrary 3D spaces, and 

are easy to build, inexpensive, and light weight. Virtually any antenna can be built in 

minutes and thus provide a ready supply of test antennas at your fingertips.  

Information on the benefits of 3D antenna design begins with the well-known 

research on small antennas completed by Wheeler [1] and Chu [2].  The definition of a
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small antenna is based on the area of a sphere which encompasses the antenna. Future 

work such as that done by Mclean [3] has refined the small antenna limit; however, the 

3D region still defines the antenna size.  All good approximations at meeting the small 

antenna limit attempt to utilize as much of the 3D space as possible. 

Some applications (putting an antenna on the skin of an aircraft, for instance) 

limit thickness, but there are many other applications where a thicker 3D design is 

practical.  There is often a 3D space that goes unused in our electronic devices, and this  

3D space could potentially be filled to create a better antenna.  Our research is based on 

filling the available cavity or shape with a conductor whose final shape  can be optimized 

to perform over a variety of requirements. Requirements include impedance, bandwidth, 

radiation pattern, gain, and polarization.  The shape chosen for this research is to divide 

the available antenna volume into subwavelength cubes, then each cube is composed of 

air or conductor.  The cube size is chosen based on the wavelength at which it is designed 

to function; our standard is ~1/30 of a wavelength.  A representative antenna geometry 

with the feed centered between two rectangles is optimized to function as a 3D dipole in 

the 500-900 MHz band. The antenna structure composed of cubes is shown in Figure 1. 

A few attempts at true 3D antennas have been made, some of which are shown in 

Figure 2, and have initially demonstrated the promise of 3D designs [4], [5] . The 

manufacturing methods required to produce these antennas are so cumbersome that they 

have been regarded mainly as far-fetched and impractical designs.  But now, cutting edge 

rapid prototyping of conductive materials is creating 3D manufacturing opportunities that 

have not previously been available in the antenna design world.   
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Figure 1: Representation of antenna geometry using subwavelength sections to compose 

the antenna. This antenna is described in more detail in Chapter 4. 

 

 

 

Examples of nonantenna objects are shown in Figure 2, as well.  3D printing [6], 

[7], selective laser sintering [8], and other high-power melting techniques [9], long 

available for plastics, are beginning to emerge with effective conductive materials [9], 

[11].   

Silver inks for 3D-type printing have been used along with new designs utilizing a 

3D space [15], [16]. Conductive paints commonly used for electromagnetic interference 

(EMI) shielding are finding their way into the design world [17]. Complicated structures 

are now easier to machine with tools such as a 5 axis computer numerically controlled 

CNC mill [18].  Electrical discharge machines (EDM) are also utilized to build 

complicated structures for microwave devices and are becoming better suited for standard 

machine shop use [19], [20]. 3D printing or 3D rapid prototyping is an area which has 

expanded rapidly over the last few years [21]. New 3D printing machines are more 

common in commercial settings and have found use in areas from medical services to 

machine shop prototypes [22] .  
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Figure 2: 3D antennas from [4], [5], [12]  are optimized and then manufactured by hand 

and/or using other uncontrolled methods. Antennas are built using controlled 3D rapid 

prototyping and they indicate the current resolution that is available today. The antenna in 

[13] is a gold plated plastic cell phone antenna created by laser direct structuring, and 

[14] provides resolution information on a 2-material 3D printed foot. © 2002, 2007, 

2010, IEEE. Reprinted with permission. 

 

 

 

One of the great benefits of 3D prototyping machines is the ability to produce 

complicated 3D geometry and at roughly the cost of the plastic. The basic 3D printers 

have lower resolution in the 0.5mm range and a slower printing time than their industrial 

counterparts but are an affordable alternative.  3D printing has developed an online open 

source community (reprap.org). The community provides links to suppliers for build-it-

yourself machines and stores an enormous online repository of available 3D drawings 

which others have created and shared.  3D printing has the ability to easily create 

complicated objects quickly and easily in plastic. Our research indicates that using 

conductive coatings over plastic objects can create antennas that perform quite well. 
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1.1 Contributions  

 

This dissertation focuses on developing the concepts and design tools necessary to 

take advantage of the emerging 3D build technology, thus positioning engineers to 

rapidly design and deploy true 3D antennas that come closer to meeting the optimal 

designs that theory predicts. This dissertation addresses challenges specifically associated 

with 3D rapid prototyping for antennas, including design optimization tailored to these 

methods, and the effects of imperfectly conducting materials. The work here focuses not 

only on 3D prototyping equipment available today but also the technology that is 

anticipated to emerge in the next 5 years. 

 The major contributions of this dissertation are: 

1) Introduction of the concept of using 3D rapid prototyping for antenna design. The 

antennas designed in Chapter 3 are the first of their kind and represent a major 

shift in antenna design through easy, low-cost 3D manufacturing. 

2) Demonstration of the applications where 3D antennas may be most useful.  These 

include the ability to fully utilize the 3D sphere often associated with small 

antenna theoretical limits [23].  3D antennas can more closely approach this limit.  

In addition, the ability to fill random-shaped voids such as those in handheld 

personal communication devices [24] may provide better antennas for a wide 

variety of applications.  Finally, the advantages of low weight and quick 

turnaround time are also noted.  This information is found in Chapter 4 [24]. 

3) Evaluation of the impact of conductivity and thickness of the metallic components 

of the design (typically metal paints or plating) on the efficiency and performance 

of the antennas [25].  Chapter 5 outlines the requirements as a function of 
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frequency, and describes the frequency range where 3D rapid prototyping is 

effective today. 

4) Contemplation and evaluation of the future of 3D rapid prototyping for antenna 

design is found in Chapter 6 [26].  3D prototyping is rapidly advancing, and this 

chapter evaluates what changes are coming, what changes are needed, and what 

these changes may mean for future antenna design and manufacture. 

 In short, this dissertation provides the tools and methods for a new type of 3D 

antenna manufacturing that has the potential to revolutionize small to moderate scale 

antenna design by providing the great flexibility in form and design for 3D 

manufacturing that has to date been available only for 2D (planar) designs.   
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CHAPTER 2 

 

BACKGROUND 

 

Tttt 

tttt 

2.1 Small Antenna Design 

 

 Small antenna design and research dates back to early work completed by 

Wheeler 1947 [1] and Chu [2] in 1948. The small antenna limit (sometimes called the 

‘Chu Limit’) is also known as the Q lower bound. Q is the quality factor and is given in 

terms of resonance energy. The Q lower bound defined by Chu indicates the size of the 

sphere (given in terms of wavelength or frequency) that allows the radiated energy mode 

to exist and to propagate.   

kaka
Q
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1
3
                      2.1 
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1
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Here k is the wave number which is equal to ω  , and a is the radius of a sphere 

which encompasses the entire antenna. For an antenna to be defined as small, typically ka 

is less than 0.5 [27].  The Chu limit was found based on the radiation modes from a 

capacitor model approximation.  This is still utilized today as the absolute minimum size 

for an antenna that radiates at a specific frequency.  Researchers have continued to better 

define the lower bound, including Chu in [28], and Wheeler in [29], [30]. Hansen further 

investigates the limits of antennas in 1981 [31], and then proposed a new Chu formula in 

2009 [32]. Thal looked at specific spherical antenna geometry and proposes new limits 

for the antenna spherical antenna [33], [34]. In reality, antennas are not 100% efficient 

[35], so he added efficiency η to make a more complete lower bound, which is given in 

[3] and widely accepted as a fundamental limit based on Chu's original work.   

In this research, we look at utilizing the 3D space to efficiently use it for an 

antenna and keep the radius as small as possible. This research also discusses the ability 

to manufacture complicated 3D geometry and materials that can be used for a highly 

efficient antenna. Many of the miniaturization techniques utilized today can also be 

applied to 3D antennas. 

Perhaps the most common way to miniaturize an antenna is to reduce its physical 

size while maintaining its electrical size. This is done by decreasing the wavelength 

within the antenna structure and/or its very near field using high dielectric materials [36], 

[37] and/ or electronic band gap (EBG) materials [38]. Higher dielectrics, however, 

increase the mismatch to free space and decrease radiation efficiency [39] [40].  

Metamaterials have also been used to reduce the effective wavelength using materials 

with a negative index of refraction (NIR). Resonant antennas have been produced with an 
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impedance matching NIR shell [41], [42]. There has been much interest in this area lately 

and numerous papers, [41], [42], [43], [44], [45], but the metamaterial antennas that have 

been produced also have poor radiation efficiency [43], [46] because of the lossy nature 

of the NIR metamaterial [47].  The latest published research in small antennas at the time 

this article was written are to decrease the size of the antenna using a composite right- 

and left-hand material structure with a planer inverted F antenna [48], or a dielectric 

resonator utilized as an antenna [49].  

 3D antennas have been reviewed extensively, [5], [15], [33], [34], [50], [51] 

[52][53][54][55] and indicate promise in utilizing the 3D geometry to lower the operating 

frequency, increase the bandwidth, and reduce the size of the antenna [56]. For example, 

Best demonstrates low Q small spherical dipoles [50]  and properties of a small spherical 

helix [51]. The spherical helix antenna is made up of hand-soldered pieces of wire. The 

design indicates a Q within 1.5 times the fundamental limit ka < 0.5 and efficiencies at or 

above 90%.  

  It should be noted that before Wheeler and Chu did their work on the small 

antennas, Schelkunoff was defining the theory for antennas of arbitrary size and shape 

[57]. Current research on limitations for arbitrary shaped antennas has been completed by 

Gustafsson [58]. Research completed over a decade ago by Herscovici examines the 

added efficiency of 3D extrusions for microstrip antennas [59]. He designed the antenna 

with the ability of a practical single-step build and large-quantity fabrication [59]. A 

second microstrip antenna is built using layers of etched substrate to add 3D parasitic 

coupling elements [60].  A stacked microstrip patch makes use of multiple layers of 
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substrate with different dielectric constants and a coupled 3D feed design. The impedance 

bandwidth for the stacked microstrip patch is increased to 3:1 using these techniques. 

 For virtually all wireless applications, effective use of space is an important 

criterion for antenna design.  Over the last decade, wireless handsets in particular have 

virtually phased out external antennas.  Antennas designed for use as internal embedded 

antennas began to ramp up just over a decade ago.  The dilemma over best use of space 

for maximum performance in a handset is illustrated by David McCartney in April of 

2000 [61] and by Skrivervik in 2001 [56].  

 Some applications strongly prefer planar antennas such as those mounted on the 

surface of space craft. Others could use available 3D space such as those inside the case 

of a cell phone [13] or inside the human body, but currently use planar or semiplanar 

antennas to reduce cost or simplify the analysis.  True 3D antennas have been explored in 

the past for RFID applications [62], multisector antenna designs [63], and for wireless 

communication [64]. Galehdar [62] has designed an optimal 3D meander line antenna for 

RFID tag applications. This 3D antenna is shown in Figure 3. Optimizations are 

performed over various 3D configurations, and the best design is chosen.  This 3D 

antenna even works well when placed close to a ground plane.   Altshuler [12] used an 

optimization method to find the best performing wire antenna within a rectangular size 

limitation. The antenna in Figure 3 has been optimized for high gain, good impedance 

match, and minimal resonant frequency (equivalent to maximum effective electrical size).  

This and similar wire antenna designs [65] gained interest and curiosity, but were clearly 

impractical to build.  
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Figure 3: 3D Meander line antenn for passive RFID applications, from [12]. © 2002 

IEEE.  Reprinted with permission. 

 

 

 Soora [66] designed a 3D triangular and rectangular spiral antenna for a retinal 

prosthesis. These antennas have helped in achieving small size and enhanced bandwidth 

as well as achieving broadside radiation pattern. Thevenard [63]  provided a conceptually 

simple 3D multisector antenna based on an original layout of Vivaldi-type antennas, 

compatible with metalized plastic manufacturing technology. This solution offers great 

freedom in shape and dimension as well as the potential for mass production of the 

antenna at low cost, as shown in Figure 4. 

 Serra [67] simplified the manufacturing of the standard 3D planar inverted F 

antenna (PIFA) by building the antenna from a single metal sheet, cut and bent to shape.   

The 3D prototyping methods that are new or emerging provide the opportunity to readily 

design and build true 3D antennas economically. 
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Figure 4: Thevenard Vivaldi type antennas [63].  © 2007 IEEE. Reprinted with 

permission. 

 

  

2.2 Next Generation Manufacturing  

 

3D antenna designs are an evolving technology which is becoming more 

mainstream.  The complicated 3D antenna structures are becoming less of a challenge to 

manufacture. This is in part due to the progress in the mechanical design and 

manufacturing, including manufacturing which is applicable to good conductors.    Rapid 

prototyping with conductive materials is creating an opportunity for true 3D antenna 

designs that have previously been impractical. In this research, we evaluate methods and 

materials which have been used to create 3D antennas or provide the ability to create 3D 

antennas.  There are many methods we did not evaluate which are excellent candidates 

for building 3D antennas. A few of the methods we believe would be ideal candidates and 

those we evaluated are described in detail in this section. 
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 There are several promising and emerging 3D prototyping methods that can be 

used to create metallic and nonmetallic shapes [48]. These include selective laser 

sintering [8], [9], selective laser melting [9], electroforming [11], and electron beam 

melting [11] [48].  3D antenna designs can also be produced by coating a plastic shape 

with conductive paint [17].  Other unorthodox methods are continually arising; recently, 

3D spherical antennas have been built using a process called direct transfer patterning 

[68]. The process uses a stamp to get the desired pattern onto a curved surface. It then 

requires a 6-step process including a plasma etch and gold plate to finalize the design on 

Polyethylene Terephthalate (PET). In [68], the conductor is thickened by the plating 

process and in [69], it was found that the transfer of thicker metals proved to be difficult, 

possibly due to wrinkling of the stamp during metal deposition [69].  The research here 

shows an array of 10 nm thick, 500 micro meter wide Au stripes transferred onto a PET 

hemisphere. A sheet resistance of 7 ohms/square for 10 nm gold was estimated from 

measurements made between several points along the metal stripes. This corresponds to 7 

X 10
-6

 Ohm∙cm, consistent with that of conventional gold thin films [69].  Similarly, 3D 

antennas have recently been built using conductive silver nano-particles printed on a 

spherical glass surface [15]. The printing method in [15] uses a small nozzle on a robotic 

hand to draw a very high conductivity ink on a preshaped glass substrate (in this case, a 

hemisphere). The ink has reported conductivity of ~1X10
6
S/m [70]. The 3D nozzle 

printing method would be more difficult to apply for more complex 3D designs such as 

those that might be required to fill random-shaped voids.   

A method known as laser direct structuring (LDS) is a procedure which requires a 

multiple-step process. In the process, the plastic where the conductive plating is desired is 
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typically etched with a laser or chemical etchant. The etched area allows the conductive 

particles from the polymer to be on the surface and the treated plastic is ready for 

metallization. The metallization is typically completed by a plating process [13].  

Another emerging process uses atomic layer deposition (ALD) to coat a substrate 

with a nano meter thick conductive layer [71]. Also, a similar technique allows a thin 

layer to be plated by element sputtering to create thin conductive films [72]. The 

nanofabrication lab at the University of Utah provided us with an antenna made of gold 

using ALD on a glass substrate. They also provided one built from sputtering using 

platinum on a glass substrate. Both of these methods apply a thin conductive film, and are 

typically used in fabricating micro and nano electronics.  It should be noted that it is 

possible for the films to be plated to a desired thickness.  

Electroless plating allows for a conductive layer to be built up by a chemical 

reaction rather than electrical. The process relies on the presence of a reducing agent 

which reacts with the metal ions to deposit metal.  The base material may be arbitrary 

shaped and it does not require line of sight [73]. 

Electroforming is similar to the plating process, but it builds up an object that is 

much thicker.  Typically, electroforming starts with a nonmetallic object.  The 

nonmetallic object is coated with a conductive material, and then built up by electro-

plating until it is the desired thickness [9]. Selective laser sintering or melting is similar to 

electron beam forming. A layer of fine metallic power is spread out, and a high power 

beam is scanned over the layer to create the 3D geometry.  The beam fuses the powder 

together for that specific layer.  When the layer is complete, the build platform is 

lowered, a new layer of powder is spread, and the beam again hardens that layer [8]. 
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These fusing techniques typically use a 40 micrometer spot beam laser. The laser in 

combination with the particle size of the powder determines the surface resolution 

without finishing (typically less than 0.1 mm) [48]  Utilizing selective laser sintering as a 

manufacturing method for antennas is not common. Huang makes use of selective laser 

sintering to design a plastic mold for wrapping a helix [74]. Sigmarsson uses the process 

to sinter a layer on a low temperature substrate [75]. Ventis, a wideband antenna 

manufacture, claims to use selective laser sintering to build complex shapes in their 

designs [76].  Unfortunately, there are no available references or pictures.   

Printing in 3D is becoming more widespread [6], [7], and the cutting edge is 

printing conductive materials. Using conductive materials with low temperature melting 

points has been proposed [77]; however, the final product is not thermally stable. 3D 

conductive printing is making progress; one 3D machine makes use of a separate wire 

feed printing head to accomplish this [6].  3D printing is typically accomplished by using 

an injector that drops a quick hardening resin compound at a precise point for a single 

layer.  The 3D object is then built up in printed layers. This is commonly known as layer 

deposition modeling (LDM). Initially, 3D printing was done using a powder base and 

then ink jetting a binder over each layer [9].  3D printing plastic objects with UV curable 

plastic stereolithography allows for precise quick builds.  

ABS, a common plastic, is used for the LDM type of desktop 3D printer. It is 

relatively inexpensive and can be found at k-mac-plastics; a 0.25 inch rod costs $1.25 per 

foot [78]. Botmill sells 5 lbs. of 3mm ABS rod designed for specific 3D printers for 

$45.00 [79].  A basic 3D printing machines currently costs approximately $1000.00 [79].    
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The processes vary in the materials they can use and the resolution and 

complexity they can provide [22].  Today’s resolutions for 3D printing are on the order of 

0.0006 inches [14]. The resolution provided is common for most low-cost manufacturing 

methods.  One item of note which demonstrates the strong international and economic 

interest in conductive 3D prototyping, an $80,000 Gada prize (to be given in 2012-2015) 

was recently announced for the development of advanced 3D printing [77], [80]. One of 

the requirements for winning is the ability to print useful conductive materials such as 

those for circuit boards [80].  

In this research, selective laser sintering and 3D printing are used to manufacture 

the initial complicated antenna geometry. Selective laser sintering is used to build a solid 

conductor and 3D printing is used to build the initial plastic antenna which is then coated 

with a conductive layer.   3D printing is chosen based upon the background work 

completed researching next generation manufacturing and a trade study in cost and ease 

of use. Throughout this project, it has been important to remain abreast of the emerging 

improvements in 3D rapid prototyping and adapt our designs as needed to keep pace with 

these capabilities.  The open source information will be used to stay up to date with the 

latest developments in the conductive printing technology.  The Objet Connex 500 [14] 

was graciously hosted by L-3 to build 4 prototype 3D antennas for this research.   

 

2.3 Conductive Materials and Effects of Imperfect Conductors 

 

 The effect of imperfect conducting metals on efficiency is a critical parameter 

when designing small antennas, as efficiency is a parameter in the small antenna 

equation. One of the chief concerns of this project is to validate the degradation in 
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radiation efficiency due to manufacturing with a lossy conductor.  Recently, there has 

been much research on imperfectly conducting materials.  Applications include 

replacements for lead-based solder [81],[82], [83], [84], [85], [86], [87], transparent 

antennas for use over solar panels [88], [89], [90], [91], [92], protective coatings for the 

high-voltage stator windings on high-power generators [93], [94], flexible and wearable 

antennas [91], [92], [95], [96], [97], and others. Metals used in fabrication range in 

conductivity from aluminum 1.0 X 10
6
 S/m to silver 6.0 X 10

7
 S/m whereas imperfectly 

conductive materials proposed to replace them can range from paints 1.0 X10
4
 S/m to 

metal mixtures 1.0 X10
6
 S/m [98], [93], [97], depending on their compositional makeup.  

Reducing the electrical conductivity decreases the efficiency and increases losses due to 

resistance and skin effects [99], [100]. This project will extend the theoretical analysis 

done for imperfectly conducting transparent antennas [99], [100], to imperfect conducting 

materials used in 3D prototyping.  In [99], [100],we used the Drude model to predict the 

skin depth and loss effects in detail at multiple frequencies to bound the theoretical 

antenna efficiency and performance.  This project explores the tradeoffs expected when 

using different 3D prototyping techniques, and will evaluate the implications for antenna 

design now and as the materials and methods mature. 

 Imperfectly conducting materials have been used in a variety of electrical and 

antenna applications.  Materials include paints [99], [101], [102], conductive adhesives 

[81], [82], [83], [84], [85], [86], epoxies [84], [85], polymers [98], [93], [103], [94], 

[104], [81], [87], [105], optically transparent films [99], [100], [88], [89], [90], thin 

silicon films [93], [103], nano-fiber [94], [104], [86], [87] powder metals [92], [93], and 

even conductive fabrics [105], [101], [90], [91], [92], [95], [96], [97].  A material of 
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particular interest is a metallic flake mixture composed of mostly aluminum with a 

melting point at approximately 500 degrees Fahrenheit [106]. This metal mixture is 

currently used for injection molding of metal parts [106].   A similar thermo plastic with 

carbon fiber and nickel powder is given in [107] and [108]. The lower temperature 

conductive materials are considered in this research as they may be useful in 3D printing 

conductive objects. 

 In order to better understand the importance of the material constraints and how 

they impact 3D antenna design, this research  examines a standard monopole or dipole 

antenna design using imperfectly conducting materials (with emphasis on paints and 

printed materials, the most likely near-term materials for rapid prototyping).  Skin depth 

losses and the effect of very thin layers of conductive material, ground effect losses, and 

surface resistance of the antenna all result in lower efficiency and are evaluated.  Once 

these effects are understood for the dipole antenna, they will be expanded to 3D 

prototype techniques and materials.  The work  here evaluates 1) the necessary 

components and requirements of a conductive material for antenna design, 2) the losses 

associated with imperfectly conducting materials due to ground and skin effect losses, 

and manufacturing 3) if 3D optimized antenna designs mitigate these losses and improve 

efficiency [99], [100].   

  

2.4 Conductivity and Efficiency Measurements 

 

 For the measurements, we have selected a sample of materials discussed above. 

We performed our own characterization of materials using a 4-point probe to measure 

conductivity and a wheeler cap [109] to measure radiation efficiency. The goal is to 
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further our understanding between the conductivity of the material, the skin depth, and 

the efficiency loss for an antenna radiating at a specific frequency.    The primary focus is 

to evaluate the use of emerging techniques and materials which use imperfect conductors.  

The data are compared to manufactures specifications for conductivity.  The measured 

radiation efficiency is compared to solid copper sheet and to simulated data using lossy 

materials. 

 The wheeler cap is designed such that the antenna above a ground plane has its 

radiated fields shorted out in the near field region. The shape of the cap in this research is 

constructed to be a rectangular form.  Other shapes such as cylinders can be used.  The 

cap also acts as a resonant cavity and it must be designed such that the cavity resonance 

falls outside the resonance region of the antenna.  The fields created inside the cap are 

then strictly determined by the radiated fields due to the antenna.   

 The 4-point probe is used to measure conductivity.  The thickness of the sample is 

given by t. In the derivation, t is required to be much less than the spacing of the probes.  

The probe spacing on our equipment is given as ~1.5mm.  The derivation begins by 

finding the differential resistance given by the area of the conductive being measured  

xtA 2                                                            2.4 

Resistance is then  






2

1
xt2

x
x

x

R


                                                      2.5  
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









I

v
R

2
                                                          2.6 

We then solve for the sheet resistivity  
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In general, sheet resistivity Rs = ρ/t and can be expressed as  











I

v
kRs

                                                      2.8 

where k in the case of the semi-infinite thin sheet is k=4.53 (which is just π/ln2). The 

sheet resistivity is given in Ohms/square.  To convert to Ohm meters or cm, the thickness 

of the sample must be factored into the equation. Rs is multiplied by the thickness giving 

the units of Ohm meters. It is well known that the conductivity is the inverse of the 

electrical resistivity and is given in Seimens/ meter, which has the units of inverse ohms 

per meter.   

The following materials are measured on the 4-point probe and the results are 

shown in Table 1.  LDS over plastic is designed such that the plastic part is plated with a 

40 um layer of gold. Silver and copper conductive paints are sprayed onto a paper 

substrate. Both are sprayed with three coats of paint. Copper paint is also tested for a 

single paint layer, and the injection molding material Xyloy® is tested.  A standard piece 

of 17 um copper sheet is used to verify the 4-point probe measurements. Silver epoxy is 

evaluated and it is used to attach the antennas to the center conductor pin for the 

antennas. The measurements for gold ALD and platinum sputtering were measured 

previously by the university of Utah nano-fabrication lab.  Other emerging materials have 

been added to the table as a comparison. The following materials have not been tested on 

the 4-point probe or for radiation efficiency, and the information included was provided 

by the available reference. The materials are silver nano-particle ink from [15], and the 

low temperature carbon fiber melt extrudable thermoplastic from [108].  
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Table 1: Measured data using the 4-point probe 

Material  mV  

measured 

Thickness 

micro-

meters 

Ω /□  Resistivity 

Ω∙m 

Conductivity 

S/m 

Gold 

LDS 
0.052 40 0.002 1.17X10

-8 
8.49 X10

7
 

1 layer 

Copper 

Paint 

6.61 16 0.298 5.27X10
-6

  1.90 X10
5
 

Copper 

Paint 
1.97 23 0.089 2.10X10

-6
 4.77 X10

5
 

Silver 

Paint 
1.97 23 0.030 7.07X10

-7
 1.42 X10

6
 

Copper 

sheet  
0.057 17 0.002582 4.38X10

-8
 2.3 X10

7
 

Xyloy 
0.024 500 0.001359 1.69X10

-7 
5.89 X10

6
 

Silver 

Solder 

(epoxy) 20 
125 

 
0.0453 2.27X10

-5
 4.42 X10

4
 

 

 

 

The method described as direct transfer patterning is given in [68]. The material 

in [68] had an additional thickness from being plated and our information for 

conductivity was obtained from [69].  

 The measurements taken had a correction factor applied due to the standard 

copper sheet measuring ~30% lower than 5.96X10
7
.  Table 2 presents the data with the 

correction factor applied. Table 3 provides the skin depth calculations. Figure 5 then 

indicates how the copper paint compared to the manufacturer’s given data.  The measured 

antenna efficiencies are completed using the monopole antennas above a ground plane. 

The radiation efficiencies are measured using the wheeler cap and are then given in  

Table 4. 
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Table 2: Measured data with correction; also included are additional data found in the 

current literature. 

Material  mV 

measure

d 

Thickness  

micro-

meters 

Corrected 

Ω /□  

Corrected 

Resistivity Ω∙m 

Corrected 

Conductivity 

S/m 

Gold LDS 0.052 40 0.00089 4.4910
-9 

2.22 X10
8
 

1 layer 

Copper 

Paint  

6.61 16 0.114 2.01X10
-6

 4.97X10
6
 

Copper 

Paint  
1.97 23 0.034 8.0X10

-7
 1.25X10

6
 

Silver 

Paint  
1.97 23 0.0114 2.70X10

-7
 3.71X10

6
 

Copper 

sheet 
0.057 17 0.00098 1.67X10

-8
 5.96X10

7
 

Xyloy 0.024 500 0.00051 6.48X10
-8

 1.54X10
7
 

Silver 

Solder 

(epoxy) 

20 
125 

 
0.0179 8.65X10

-6
 1.16X10

5
 

Premier 

Carbon 

fiber 

NA 23 0.25 5.75X10
-6

 1.73X10
5
 

Silver 

nano ink 
NA 12 NA 5.2X10

-7
 1.9X10

6
 

Direct 

Transfer 

patterning 

NA 0.010 7 7X10
-8 

1.43X10
7
 

Gold ALD NA 0.035 1.2 4.2X10
-8 

2.38X10
7
 

Platinum 

Sputtering 
NA 0.190 1.07 2.0X10

-7
 

4.92X10
6 

 

 

     

      



23 

 

 

Table 3: Skin depth calculations given in microns at 0.5, 1.6, 2.6, and 15 GHz for the 

materials of interest. 

Material 

Corrected 

Resistivity 

Ω∙m 

Skin depth 

in microns 

f=0.5 GHz 

Skin depth 

in microns 

f=1.6GHz 

Skin 

depth in 

microns 

f=2.6GHz 

Skin depth in 

microns 

f=15GHz 

Gold LDS 4.4X10
-9 

1.51 0.84 0.66 0.28 

Thin Copper 

Paint over 

plastic 

2.0X10
-6

 31.9 17.84 13.99 5.83 

Copper Paint 

over plastic 
8.0X10

-7
 20.13 11.25 8.83 3.68 

Silver Paint 

over plastic 
2.7X10

-7
 11.7 6.54 5.13 2.14 

Copper sheet 

standard 
1.6X10

-8
 2.91 1.63 1.28 0.53 

Xyloy 6.4X10
-8

 5.73 3.2 2.51 1.05 

Premier 

Carbon fiber  
5.7X10

-6
 53.97 30.17 23.67 9.85 

Silver nano 

ink 

5.2X10
-7

 
16.23 9.07 7.12 2.96 

Direct 

Transfer 

patterning 

7X10
-8 

6 3.33 2.61 1.09 

Gold ALD 4.2X10
-8 

4.61 2.58 2.02 0.84 

Platinum 

sputtering 

2.0X10
-7

 
10.07 5.63 4.41 1.84 
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Figure 5: Data from copper paint compared to the manufacturer’s data from [110]. © 

2012 IEEE. Reprinted with permission. 

 

 

 

2.5 Initial Simulation for Background Research 

 

 The initial research completed on 3D antenna design for this project began by 

taking a basic patch antenna and expanding it into 3D space. The basic flat patch was 

expanded upward to a half height sphere and then to a full half sphere. The design was 

optimized to have the lowest operating frequency and the widest bandwidth.  The 

antennas and the results are shown in Figure 6.  
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Table 4: Measured radiation efficiencies for the tested antennas 

Material and length Resonant point in GHz % Radiation efficiency 

Gold plating  35mm 1.79 81 % 

Silver Paint 35mm 1.79 75 % 

Copper Paint 35mm 1.79 74 % 

Copper sheet 35mm 1.79 81 % 

Xyloy® 35mm 1.79 81 % 

Gold LDS 35mm 2.2 86 % 

Titanium 25mm 2.8 41 % 

Gold ALD 40mm 2.1 39 % 

Silver Paint 70mm 1.64 86 % 

Copper Paint 70mm 1.64 74 % 

Copper sheet 70mm 1.64 94 % 

 

 

 

Figure 6: 3D patch antenna and return loss results for preliminary design work.These 

early results indicated that as we expand in 3D space, we are able to lower the effective 

operating frequency and maintain the same footprint size. The research was presented in 

[111]. 
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CHAPTER 3 

 

 

 

RAPID PROTOTYPING FOR SMALL 3D ANTENNAS 

 

 

 

 This paper addresses inexpensive prototyping methods for antennas that can be 

random or complex in 3D shape. 3D rapid prototyping holds significant promise for 

future antenna designs.  This paper demonstrates how rapid prototyping can be used to 

create small 3D antennas of random shape optimized for high bandwidth.  A 3D antenna 

made from small cubical cells is optimized using a genetic algorithm (GA) for 2.4-3GHz. 

The antennas are built using 3D printing of plastic covered by conductive paint.  The 

effects of the conductivity of the paint and number of layers on the resonance and gain of 

the antenna are evaluated.  For comparison, a solid fully metallic antenna is also 

prototyped using laser sintering.  Measurements indicate good agreement with 

simulation.  Conductivity of the paint increases the skin depth by 2 times that of standard 

copper.   These designs are approximately 70 % smaller in planar surface area than 

corresponding 2D designs.  The plastic designs are about 81% lighter weight than a fully 

metallic antenna built using SLS.  The measured and simulated results demonstrate the 

feasibility of using 3D rapid prototyping for antenna design.   
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3.1 Introduction  

 

Small antenna design is a longstanding area of great importance and interest.  As 

electronic devices shrink, antenna size must also decrease, yet the demands for higher 

data rates require improved performance even at these smaller sizes.  One way to 

improve small antenna performance is to use 3D designs rather than 1D (wire) or 2D 

(planar) designs.  This is theoretically supported by the small antenna limit developed by 

Wheeler [1] and Chu [2] which is based on a spherical volume encompassing the 

antenna.  The Chu limit for quality factor is  

kaka
Qlb

1

)(

1
3
                                                3.1 

where, k is the free space wave number, and a is the radius of the smallest sphere 

enclosing the entire antenna.  Additional work such as that done by Mclean [3] has 

refined the small antenna limit for lossy antennas: 
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The radiation efficiency η in (3) takes into account the effects of losses as they 

reduce the quality factor Q. A potential source for loss in antennas produced with rapid 

prototyping methods is loss in the imperfect conducting materials (such as paints) that 
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may be used for this application.  An important note here is that the calculations for Q in 

(1)-(3) all consider a 3D area encompassing the antenna.  

 In practice, if the antenna is a 1D wire antenna, the spherical radius, a, is the total 

length of the wire antenna, and most of the spherical volume is unused.  If the antenna is 

a 2D planar antenna, a is the radius of the sphere enclosing the plane, where again most 

of the spherical volume is unused.  It is true that many applications are best-served by 1D 

and 2D designs due to a variety of physical and practical constraints.  But many 

applications can support space for 3D antennas.  Rarely would this space be truly 

spherical. Antennas in consumer wireless devices, for instance, may be built into the 

small, random-shaped voids in the case.  For aircraft or unmanned air vehicles, they may 

be fit into a variety of odd-shaped voids in the body, nose cone, or wings.   Classical 3D 

antennas such as horns, dishes, helices, etc. are not always right for a given application, 

and more flexibility is often desired.  This paper addresses inexpensive prototyping 

methods for antennas that can be random or complex in 3D shape.  The designs in this 

paper are developed with a genetic algorithm, basically a 3D extension of previous 2D 

work [4].  This is just one example of a 3D design, and many others would be possible 

with this or other optimization methods and rapid prototyping.   

All good approximations at meeting the small antenna limits ((1)-(3)) attempt to 

utilize as much of the 3D space as possible for the optimal small antenna design. A few 

attempts at true 3D antennas have been made in the past and have predicted or 

demonstrated the potential performance improvements of 3D design [5], [6]. Thal has 

calculated limits for spherical antennas in [7], and [8] indicating that a spherical helix can 

better approach the small antenna limit set by Chu. Thal provides a baseline for small 
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spherical 3D antennas. Best demonstrates low Q small spherical dipoles [9] and 

properties of a small spherical helix [10]. The spherical helix antenna is made up of hand-

soldered pieces of wire. The design indicates a Q within 1.5 times the fundamental limit 

and efficiencies at or above 90%.    Similar complex, hand-soldered antennas are seen in 

[11], [12], and [13]. It is clear from the photos that these antennas are difficult to build, 

and [13] specifically mentions that the antenna could be built only approximately like the 

design due to the difficulty of building it.  These antennas do all demonstrate the 

improvements that may be gained by using the 3D design, especially [13] which uses 

high dielectric powder surrounding the antenna.  The 3D printed antennas described in 

the sections below could also be further miniaturized by surrounding them with high 

dielectric material. A 3D hemispherical antenna was recently built by printing a meander-

line antenna pattern on a curved glass surface with a silver ink [14]. Another recent 3D 

spherical antenna was built using a process called direct transfer patterning. The process 

uses a stamp to transfer the desired pattern onto a curved surface. It then requires a 6- 

step process including a plasma etch and gold plate to finalize the design on Polyethylene 

Terephthalate [15].  Both of these antennas again demonstrated the improvement in the 

3D design over a planar design with the same footprint.   The transfer method is clearly 

more complex than either the 3D printing method in [14] or the one demonstrated in the 

sections below. The half sphere designed in [15] provides a more exact and repeatable 

design of the spherical antenna in [10] and indicates that an antenna with ka of 0.26 has 

efficiency 35%.   This design also demonstrated the improvements that can be obtained 

by going to 3D, but the process is limited to printing on the outer surface of a plastic or 
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glass substrate and therefore may have less flexibility in antenna design and shape (to fit 

odd-shaped voids) than the 3D printed antennas demonstrated in Chapter 3. 

 The printing method in [14] uses a small nozzle on a robotic hand to draw a very 

high conductivity ink on a preshaped glass substrate (in this case, a hemisphere). The ink 

has reported conductivity of ~1X10
-6

 S/m similar to the paint when the paint thickness is 

above 15 um [16]. The 3D nozzle printing method would be more difficult to apply for 

more complex 3D designs such as those that might be required to fill random-shaped 

voids. In [5], a 3D fractal tree is randomly grown by an electrochemically deposited 

conductor. The novel property is the impedance bandwidth improvement over a similar 

2D antenna.    All of these 3D designs demonstrate improvement over 2D antennas with 

the same footprint.  They are, however, more complicated to build. 

 Until recently, the manufacturing methods to produce 3D antennas have been so 

cumbersome or expensive that 3D antennas were practically limited to the classical 

designs or printing (of potentially complex designs) on simple-shaped substrates. But 

now, cutting edge rapid prototyping creates 3D manufacturing opportunities that have not 

previously been available in the antenna design world.   The work here assesses these 

methods, and their relative impact on 3D antenna designs that could be produced in 

virtually any shape imaginable. 

 The physical size of an antenna is also often reduced while maintaining its 

electrical size by decreasing the wavelength within the antenna structure and/or its very 

near field.  This can be done with high dielectric materials [13], [17], [18] and/or 

electronic band gap (EBG) materials [19]. Other miniaturization techniques include using 

metamaterials [20], or slotted ground planes [21]. It is worth noting that these and other 
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antenna miniaturization methods may also be applied to rapid prototyped 3D antennas, 

although that is beyond the scope of the current research. 

 This work demonstrates the feasibility of using rapid prototyping to build 3D 

antennas, and a specific example antenna is used to do this. Section 3.3 discusses 3D 

rapid prototyping technology in detail and provides a description of most of the well- 

known 3D rapid prototyping and manufacturing techniques.  Also presented are the latest 

advances in conductive materials.  

 Section 3.4 demonstrates the effectiveness of these manufacturing methods by 

constructing and testing an antenna using 3D rapid prototyping.  Building on 

optimization techniques from [4], a genetic algorithm is used to optimize a 3D antenna 

built on a square footprint from cubical cells (blocks).  The antenna is 3D printed from 

plastic and covered with a conductive paint. The same type of patch is also built using 

selective laser sintering from steel powder. Both of these are tested and compared against 

simulation.  

  

3.2  Rapid Prototyping for Antenna Design  

 

 3D rapid prototyping provides a novel, easy, and inexpensive manufacturing 

technique for antennas of arbitrary shape. Most antennas are built out of metals or a 

combination of metals and insulators (plastics).  We will therefore focus on prototyping 

methods that include metals, high conductivity plastics, or to which metal paints or 

coatings can be added afterwards.  This work demonstrates the feasibility of inexpensive 

3D antenna designs that can be optimized with a wide variety of shape and design 

choices.   This section will discuss rapid prototyping options for 3D antenna designs.  
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  Antennas are built from some combination of conductive and insulating 

components. Chapter 3 provides a table indicating the conductivities and skin depths for 

the materials used here.   There are several promising and emerging 3D prototyping 

methods that can be used to create metallic and nonmetallic shapes [22] .  Methods that 

can directly produce high conductivity materials include selective laser sintering (SLS) 

[23], [24], [22], which can use metal or plastics. SLS is similar to selective laser melting 

[24], which can also use a variety of materials.   

 Electroforming [23] can also be used to create metallic objects.  It is similar to the 

plating process, but it builds up an object that is relatively thick.  Typically, electro-

forming starts with a nonmetallic object and coats it with a conductive material.  This 

conductive layer is then built up by electroplating until it is the desired thickness.  

Resolution for this method is very good and can be less than 1 micrometer [24] .    

  Selective laser sintering or melting is similar to electron beam forming. A layer of 

fine metallic power is spread out, and a high-power beam is scanned over the layer to 

create the 3D geometry.  The beam fuses the powder together for that specific layer.  

When the layer is complete, the build platform is lowered, a new layer of powder is 

spread, and the beam again hardens that layer [25].  These fusing techniques typically use 

a 40 micrometer spot beam laser. The laser in combination with the particle size of the 

powder determines the surface resolution without finishing (typically less than 0.1 mm) 

[22]. One note is that due to the back filling with bronze required for SLS, the size for a 

protruding feature must be greater than 0.7mm [22].  Utilizing selective laser sintering as 

a manufacturing method for antennas is not yet common. Huang makes use of selective 

laser sintering to design a plastic mold for wrapping a helix [26]. Sigmarsson uses a 
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similar process to sinter a layer on a low temperature substrate [27]. Selective laser 

sintering is also used to build broadband antenna designs [28]; unfortunately, there are no 

publications or pictures for these antennas.  

 Stereolithography [24], commonly called 3D printing, can be done with multiple 

plastics or a combination of both [29], [23]. If printing is done with only plastic, a 

metallic coating or paint can be added afterwards to produce the conductive part of the 

design, which is the method used in this research.  3D printing is typically accomplished 

by using an injector that drops a quick hardening resin compound at a precise point for a 

single layer.  The 3D object is then built up in printed layers. This is commonly known as 

layer deposition modeling (LDM). Initially, 3D printing was done using powder base and 

then ink jetting a binder over each layer, but now printing can be done by LDM. This 

method is becoming inexpensive enough for home or teaching applications [30].  LDM is 

also found in a few commercial 3D printers such as Dimensions 1200es, which has a 

resolution of 0.33 mm [31]. Other commercial 3D printers such as the Objet® Connex 

500 uses 3D printing and stereolithography to UV cure the material. For this paper, we 

used the Connex 500 with resolution (0.015mm) [32].  There is a wide selection of 

available materials with various mechanical properties. For our printing, we used a plastic 

which Objet® refers to as Vero White. 

 3D printing has been used for insulating materials (plastics) extensively, and it is 

believed that the next generation 3D printers will print conductive materials as well. This 

has been demonstrated using conductive materials with low temperate melting points; 

however, the final products are not thermally stable [33].  
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 3D conductive printing is making progress. One 3D machine makes use of a 

separate wire feed printing head for conductive materials [34].  A good candidate for a 

printable conductive material is a metallic flake mixture composed mostly of aluminum 

with a melting point at approximately 500 degrees Fahrenheit [35]. This metal mixture is 

currently used for injection molding of metal parts [35].    

 3D rapid prototyping processes vary in the materials they can use and the 

resolution and complexity they can provide [36].  Today’s resolutions for 3D printing are 

on the order of 0.015mm [29]. One item of note which demonstrates the strong 

international and economic interest in conductive 3D prototyping is an $80,000 Gada 

prize (to be given in 2012-2015) recently announced for the development of advanced 3D 

printing [33], [37]. One of the requirements is the ability to print useful conductive 

materials such as those for circuit boards [37].  These materials would also probably be 

useful for antennas. 3D printers are becoming more mainstream [38] and are 

recommended in the IEEE do-it-yourself guide as an excellent accessory [39].   

 Rather than printing conductive materials, they can be added later as coatings.  

These may include paints [17], [40], [41], conductive adhesives (epoxies) [42], [43], [44], 

polymers [45], [46], optically transparent films[47], [48], thin silicon films [49], [50], 

nano-fiber [51], [52], powdered metals [53], [54], and even conductive fabrics [55], [56], 

[57], [58]. In this research, we evaluate the manufacturing and electrical tradeoffs for a 

space-efficient antenna design using 3D plastic that was printed and then coated with 

conductive silver or copper paint.  
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 The paints used in our design are produced by Spraylat® and are commonly used 

for EMI shielding. The conductivity varies by thickness (number of layers) and paint 

type.  

 

3.3 3D Antenna Design for Rapid Prototyping  

 

 In addition to the ease and low cost of manufacturing, rapid prototyping opens the 

door for much more diverse 3D antenna designs.  Genetic algorithms (GA) [59], [49] , 

particle swarm [60], and other types of modern antenna design and optimization methods 

have been used to design 2D antennas of semirandom design, or to optimize more 

conventional designs.  These optimization methods can be readily adapted from 2D [4] to 

3D antenna design.  Rather than designing with small square plates of metal as in [4], we 

can optimize for cubes of metal that are built up like a random pile of blocks to create a 

3D antenna to fit a given volume of space.  In this paper, we have used a GA , but  other 

optimization methods (least squares, particle swarm, classic powell, etc.) would work as 

well.  The design could also be done for more random shaped spaces which do not need 

to have 90º edges.  The purpose of this section is to demonstrate and compare rapid 

prototyping methods and the materials used in them for a relatively simple antenna 

design.  This demonstrates the feasibility of using simple rapid prototyping methods to 

enable much more complex 3D antenna designs than have been feasible with more 

traditional manufacturing techniques.  

 Our first objective is to demonstrate the usefulness of using a 3D volume.  This 

will be done by designing antennas with single, double, and quadruple layers of cubes 

using a genetic algorithm (GA) such as those shown in Figure 7.   
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Figure 7: The 3D GA antenna optimized for 1 layer (A), 2 layers (B), and 4 layers (C)  

 

 

 

 The antennas in Figure 7 are similar to microstrip antennas [61].  The conductive 

cubes are placed above an insulating dielectric with a ground plane below. The layout of 

the cubes is optimized by dividing the space into cubes 1/30th wavelength (2.9mm) on a 

side at approximately 3.7 GHz.  Each layer is made up of a pattern of 7x7 of these cubes 

for a total size of 7/30 wavelength on a side.  The resolution of the cubes is chosen based 

on previous research [4], [59]. The 4-layer antenna is printed using a resolution of 

0.015mm, and it took approximately 20 minutes to print.  

 For the simulated design in Figure 7, the footprint is 20.3 mm square, and each 

layer has a height of 2.9 mm.  The ground plane is 91.5 mm long and 76mm wide. The 

dielectric substrate is 3.53mm thick Taconic® TLA-6 which has εr =2.62 and (assumed) 

zero conductivity.  The resonance with dielectric for a 1/4 wave 2D patch with this 
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footprint would be approximately 3.7 GHz. The ka with the ground plane is 4.02, which 

is much larger than 1, and it does not fall under the typical definition for small antennas.  

The ka with a 20.3mm square ground plane is 0.91 and the antenna  is resonant at 

~2.6GHz when the antenna is fed with a 50 ohm coax.  The simulated antenna using 

lossy materials is 95% efficient. 

 The GA used to optimize these designs was programmed similar to [4]. The 

antenna radiating element is divided into a 7x7 grid for each of 1, 2, or 4 layers.  Each of 

these grid locations is one chromosome for the GA.  If the chromosome is ‘on’, the cube 

at that location will be metallic. If the chromosome is ‘off’, the cube will be air.  The 

length of the chromosome is 196, the mutation rate is 0.3, and the population size is 2.  

The chromosome was initially a randomly generated sequence of ones and zeros, but 

after only a few generations (each with a simple population of 2 and mutation rate of 0.3), 

the antenna begins to take on a shape that more or less fills the available volume.  

 The forward solution used to determine the performance and hence the fitness of 

the antennas was done with a commercial finite integral technique (FIT) solver, CST 

Microwave Studio [62].  The optimization required 1500-4500 design iterations for this 

example antenna.  This was controlled outside of CST with an additional Matlab® script 

interfaced to CST with a visual basic (VBA) script. The cost function is calculated in 

CST.  For this test, we optimized by minimizing the S11 (in dB) from 2.2-3.2GHz. The 

cost function is evaluated by taking each discrete frequency point and comparing it to the 

minimum value.  The frequency band of 1-3GHz is sampled at 1000 points, then added 

up and averaged for the total cost. The optimization was tested 3 times, for 1,500, 3,000, 

and 4,500 iterations to ensure convergence.  It did converge each time. 
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 An individual simulation of the 7x7x4 GA cube antenna shown in Figure 7 C took 

approximately 30 seconds on a quad core 3.1 GHz processor with 8 GB of RAM. The 

total simulation and optimization took approximately 36 hours for 4500 iterations.  

Methods to speed up both the simulation and optimization exist [4], but the focus of this 

paper is on the prototyping, not the simulation and optimization approaches, so we did 

not make any major efforts to speed up this design process.  The flow chart detailing the 

GA optimization is shown in Figure 8. 

 Using a larger portion of the 3D sphere surrounding the antenna would be 

expected to produce a lower frequency antenna [1], [2] and was demonstrated for 

semispherical volumes in [9], [63]. To demonstrate the effectiveness of using a 3D 

cubical design rather than 2D space, the GA antennas in Figure 7 were optimized for 

lowest operating band and largest bandwidth. As expected, the antennas resonate at a 

lower frequency as the volume is increased, as shown in Figure 9. 

 It is also interesting to compare the 3D cubical antennas to traditional 2D patch 

antennas [61] with the same footprint (20.3mm
2
).  The bandwidth for the larger volume 

GA cubical antennas is significantly higher than for a planar patch. For instance, the 

planar ¼ wavelength patch has a -10 dB resonance from 3.79 GHz to 4.12GHz (a 

bandwidth of 0.33 GHz) for this case.   

 The 1-layer GA antenna has a resonant frequency of 3.28GHz (bandwidth of 0.37 

GHz).  The 2-layer GA antenna has a resonant frequency of 2.88 GHz (bandwidth of 0.34 

GHz).  The 4-layer GA antenna has a resonant frequency of 2.19GHz (bandwidth of 

0.32GHz). 
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Figure 8: Flow chart indicating the software used for the GA optimziation. 

 

 

 

 

Figure 9: S11 for the 1-, 2-, and 4-layer GA antennas shown in Figure 7 simulated 

assuming they are built from perfect electric conductors (PEC). 
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 The closer the antenna is to filling the spherical volume, the lower the resonant 

frequency and the higher the bandwidth, as predicted by theory [2].  

 Another way to look at this size reduction is to see what size patch is needed to 

obtain the same resonant frequency as the GA antennas. The size of the patch and the 

location of the feed point were optimized using a simple classic Powell optimization to 

create the widest band antenna with S11<= -10dB at the lowest frequency that matches 

the -10 dB point of the corresponding 3D GA antenna.  

 One might also wonder if the complex GA-generated shape is necessary or if this 

improvement is strictly from increasing the volume occupied by the antenna.  If the 4-

layer GA antenna in Figure 7 C is replaced by a simple cube of the same size, its resonant 

frequency is approximately 3.5 GHz, which means that it appears electrically smaller 

than the GA design and justifies continuing with the more complex GA designs. In the 

next section, we will demonstrate how the 3D GA antennas can be built using rapid 

prototyping methods. 

 

3.4 Building the Antennas 

 

 In this section, we will describe the manufacturing details and measurements of 

the 4-layer antenna from Figure 7 C.  First, the antenna was printed of Vero white plastic 

using an Object® Connex 500 3D printer.  The printing time was approximately 20 

minutes.  The printed antenna is shown in Figure 10. 

Table 5 shows the additional length required for the planar antenna, and its 

reduction in bandwidth compared to the 3D GA antennas. One might also wonder if the  
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Figure 10: 3D printed 4-layer GA antenna before painting, shown with a US quarter. The 

antennas were metalized with paint using a Preval® self-loading spray gun 

 

 

Table 5: Resonant frequency and bandwidth for the 3D GA antennas in Figure 7 or a 

standard planar patch antenna [61] 

Antenna type Length of 

side  

Low band 

Resonant 

Frequency 

% larger than 3D 

counterpart 

-10dB 

Bandwidth  

Flat  23.6mm 3.28 GHz 14% 6% 

Figure 7,  A 20.3 mm 3.28 GHz 0 11% 

Flat  27.7mm 2.88 GHz 27% 4% 

Figure 7,  B 20.3 mm 2.88 GHz 0 12% 

Flat 38.1mm 2.19 GHz 46% 3% 

Figure 7,  C 20.3 mm 2.19 GHz 0 14% 
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complex GA-generated shape is necessary or if this improvement is strictly from 

increasing the volume occupied by the antenna.  

 The antenna was metalized with paint using a Preval® self-loading spray gun 

using 1, 2 or 3 layers of silver or copper conductive paint [16].  The properties of the 

paint (and also selective laser sintering) are given in Table 6.   

 For simplicity and speed of simulation, the antennas were initially designed as 

PEC.  Several rapid prototyping methods can be used to build in 3D with metals, 

including electroless plating, selective laser sintering, and electron beam forming.  We 

used selective laser sintering to build an antenna from tool steel with bronze. Another 

very promising method for producing the metallic part of the antenna is to print the 

antenna with plastic and then metalize only the surface by spraying it with metallic paint.  

The 4-layer patch antenna shown in Figure 7 C (simulation), Figure 10 (plastic print), and 

Figure 11 (metalized with copper paint) was printed of Vero white plastic using an 

Object® Connex 500 3D printer. The printing time was approximately 20 minutes. The 

plastic was metalized using 2 or 3 layers of silver or copper conductive paint [16].  

 The measured S11 values for the patch are shown in Figure 12 compared to the 

simulated results. Here the simulation was updated to represent the new dielectric 

constant and thickness.   Good but not perfect correspondence between simulated and 

measured results indicates that the PEC simulation probably does not represent the skin 

depth effects of the high-frequency patch antenna.  

 Since this has lower conductivity than the PEC simulated and that of the metal 

antenna produced using the selective laser sintering method, several different 

 



52 

 

 

 

Table 6: Paint thickness, skin depth, and conductivity for the built antennas.  

Material Paint thickness  

in microns 

Skin depth in 

microns at 

2GHz 

  (S/m) 

1 layer Silver paint 7.5 4.36 6.67 X 10
6
  

2 layer Silver paint 15 3.08 1.33 X 10
7
  

3 layer Silver paint 23 1.71 4.3 X 10
7
  

1 layer Copper 

paint 
7.5 9.25 1.48 X 10

6
  

2 layer Copper 

paint 
15 6.16 3.33 X 10

6
  

3 layer Copper 

paint 
23 5.4 4.35 X 10

6
  

SLS Steel & Bronze NA 3.4 1.1 X 10
7
  

 

 

 

 

 

Figure 11: Final built and tested 3D printed antenna metalized with copper paint 
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Figure 12: S11 simulation and measurement for the 4-layer 3D GA antenna with 3 layers 

of silver or copper paint. 

  

 

metallization options were compared in order to determine if paint would act as a suitable 

metallization, and if it made any difference what type and number of layers of paint were 

used. Both silver and copper paint are evaluated in this paper. Based on the 

manufacturer’s data sheet [16], the conductivity and skin depth are given in  Table 6.  

 The skin depths are calculated at 2GHz.  In order to minimize losses in the 

antenna, it is important to make the paint or coating 1-2 skin depths thick [47]. 

 The substrate used in the actual build was 3.1 mm thick   Rogers® 5870 substrate 

with εr =2.33.  The connector was soldered to the copper ground plane with the center 

conductor left protruding through the substrate. The painted plastic antenna was then 
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attached to the feed-point using conductive epoxy [44]. The final antenna with 1-layer of 

copper paint is shown in Figure 11. 

The measured S11 values for the prototyped antennas are  shown in Figure 12 

compared to the simulated results (using the Rogers substrate but assuming PEC metals). 

Good but not perfect correspondence between simulated and measured results indicates 

that the PEC simulation probably does not represent the skin depth effects in the antenna.   

 The thickness and dielectric constant of the substrate changed from the Taconic® 

used in simulation to Rogers® for the built antenna. The built 4-layer patch was fed with 

a 50 ohm SMA connector over a Rogers® 5870 substrate with an εr =2.33, that is 3.1 mm 

thick.   

 The connector was soldered to the copper ground plane with the center conductor 

left protruding through the substrate. The painted plastic antenna was then attached using 

conductive epoxy [44]. The final antenna is shown in Figure 11. 

 The 4-layer 3D GA antenna was also built using selective laser sintering (SLS). 

The SLS antenna needed to have some of the finer corner features enlarged in order to be 

built with that method.  The antenna was simulated including the enlargement of the 

corner features but still assuming PEC. The SLS antenna is shown next to a 3D printed 

antenna in Figure 13. The comparison of simulated and S11 is shown in Figure 14 . The 

SLS is a solid conductor and the antenna acts more like the PEC-simulated antennas than 

the painted plastic antennas whose results are shown in Figure 12. 

 One item to note is the difference in weight between the plastic (2.5g) and SLS 

(13.7 g) antennas. The low weight of the plastic antenna is a very desirable feature for 

many applications. 
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Figure 13: The 3D cubical patch is built from steel and bronze using selective laser 

sintering shown on the right, in comparison to the 3D printed patch coated with copper 

paint shown left.  

 

 

 

 

Figure 14: Comparison of the simulated and measured 4-layer 3D GA antenna, 

manufactured using selective laser sintering (SLS) 
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 Both 4-layer 3D cube patches are simulated and built with corner regions that are 

electrically connected. The simulation also requires an edge contact and then a review of 

the final geometry for build. 

 The simulated results are compared against several standard antenna designs. 

Here each antenna is designed to fit inside the same cubical volume 20.3mm X 20.3mm 

X 11.6mm and each used the same size ground plane.  The antennas are shown in Figure 

15.  The S11 results for each antenna are plotted for comparison and shown in Figure 16. 

The antennas are compared against various S11 data for each. They also exhibit other 

specific traits due to the shape of the geometry such as radiation pattern.  The radiation 

pattern for the bi-cone , monopole, and solid cube, each have a typical monopole above a 

ground plane radiation pattern.  

 The wire helix has a circular polarized radiation pattern directed above the ground 

plane similar to a patch antenna but with circular polarization. The 4-layer cubical patch 

has a linear polarized radiation pattern directed above the ground plane which is most like 

a typical patch antenna. 

 We next simulated the 4-layer 3D GA antenna as Vero™ plastic (εr= 2.9) with a 

0.05 mm thick conductive layer over the surface of the antenna, representing 3 layers of 

paint or plating.   

 The conductivity of the copper plating used in the simulation is 5.96X10
7
 S./m.  

The manufacturer's provided data on conductivity of the copper paint is 1.4X10
6
 S/m and 

the silver paint is 6.6X10
6
 S/m [29].   
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Figure 15: The 4-layer cubical patch is compared to a selection of standard antenna 

geometries.   

 

 

 

 

Figure 16: S11 data  comparing the 4-layer cubical patch with a selection of standard 

antenna geometries, the cubical patch operates at a lower frequency with comparable 

bandwidth.  
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 The more realistic simulations with thin layers of good but imperfect conductors 

agree with the measured data better than the idealized PEC results, as shown in Figure 

17.    

 Perhaps in the future a good design methodology would be to design the antenna 

using the simplified PEC until it converges to a good candidate antenna and then refine it 

using a more complete model, including the skin effects of thin, imperfectly conducting 

materials.   

 The conductivity of the paint is sufficiently high that it acts as a good conductor.  

The challenge is that the paint layer of 8 microns is less than the skin depth at 2GHz.  

To better quantify the number of paint layers needed, the 4-layer 3D GA antenna was 

measured using a network analyzer for it S11 values with 1, 2 and  3 layers of silver paint 

as shown in Figure 18.    

 Also included is the PEC simulation. The thinner the conductive layer, the more 

the skin depth effects are seen.  The simulation also indicated that once the skin depth is 

sufficiently thick, which implies greater than ~4 skin depths, the loss is negligible. When 

the thickness grows larger than necessary, the individual cube features begin to diminish 

and the S11 values for the antenna begin to vary.  

 The 4-layer 3D GA antenna was then simulated as a solid conductive material 

with various conductivities.   Figure 19 shows the realized peak gain of the 4-layer 3D 

patch as a function of conductivity.  The datum in Figure 19 illustrates that the 

conductivity can decrease to about 1% that of copper and still maintain efficiency near 

that of the copper antenna.  
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Figure 17: Measured S11 for the 4-layer 3D GA antenna (Vero plastic coated with 1 layer 

of copper or silver paint approximately 10 micrometers thick) compared to the antenna 

simulated with 1 layer of copper paint (10 micrometer thickness, conductivity 5X10
6
  

S/m) and copper plating (thickness 0.1 um, conductivity 5.96X10
7
 S/m). The skin depth 

of the paint material is approximately between 2 and 10 microns at 2 GHz, depending on 

the material. 

 

 

 

Figure 18: A comparison of return loss and the thickness of conductive paint for the 4-

layer patch antenna. 



60 

 

 

 

Figure 19: Simulated data of gain vs. conductivity for the 4 layer cubical patch antenna, 

showing extreme drop off occurring with conductivity less than 5X10
3
  

 

 

The measured gains of the patch with 3 layers of copper or silver paint and the 

idealized PEC simulation are shown in Figure 20. The gain is based on the gain available 

from the isotropic radiator and is given in dBi.  Each gain plot is measured across the 

azimuth plane with elevation at 0 degrees.  The peak gain was measured for each antenna 

at its resonant frequency  (2.7 GHz for the measured antennas, 2.6 GHz for simulated).  

The peak measured gain for the silver paint is 4.9 dBi, and  copper paint is 4.71dBi. The 

SLS antenna has simulated gain using PEC at 5.24 dBi and measured at 5.21dBi.  The 

silver painted antenna is ~6% less efficient than the solid SLS antenna. 

A simulation was performed to find the total dissipated power in the antenna. The 

simulation indicated how much power the plastic antenna could accept before deforming. 

The simulated data are given in Table 7. 
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Figure 20: Comparison of gain for the 4 layer 3D GA antenna measured with 3 layers of 

copper or silver paint and simulated with PEC.  Gain is reported at the resonant frequency 

of the antenna (2.7 GHz for the measured antennas and 2.6 GHz for the simulated PEC 

antenna) 

 

 

 

 

Table 7: Power loss in the cubical patch antenna 

Frequency in 

GHz 

Power loss 

density in 

Watts/m
3 

Volume in m
3 Watts 

dissipated 

Watts 

input 

Temperature in 

C° 

2.5 
28,744 0.000103 2.97 

20 113 
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3.5 Conclusion 

 

 This paper has demonstrated that GA design and rapid prototyping can be used as 

a viable method for manufacturing 3D antennas.   

 Both 3D printed plastic coated with metallic paint and metal antennas produced 

by selective laser sintering were viable options.   The skin depth effects must be taken 

into account in these designs.  Antennas with 3 layers of paint were better than those with 

1 or 2.   

 As expected, the 3D designs had lower frequencies and higher bandwidth than a 

2D antenna with the same footprint. The GA design has a ka of 1.1 when the full size 

ground plane is removed.  

 3D rapid prototyping opens up a wide array of potential antenna designs. This 

paper demonstrated the use of a GA to optimize the designs, but any good optimization 

method could also be used.  The designs in this paper were limited to simple cubical 

volumes for convenience.  Other, much more complex volumes could be used instead.  In 

addition to flexibility of design, the antennas produced using printed plastics coated with 

metallic paint are much lighter than metal antennas produced using either SLS or (if it 

were possible to build them at all) traditional metals.  

 The use of SLS or 3D printing for antenna designs opens up many options in 

simple, cost-effective 3D antenna design.  Both of these methods can be used to produce 

antennas that have metal or metal-like bodies, and they can be used above a substrate 

material (as in this paper) if back radiation is not desired. The conductivity of the paint is 

sufficiently high that it acts as a good conductor.  The challenge is that the paint layer of 

8 microns is less than the skin depth at 2GHz. They are also lighter weight than 
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equivalent antennas built of metal.  Antennas with a combination of conductors and 

insulators could be more difficult to build this way.  The emerging ability to print 

conductive materials could soon open up the option to build antennas with a wider variety 

of distributed materials, perhaps even printing circuits along with the antenna.  3D rapid 

prototyping provides an opportunity to pursue complicated 3D antenna designs that 

would otherwise be impractical.  It enables a new, wide array of potential antenna 

designs. 
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CHAPTER 4 

 

 

DESIGN AND RAPID PROTOTYPING FOR 3D SPACE                         

 

EFFICIENT ANTENNAS  

 

 

 

 3D rapid prototyping holds significant promise for future antenna designs.  This 

paper demonstrates how rapid prototyping can be used to create 3D antennas of random 

shape which are optimized for high bandwidth.  An antenna of random shape is 

optimized to function above a dielectric and ground plane. The antenna was  optimized 

using a Genetic Algorithm (GA) to form layers of cubical blocks. The antenna was built 

using plastic 3D rapid prototyping and metalized with conductive paint. A 3D dipole is 

also optimized using a GA  to function from 510-910MHz. The antenna was built using 

3D rapid prototyping from plastic. The 3D antenna was covered with a conductive 

coating and measured showing good agreement with simulation.  The 3D GA is used to  

design 3D antennas of random shape  to fit inside the empty space in a cell phone case 

and optimized for cell phone bands 800-900MHz and 1.6-3.7GHz.  

The copper 

4.1 Introduction 

 

 The work in this paper focuses on how to easily design, develop, and manufacture 

small 3D antennas. Small antenna theoretical limits set forth by Wheeler [1] and Chu [2] 
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show that antennas can be optimized when they fill the 3D spherical space encompassing 

their maximum dimension. Thal has calculated limits for spherical antennas in [3], and 

[4]. Best demonstrates low Q small spherical dipoles [5] and properties of a small 

spherical helix [6]. 

 3D antennas that approach the Chu limit have typically been difficult or 

impossible to build. Complicated soldering of bent pieces of wire has been used to 

produce some intriguing 3D antennas including the spherical antenna in [7] and an antler-

shaped antenna in [8].  In [9], a 3D fractal tree is randomly grown by an 

electrochemically deposited conductor. Unfortunately, the manufacturing methods 

required to produce these 3D antennas have previously been so cumbersome or expensive 

that they were regarded as far-fetched and impractical.  More recently, a 3D 

hemispherical antenna was built by printing a meander-line antenna pattern on a curved 

glass surface with a silver ink [10]. Another recent 3D spherical antenna was built using a 

process called direct transfer patterning [11]. The process uses a stamp to get the desired 

pattern onto a curved surface. It then requires a 6-step process including a plasma etch 

and gold plate to finalize the design on polyethylene terephthalate.  These antennas do 

utilize the exterior of the 3D space, but they are not easily adapted to random-shaped 

spaces and still have limitations in the types of antennas that can be built using these 

methods. But now, cutting edge rapid prototyping creates 3D manufacturing 

opportunities that have not previously been available in the antenna design world.  This 

paper assesses these methods, and their application to realistic 3D antenna designs. 

 We recently demonstrated the feasibility of using 3D printing to print the antenna 

shape in plastic and then coat it with metallic paint to produce an inexpensive 3D antenna 
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that randomly utilized the 3D space [12], [13].  The antenna was built from small cubes 

whose layout is optimized using a genetic algorithm (GA) originally used to design 2D 

patch antennas [14]. The cost function is calculated by setting a minimum value as the 

goal; in this case, the value is -200. The cost function is evaluated by taking each discrete 

frequency point and comparing it to the minimum value; each point over the frequency 

band is then added up and averaged for the total cost. 

 Metallization could also be done by prototyping with metallic materials such as 

selective laser sintering (SLS), which was also demonstrated in [13] for a cell phone type 

antenna.  In the case of paint over plastic, the skin depth of the paint must be taken into 

account, and the conductivity of the surface determines the efficiency and performance of 

the antenna. This determines how many layers and what kind of paint is needed for a 

given frequency range.  

 This chapter demonstrates three different kinds of printed 3D antennas. A 3D 

monopole above a ground plane, a 3D dipole-type design, and an antenna designed to fit 

the relatively random-shaped void available in a commercial cell phone.  The 

manufactured antennas are built from 3D cubes of printed plastic coated with paint.  The 

specific layout of the cubes is optimized using a genetic algorithm (GA).  Other layouts, 

shapes, and configurations could be designed, and other optimization methods could be 

used [15], but these example designs demonstrate the feasibility of using emerging 3D 

rapid prototyping tools and simple optimization methods to create 3D antennas that are 

quick and easy to build.  In addition, antennas that are printed in this way are very light 

weight and inexpensive.  And they are handy; even traditional 3D antennas such as horns 
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and helices could be built with 3D rapid prototyping, thus providing virtually any antenna 

at your fingertips. 

 One of the particular designs that is demonstrated in this paper is for a cellular 

telephone, where the somewhat random-shaped void in the handset can be filled with the 

antenna. The sleek look and high capability of today’s smart phones has increased 

demands for PCB real estate while shrinking the volume available for the antenna(s), and 

demanding efficient multiband performance. 3D antennas that efficiently  utilize  small, 

random-shaped volumes can provide increased performance for future phones. 

 This chapter demonstrates the application of 3D prototyping for realistic antenna 

design.  Section 4.2 describes the GA-optimized cube-based antennas built with 3D 

plastic printing coated with conductive paint.  Section 4.2 gives the example of a 

monopole-type antenna (2.6-2.95GHz), and Section 4.3 describes a dipole for the UHF 

band (500-900 MHz). Both of these examples demonstrate the power of 3D antenna 

design in general. 

 Section 4.4 introduces a real-world application for optimized 3D antennas.  A cell 

phone antenna is optimized to fill the random-shaped void in a commercial cell phone 

case, thus demonstrating the viability of fitting antennas in places that have previously 

been wasted space.  

 

 

4.2   3D Rapid Prototyping for Antennas 

 

 3D rapid prototyping provides a novel, easy, and inexpensive manufacturing 

technique for antennas of arbitrary shape. Most antennas are built out of metals or a 

combination of metals and insulators (plastics).  In [13], we focused on prototyping 
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methods that include metals, or metal paints or coatings over a 3D printed plastic base.  

The antenna is built of small cubical cells filling the available space, optimized with a 

genetic algorithm (GA) adapted from a method used for 2D planar antenna design [14] 

 The GA used divided the antenna into a grid; each of these grid locations is one 

chromosome for the GA.  If the chromosome is ‘on’, the cube at that location will be 

metallic. If the chromosome is ‘off’, the cube will be air.  The length of the chromosome 

is 196, the mutation rate is 0.3, and the population size is 2.  The chromosome was 

initially a randomly generated sequence of ones and zeros, but after only a few 

generations (each with a simple population of 2 and mutation rate of 0.3), the antenna 

begins to take on a shape that more or less fills the available volume.  

 The forward solution used to determine the performance and hence the fitness of 

the antennas was done with a commercial finite integral technique (FIT) solver, CST 

Microwave Studio [16].  The optimization required 1500-4500 design iterations for this 

example antenna.  This was controlled outside of CST with an additional Matlab® script 

interfaced to CST with a visual basic (VBA) script. The cost function is calculated in 

CST.  For this test, we optimized by minimizing the S11(in dB) from 2.2-3.2GHz. The 

cost function is evaluated by taking each discrete frequency point and comparing it to the 

minimum value.  The frequency band of 1-3GHz is sampled at 1000 points,  then added 

up and averaged for the total cost. The optimization was tested 3 times, for 1,500, 3,000, 

and 4,500 iterations to ensure convergence.  It did converge each time. 

 Figure 21 shows the optimized cubical antenna  above a ground plane.  The 

antenna is printed using an Objet Connex 500 [17] in Vero white. The printing time took 

approximately 20 minutes. The printed patch is then  coated with copper paint [13]. 
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Figure 21: 3D printed cubical antenna above a ground plane. From [13]. © 2012 IEEE. 

Reprinted with permission. 

  

 

 

 The paints used in  [13]  are produced by Spraylat® and are commonly used for 

EMI shielding. The conductivity varies by thickness and paint type. Both silver and 

copper paint were evaluated in [13]. In order to minimize losses in the antenna, it is 

important to make the paint or coating at least 1-2 skin depths thick [18]. Based on the 

manufacturer’s data sheet [19], 20 micrometer thick silver paint has conductivity of 

1x10
7 

S/m
 
and skin depth of 3.5 micrometers at 2 GHz. Copper paint has conductivity of 

5x10
6 

S/m and a skin depth of 5 micrometers.  The effect of the finite conductivity of the 

copper paint is seen in Figure 22, which shows the gain of the antenna in Figure 21 with 

silver or copper paint or built from metal using a SLS process. The plastic antenna had a 

significant weight reduction; the plastic with paint weighted (2.5g) and SLS (13.7 g). 

 This antenna demonstrates the feasibility of building a randomized-antenna with 

3D rapid prototyping, but it was not designed for a specific application [13]. The design 

indicated that there is 46% reduction in planar surface area  and 4.5 times the bandwidth 

over its 2D counterpart. 



75 

 

 

 
Figure 22: Measured gain  for the cubical antenna in Figure 21 compared to the simulated 

design with perfect conductivity (PEC).  The lower conductivity of the paint coating 

reduces the gain of the antenna. Silver painted antenna is ~6% less efficient than the solid 

SLS antenna. 

 

 

 

 The next two sections demonstrate the application of the method to two realistic 

antennas.  Section 4.3 covers a UHF dipole-type antenna for maritime UHF radio or 

mobile UHF radio application, and Section 4.4 describes an antenna that is designed to 

fill the random-shaped void in a cell phone case. 

 The UHF antenna was then 3D printed and metalized with 3 layers of Preval® 

silver conductive paint [19]. The 50 ohm connector was soldered with conductive epoxy 

[20] into a small bracket that was 3D printed as part of the antenna design, and is shown 

in Figure 23.  The built UHF antenna weighed 242 grams. By comparison, a selective 

laser sintered antenna would weigh ~1326.16 grams. 
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Figure 23: UHF dipole bottom view with silver paint shown next to a US quarter  

 

 

 

4.3 UHF Dipole-Type Antenna 

 

In this section, we will describe the manufacturing details and measurements of 

the UHF dipole antenna shown in Figure 23. For simplicity and speed of simulation, the 

antennas were initially designed as perfect electric conductors.  The antennas were then 

printed in plastic and then metalized by spraying it with 3 layers of silver metallic paint.  

The details on paint thickness, skin depth, and conductivity are shown for UHF in Table 

8.  This shows that 2-3 layers of paint are needed in order to have the thickness greater 

than 2-3 skin depths.  

 The research in this paper used the GA from [13] to optimize a dipole antenna. 

The antenna design method is similar to earlier work; however, this antenna has no 

ground plane, and  was designed to function at a  lower frequency (540 MHz).   

 The antenna is shown in Figure 23.  This antenna is fed with a 50 ohm SMA 

connector in the center. At 610 MHz (UHF), a half-wave dipole would be ~170 mm long.  

This is the maximum dimension of the 3D antenna optimized with the GA. 
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Table 8: Paint thickness, skin depth, and conductivity for 500 MHz 

Material Paint thickness  

(microns) 

Skin depth (microns)    

(S/m) 

Silver paint (1 

layer) 7.5 8.7 6.67X10
6 

Silver paint (2 

layers) 15 6.1 1.33X10
7 

Silver paint(3 

layers) 23 3.4 4.35X10
7 

Copper paint (1 

layer) 
7.5 18.5 1.48X10

6 

Copper paint (2 

layers) 
15 12.3 3.33X10

6 

Copper paint (3 

layers) 
23 10.8 4.35X10

6 

 

 

 

 

 The 3D dipole is built in a 81.2 x 30.48 x 170 mm space.  The feed point is in the 

center of the antenna, with a 7mm gap between the two sections of the antenna.  The 

antenna volume was then subdivided into two sets (each side) of 3 layers of 8x8 cubes, 

each 10.1 mm (approximately 1/60th of a wavelength at 600MHz). The UHF dipole was 

optimized to function at the lowest possible frequency (in this case, it turns out to be 540 

MHz) and over as large a bandwidth as possible (540-910MHz).  The optimization was 

tested 3 times, for 1,500, 3,000, and 4,500 iterations to ensure convergence.  It did 

converge each time, starting with a cost of 189; after about 300 iterations the cost was 

125.  The lower operating frequency of the GA antenna (541 MHz) compared to a flat 

dipole (610 MHz) shows the advantage in performance per size that can be obtained with 

3D antennas. 

 The measured S11 values for the UHF dipole are shown in Figure 24. The UHF 

dipole shows much better agreement with simulated PEC results than did the GA  
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Figure 24: Measured (plastic silver paint) and simulated PEC S11 values for the UHF 

dipole antenna shown in Figure 23 

 

 

monopole shown in Section 4.2 [13]. The difference is not due to the conductivity or 

thickness of the paint. It is believed the dielectric above a ground plane for the GA 

monopole is slightly different in simulation than with the measured antenna at 2.5GHz, 

causing the slight shift. 

 The UHF dipole optimized with the GA is wide band and approaches the small 

antenna size at its lower frequency resonance.  The frequency of operation and bandwidth 

compare well with the Goubau antenna which is well referenced in the open literature 

[21]. The ka value is calculated for the UHF dipole antenna. Here k is 2π / λ,  with λ the 

free space wavelength and a the radius of an imaginary sphere inclosing the entire 

antenna.  Because of the wide bandwidth of this antenna, we utilize a similar comparison 

from Best completed on work intended for a conference [22].  The research initiates a 

comparison for cylindrical shaped antennas which are wideband. The ka comparison does 
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not use the center frequency because the ka would be much larger than 1 at the center and 

at the lower frequency, the ka is less than 1. The Q is calculated based on the inverse 

relationship between the fractional matched VSWR bandwidth FBW [22] shown in 

equation 1 and 2.   Using the comparison factor in equation 3 from research completed by 

Best [22], we compare our design to the Goubau antenna.   
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 The Goubau antenna has a ka of 0.76 and a CF of 11.1;  the UHF dipole which 

was optimized with a GA has a ka of 0.96 and a CF of 11.0. The antenna was easily built 

using 3D printed  plastic and coated with conductive paint.  The painted antenna matched 

very well with the PEC simulated data. 
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4.4 Mobile Phone Antenna 

 

 In this section, we demonstrate how the method of using a 3D GA antenna to fill a 

random-shaped space can be applied to a mobile device with limited, odd-shaped interior 

cavities.  A simple feature phone has been chosen for demonstration purposes, because it 

was handy and easy for us to measure the interior space. The same technique can be used 

for designing antennas for more advanced devices. This is an application where low cost 

and weight are critical, as well as in multiband design to accommodate the various 

communication standards. 

 A flip phone was disassembled, and the interior area measured to determine the 

potential space available where there will also be minimal blockage from the hand,   as 

shown in Figure 25.   

 We would like to emphasize that this was not a collaboration with the 

manufacturer of the phone, and no special care was taken to be sure the antenna would 

actually work in this phone (location of feed point, for instance).  This was a phone we 

had available, and our goal was to demonstrate the potential for a light weight, low cost 

3D antenna for applications where the cavity space available for the antenna may be odd 

in shape.  

 The phone geometry, particularly the interior space, was modeled as realistically 

as possible. The plastic case was hypothetically changed to be a radome composed of 

Acetal [23], a lower loss plastic material, with εr =2.9, since we did not know the actual 

plastic used. The circuit board was modeled as Rogers™ 4003 with a εr = 3.6 and a 

thickness of 0.25mm. The LCD display and camera were modeled with εr = 11.6, and a 

thickness of 2.5mm.  The speaker and its subassembly where modeled as PEC.   
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Figure 25: Flip phone showing the small, unused spaces inside the case. 

 

 

 We did not model the head or hand, although this would need to be done for an 

actual cellular telephone design.  The antenna design shown in Figure 26 is designed to 

operate in the well-known cell phone bands of 800-900 MHz and 1.8 to 3.0 GHz.  The 

cost function is calculated by taking the discrete frequency points and averaging them out 

to the minimum value desired, similar as to what was done for the antennas in Sections 

4.2 and 4.3.   

 Linear polarization was desired, and the radiation pattern was to have a near 

omni-directional pattern.  The optimization is then used to create a return loss less than -

10 dB in the typical cellular bands 800-900 MHz, and 1.8-3.5GHz. The frequency bands 

here are chosen to be similar to actual bands in use today.  In some cases, multiple 

antennas will be needed and are not taken into account in this feasibility example. 
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Figure 26: Top view with plastic cover of the phone removed,  showing the  antenna  and 

phone geometry based on empty space in the Samsung cellular phone. Optimized to 

functioning in 800-900MHz and 1.8-3.8 GHz 

 

 

 The GA simulation took approximately 3 minutes and the conductor layout 

converged to the design shown in Figure 27.  The (PEC) simulations results of the S11 

impedance are given in Figure 28. The radiation patterns are shown in Figure 29.  The 

radiation patterns are measured from zero to 360 degrees for the antenna as it is rotated 

around the X axis. 

 The optimization demonstrates that it is possible to utilize the 3D empty space of 

an electronic device for an antenna. The simulated antenna has efficiency of 83% and 

above in the resonance bands.   

 Similar optimizations can be done in the same space for a different frequency 

band such as 1.4-3GHz.   

 The estimated weight of a 3D printed antenna based on the built antenna in 

Section 4.2 would be ~1.78 grams. Applying the comparison factor used for the UHF 

dipole over the 1.6-3.55GHz  bandwidth, the cell phone antenna has a ka of 1.31 and a 

CF of 15.66 
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Figure 27: Cell phone simulation showing a transparent plastic cover and the optimized 

antenna functioning in 800-900MHz and 1.8-3.8 GHz 

 

 

 

 
Figure 28: Simulated S11 data for Samsung cellular phone configuration shown in Figure 

27 indicating the resonance -10dB resonance from 850-930MHz  and  1.9-3.5 GHz 
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Figure 29: Realized gain in dB at 890 MHz  and 2.2 GHz for the antenna optimized in 

Figure 26. The Gain is plotted in elevation swept 360 degrees around the X axis.  The 

simulated value for total efficiency is 83% at 890MHz  and 98% at 2.2 GHz 

 

 

4.5 Conclusion 

 

 This paper has demonstrated the ability to create 3D antennas with randomized 

shape that are closer to the Chu limit [2] than 1D, 2D, or simpler 3D antennas in the same 

space using 3D rapid prototyping.  The optimized cubical monopole above ground plane 

showed that plastic coated with a conductive paint was ~6% less efficient than solid 

metal.  

 The UHF 3D dipole was optimized to perform over a large bandwidth.  At the 

lowest operating frequency, the antenna has a ka of 0.92 and a quality factor of 11.0,  

almost equivalent to the Goubau antenna [21].  A 3D cavity of random shape from a 

basic flip phone was filled with a GA optimized antenna.  The goal was not to make the 

antenna small but utilize the space to function in the cell phone frequency bands. The 
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optimization was able to create an antenna that functions in the frequency ranges used by 

modern cell phones with efficiency of 83% and above. This research demonstrates the 

emergence of printing with plastic conductive materials. The latest in 3D rapid 

prototyping could soon provide an opportunity to pursue even more complicated 3D 

antenna designs with more imbedded combinations of metal and plastic.   
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CHAPTER 5 

 

 

 

COMPARISON OF RAPID PROTOTYPING TECHNIQUES 

 

FOR ANTENNAS 

 

 

 

 Emerging conductive materials are being used to build 3D antennas.  In this 

research, we evaluate methods and materials that can be used to produce 3D antennas.  

The efficiency and performance of the antennas is shown to be strongly coupled to the 

conductivity and skin depth of the materials.  The conductivities of several materials that 

could be used in 3D rapid prototyping are measured to determine which materials can be 

used at which frequencies.   Sample monopole antennas are built from solid copper, gold 

plated copper, Xyloy®, silver paint and copper paint, and the radiation efficiency are 

measured.  The radiation efficiency of the paints compared to within 6% of the solid 

copper antennas. 

The copper antenn  

5.1 Introduction 

 

 3D rapid prototyping holds significant promise for future antenna designs. Most 

antennas require a combination of dielectric insulator materials and conductive metallic 

materials.  Current methods for 3D rapid prototyping are very effective for insulating 

materials (plastics), and these shapes can be coated with metallic paint to create 
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antennas[1], [2]. Conductive materials can be prototyped now, too, although not as easily, 

and this capability is rapidly advancing. The conductive materials are currently the 

limiting factor for antenna prototyping.  Laser sintering and other methods that produce 

truly metallic antennas, or methods that plate metal onto plastic designs, can produce 

antennas with very high conductivity, similar to what is obtained today with the copper 

antennas most often used.  Metallic paints offer a very good, inexpensive, flexible 

solution for coating plastic objects; however, they are of lower conductivity, thus 

reducing the performance of the antenna.  This paper will evaluate the current state of the 

art of prototyping with these conductive materials and how it impacts antenna design.  In 

addition, the precision, speed, weight, and cost of the prototyping will be evaluated with 

the goal of providing information and guidance on the 3D rapid prototyping methods 

available for today’s antenna designers.  

 The motivation for this research lies in the ability to easily create true 3D 

antennas which approach the Chu-Wheeler small antenna limit [3], [4].  Small antenna 

theory says that the performance (Q) of an antenna is limited by the spherical volume 

encompassing that antenna. Antennas that use more of this volume can have better 

performance than the simpler 1D and 2D antennas most commonly used. A few attempts 

at true 3D antennas have been made and have initially demonstrated the performance 

improvements of these designs. Best [5] demonstrates low Q small spherical dipoles and 

a small spherical helix [6]. The spherical helix antenna appears to be built from hand-

soldered pieces of wire.  Similar complicated soldering techniques are used to build 3D 

wire antennas in [7] and [8]. In [9], a 3D fractal tree is randomly grown by an 

electrochemically deposited conductor. These antennas all demonstrate the improvements 
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that may be gained by using the 3D design, especially [10] which uses high dielectric 

powder surrounding the antenna.  The manufacturing methods used for these antennas 

have been so cumbersome or expensive that 3D antennas were limited to simple 

geometries (such as horns and dishes).  More complex designs were typically regarded as 

far-fetched and impractical.   

 Recently, a 3D hemispherical antenna was built by printing a meander-line 

antenna on a curved glass surface with a silver ink [11]. Another method of transferring a 

metallic design to a curved plastic or glass surface is direct transfer patterning which uses 

a stamp to get the desired pattern onto a curved surface [12]. These are relatively easy 

ways to build a 3D antenna; however, the surface on which the antenna is printed or 

stamped is limited to relatively simple shapes.   

 There are several promising and emerging 3D prototyping methods that can be 

used to create more complicated metallic and nonmetallic shapes, including selective 

laser sintering (SLS) [13], [14], selective laser melting [14], 3D printing [15], 

stereolithography [15], [14], electroforming [16], and electron beam melting [16], [17].  

The methods also include new procedures such as atomic layer deposition (ALD) [18], 

laser direct structuring (LDS) [19], and sputtering [20]. These methods can all be used for 

3D prototyping of antennas, with more or less ease.  SLS and 3D printing (with paint 

coating) were used to build a 3D antenna designed using a genetic algorithm in [21]. 

 In [21], a complicated antenna design was created with a genetic algorithm (GA) 

and built using a 3D printed plastic shape coated with metallic paint.  The paint has 

conductivity about 25% less than copper metal, and the paint is thin enough that a single 

layer is less than the skin depth of the fields. The same antenna was also produced using 
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SLS to form a solid conductor.  The conductivity of this metal is similar to solid copper, 

and of course, the antenna is thick compared to skin depth.  Imperfect conductivity or 

insufficient skin depth reduce the performance of the antenna as seen in [22], and [21], so 

the type of paint and number of layers are important design parameters for 3D printed 

antennas.  In this paper, we will further quantify the requirements for conductivity and 

skin depth, and how well current 3D prototyping methods meet those requirements.  The 

materials investigated in this research are chosen because they are, or have the potential 

to be, used in rapid prototyping. The materials are compared for their ability to be good 

conductors as well as their cost, weight, and build time. 

 This paper reviews 3D prototyping methods available for antenna design with 

emphasis on the conductive materials. Section 5.2 provides a background on materials 

and methods and presents additional details on atomic layer deposition (ALD) [18], LDS 

[19], and sputtering [20].  In Section 5.3, the measured conductivity of several available 

materials are given, using a standard 4-point probe. Section 5.4 illustrates efficiency 

measurements completed on many new conductive materials. The measurements are 

completed using the Wheeler cap method [23]. Results for monopole antennas made from 

solid copper, solid Xyloy, ALD, copper paint, silver paint, and other materials are 

compared.      

 

5.2 3D Prototyping Methods and Materials 

 

 Rapid 3D prototyping was demonstrated in [21] to create complex 3D antenna 

shapes. An antenna produced using selective laser sintering (SLS) (solid metal) was 

compared to an antenna that was 3D printed of a dielectric of plastic and then coated with 
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metallic paint.   The thickness and conductivity of the paint had a measurable effect on 

the antenna performance, thus confirming observations from [22] and [21] and common 

sense that maintaining sufficient conductivity and thickness of the metallic part of the 

antenna is critical to good performance. This section of the paper evaluates methods and 

materials that can be used to create 3D antennas, considering their conductivity and skin 

depth.    We will review direct transfer patterning, laser direct sintering, silver nano-

particle ink, electroless plating, and conductive thermoplastics. 

 Recently, we demonstrated the ability to create random-shaped 3D antennas and 

more efficiently use the space available [2], which will allow it to better fit ever-smaller 

electronic devices. The antenna was optimized by a genetic algorithm, which is basically 

a 3D extension of previous 2D work [24], [4]. The antennas were then built using 3D 

rapid prototyping techniques. One was built using Selective Laser Sintering (SLS) to 

create a solid conductor, and a second was built from plastic using 3D printing. The 

plastic antennas were then coated with a conductive paint to form a conductive shell.  A 

similar dipole type  antenna functioning in the 500MHz band was also built and tested 

[21].  The lower conductivity of the paint coating reduces the gain of the antenna. The 

silver painted antenna is ~6% less efficient than the solid SLS antenna. The SLS antenna 

took ~ 1 day to build and weighed 13.7g. The 3D printed antenna was printed in ~20 

minutes and the remainder of a day to paint and dry.  The 3D printed antenna weighed 

2.5g.  The 3D printed antenna with a copper conductive coating is shown in Figure 30. 
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Figure 30: 3D printed cubical antenna above a ground plane, from [25]. © 2012 IEEE. 

Reprinted with permission. 

 

 

 There are several  materials that can be used to produce a conductive layer over a 

3D plastic object, including the following:  conductive paints [2], [26], [27], conductive 

adhesives epoxies [28], [29], polymers [30], [31], optically transparent films[22], [32] , 

thin silicon films [33], [34], nano-fiber [35], [36], powdered metals [37], [38],  and 

conductive fabrics [39], [40], [41], [42]. 

 Direct transfer patterning is one method of producing 3D antennas [12].  The 

process uses a stamp to get the desired pattern onto a curved surface. It then requires a 6-

step process including a plasma etch and gold plate to finalize the design on Polyethylene 

Terephthalate (PET). In [12], the conductor is thickened by the plating process and in 

[43], it was found that the transfer of thicker metals proved to be difficult, possibly due to 

wrinkling of the stamp during metal deposition [43].  The research in [43] shows an array 

of 10 nm thick, 500 micro meter wide gold lines transferred onto a Polyethylene 

Terephthalate hemisphere. A sheet resistance of 7 ohms/square for 10 nm gold was 

estimated from measurements made between several points along the metal stripes. This 

corresponds to 7 X 10
-6

 Ohm∙cm, consistent with that of conventional gold thin films 

[43]. 
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 Silver nano-particle ink deposited with a 3D printing nozzle has been used to 

construct spherical antennas [11]. The design uses silver on a glass hemispherical shell. 

The silver ink requires a 550° degree C sintering temperature and an annealing time of 

~24 hours. The silver particles have an average conductivity of 5.2 X10
-5

 Ohm∙cm [44]. 

The weight of this antenna would be ~ the weight of the Pyrex glass hemisphere used as 

the substrate.  

 Another emerging process uses atomic layer deposition (ALD) to coat a substrate 

with a nanometer thick conductive layer. Also, a similar technique allows a thin layer to 

be plated by element sputtering to create thin conductive films. The nano-fabrication lab 

at the University of Utah provided us with an antenna made of gold using ALD  on a 

glass substrate. They also provided one built from sputtering using platinum on a glass 

substrate. Both of these methods apply a thin conductive film, and are typically used in 

fabricating micro- and nano-electronics.  These films can be plated to a desired thickness 

up to ~200 micrometers. These antennas are manufactured in ~1 day and the weight  is 

equivalent to the glass substrate. 

 Laser direct sintering (LDS) [19] is similar to other plating techniques and 

requires a multiple-step process. The plastic where the conductive plating is desired is 

typically etched with a laser or chemical etchant. The etched area allows the conductive 

particles from the polymer to adhere to the surface. The metal is then deposited on the 

etched area using a plating process. The built time is ~ 1 day, and the weight as with 

other thin layer antennas is equivalent to the plastic substrate. 

 Electroless plating allows for a conductive layer to be built up by a chemical 

reaction rather than electrical. The process relies on the presence of a reducing agent 
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which reacts with the metal ions to deposit metal.  The base material may be arbitrary 

shaped, and the plating does not require line of sight [45].  (Painting requires either line 

of sight or dipping.) 

 Two conductive materials used for injection molding are of interest as well. The 

first is a metal mixture of zinc and aluminum with a melting point at approximately 270° 

C [46]. The second is a low-temperature carbon fiber melt extrudable thermoplastic. The 

thermoplastic also requires a 270° degree C melting temp and an 8 hour drying time. This 

has a resistivity  of 0.3  ohms per square [47]. 

 These processes vary in the materials they can use and the resolution and 

complexity they can provide [48].  Today’s resolutions for 3D printing are on the order 

0.0006 inches [49], which is common for most low-cost manufacturing methods.  One 

item of note that demonstrates the strong international and economic interest in 

conductive 3D prototyping is an $80,000 Gada prize (to be given in 2012-2015) that was 

recently announced for the development of advanced 3D printing [50]. One of the 

requirements for winning is the ability to print useful conductive materials such as those 

for circuit boards [50]. 

 

5.3 Conductivity Measurements 

 

 The conductivity of the metallic components of an antenna have a strong impact 

on its performance, but many of these values are not provided by the manufacturers.  In 

this section, we describe measurements of monopole antennas built of common 

conductive materials – silver and copper paints, Xylov (used for conductive injection 

molding), conductive epoxy solder, ALD, Sputtering, LDS plated plastic, and compared 
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them to solid copper sheeting that would commonly be used in antenna designs.  The 

materials were characterized  using a 4-point probe [51] to measure conductivity and a 

Wheeler cap [23] to measure radiation efficiency. The goal is to better understand the 

relationship between  the conductivity of the material, the skin depth, and the antenna 

efficiency at a specific frequency.  The primary focus is to evaluate the usability of 

emerging techniques and lossy conductive materials for antenna design.  The data are 

compared to manufacturer's specifications for conductivity.  The measured radiation 

efficiency is compared to measurements of antennas built of solid copper sheet and to 

simulated data using lossy materials.  

 The 4-point probe is used to measure conductivity.  Here the thickness of the 

sample is given by t, which is  much less than the spacing of the probes, which is 

~1.5mm for our equipment.  The sheet resistivity is related to the differential resistance: 








 


A

x
R                                                     5.1 

and the area of the conductive material being measured  

xtA 2                      5.2 

then solving for resistance: 






2

1
xt2

x
x

x

R


                                                    5.3 

and relating it to voltage and current, we substitute in the equivalent of R which is given 

as 











I

v
R

2
                                                       5.4 

and then solve for the sheet resistivity  
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









I

vt

2ln


                                        5.5 

In general, sheet resistivity  Rs = ρ/t and can be expressed as  











I

v
kRS

       5.6 

where k=4.53 = π/ln2. For a semi-infinite thin sheet, the sheet resistivity is given in 

ohms/square.  To convert to ohm-meters,  the thickness of the sample must be factored 

into the equation. Rs  is multiplied by the thickness, giving the units of ohm-meters. The 

conductivity is the inverse of the electrical resistivity and is given in siemens/ meter. 

 Several  materials were measured on the 4-point probe, and the results are shown 

in Table 9.  LDS over plastic was measured with a 40 um  layer of gold. Silver and 

copper conductive paints (3 layers) were sprayed onto a paper substrate. Copper paint 

was also tested for a single paint layer.  The injection molding material Xyloy® was also 

tested. 

 These values are compared to a standard piece of 17 um copper sheets that was 

used to verify the 4-point probe measurements. Silver epoxy is also evaluated, since it is 

needed in some cases to  attach the antennas to the center conductor pin of an SMA 

connector. The measurements for gold ALD and platinum sputtering were measured on a 

4-point probe.  Manufacturer’s values for other emerging materials  have also been 

included in the table. These have not been tested on the 4 point probe or for radiation 

efficiency. These materials are silver nano-particle ink from [11], the low-temperature 

carbon fiber melt extrudable thermoplastic from [47], and direct transfer patterning from 

[12]. The material in [12] had an additional thickness from being plated, and our 

information for conductivity was obtained from [43].  



98 

 

 

Table 9: Measured data from the 4-point probe 

Material Current 

measured 

in mV 

Thickness 

micro-

meters 

Ω /□  Resistivity 

Ω∙m 

Conductivity 

S/m 

Gold 

LDS 
0.052 40 0.002 1.17X10

-8 
8.49 X10

7
 

2-layer 

Copper 

Paint 

6.61 16 0.298 5.27X10
-6

  1.90 X10
5
 

3-layer 

Copper 

Paint 

1.97 23 0.089 2.10X10
-6

 4.77 X10
5
 

3-layer 

Silver 

Paint 

1.97 23 0.030 7.07X10
-7

 1.42 X10
6
 

Copper 

sheet  
0.057 17 0.00258 4.38X10

-8
 2.3 X10

7
 

Xyloy 0.024 500 0.00135 1.69X10
-7 

5.89 X10
6
 

Silver 

Solder 

(epoxy) 

20 
125 

 
0.0453 2.27X10

-5
 4.42 X10

4
 

 

 

 A correction factor was applied to the measurements due to the standard copper 

sheet measuring ~30% lower than the expected 5.96x10
7
 S/m. 

 The measurements taken had a correction factor applied due to the standard 

copper sheet measuring ~30% lower than 5.96X10
7
. Table 10  presents the data with the 

correction factor applied. Table 11 provides the skin depth calculations.  

 Table 12 indicates how the thickness of the material using its standard application 

method compares to skin depth. Figure 31 then indicates how the copper paint compared 

to the manufacturer's given data. To reduce loss, the material must have a thickness 

greater than at least 2 skin depths and preferably more than 4 skin depths.  
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Table 10: Measured data with corrections, also included is additional data found in the 

current literature. 

Material  Current 

measured 

in mV 

Thickness  

micro-

meters 

Correcte

d Ω /□  

Corrected 

Resistivity 

Ω∙m 

Corrected 

Conductivity 

S/m 

Gold LDS 
0.052 40 0.00089 4.4910

-9 
2.22 X10

8
 

2 layer 

Copper 

Paint  

6.61 16 0.114 2.01X10
-6

 4.97X10
6
 

3 layer 

Copper 

Paint  

1.97 23 0.034 8.0X10
-7

 1.25X10
6
 

3 layer 

Silver 

Paint  

1.97 23 0.0114 2.70X10
-7

 3.71X10
6
 

Copper 

sheet  
0.057 17 0.00098 1.67X10

-8
 5.96X10

7
 

Xyloy 0.024 500 0.00051 6.48X10
-8

 1.54X10
7
 

Silver 

Solder 

(epoxy) 

20 
125 

 
0.0179 8.65X10

-6
 1.16X10

5
 

Premier 

Carbon 

fiber [47]  

NA 23 0.25 5.75X10
-6

 1.73X10
5
 

Silver 

nano ink  

[44] 

NA 

12 NA 5.2X10
-7

 1.9X10
6
 

Direct 

Transfer 

patterning 

[43] 

NA 

0.01 7 7X10
-8 

1.43X10
7
 

Gold ALD 
NA 

0.035 1.2 4.2X10
-8 

2.38X10
7
 

Platinum 

Sputtering NA 
0.19 1.07 2.0X10

-7
 4.92X10

6 
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Table 11: Skin depth calculations given in microns at 0.5, 1.6, 2.6, and 15 GHz for the 

materials of interest. 

Material 

Corrected 

Resistivit

y Ω∙m 

Skin depth 

in microns 

f=0.5 GHz 

Skin depth 

in microns 

f=1.6GHz 

Skin depth in 

microns 

f=2.6GHz 

Skin depth in 

microns 

f=15GHz 

Gold LDS 
4.49X10

-

9 1.51 0.84 0.66 0.28 

Thin 

Copper 

Paint over 

plastic 

2.01X10
-

6
 

31.9 17.84 13.99 5.83 

Copper 

Paint over 

plastic 

8.0X10
-7

 20.13 11.25 8.83 3.68 

Silver 

Paint over 

plastic 

2.70X10
-

7
 

11.7 6.54 5.13 2.14 

Copper 

sheet 

standard 

1.67X10
-

8
 

2.91 1.63 1.28 0.53 

Xyloy 
6.48X10

-

8
 

5.73 3.2 2.51 1.05 

Premier 

Carbon 

fiber  

5.75X10
-

6
 

53.97 30.17 23.67 9.85 

Silver 

nano ink 

5.2X10
-7

 
16.23 9.07 7.12 2.96 

Direct 

Transfer 

patterning 

7X10
-8 

6 3.33 2.61 1.09 

Gold ALD 4.2X10
-8 

4.61 2.58 2.02 0.84 

Platinum 

sputtering 

2.0X10
-7

 
10.07 5.63 4.41 1.84 
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Table 12: Skin depth compared to standard conductor thickness for manufacturing; green 

indicates acceptable thickness for skin depth, yellow indicates marginal, and red indicates 

insufficent. 

Material 

Thick

ness  

micro-

meters 

Skin 

depth in 

microns 

f=0.5 

GHz 

Number 

of skin 

depths at 

0.5GHz 

Skin 

depth in 

microns 

f=2.6GH

z 

Number 

of skin 

depths at 

2.6 GHz 

Skin 

depth 

in 

micron

s 

f=15G

Hz 

Numb

er of 

skin 

depths 

at 15 

GHz 

Gold 

LDS 
40 1.51 26

 
0.66 60 0.28 142 

Thin 

Copper 

Paint over 

plastic 

16 31.9 0.2 13.99 1.1 5.83 2.75 

Copper 

Paint over 

plastic 

23 20.13 1.1 8.83 2.6 3.68 6.2 

Silver 

Paint over 

plastic 

23 11.7 2 5.13 4.48 2.14 10.75 

Copper 

sheet 

standard 

17 2.91 5.5 1.28 13.2 0.53 32 

Xyloy 500 5.73 83 2.51 199 1.05 476 
Premier 

Carbon 

fiber 

23 53.97 0.5 23.67 1 9.85 2.3 

Silver 

nano ink 
12 16.23 0.75 7.12 1.6 2.96 4 

Direct 

Transfer 

patterning 

0.010 6 
0.001 

2.61 0.003 1.09 0.0091 

Gold 

ALD 
0.035 4.61 

0.007 
2.02 0.017 0.84 0.041 

Platinum 

sputtering 
0.190 10.07 0.01 4.41 0.043 1.84 0.10 
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Figure 31: Conductivity of paints as a function of thickness. 

 

 

 

 The table is highlighted with  red indicating less than 2 skin depths, with  yellow 

showing 2-4 skin depths, and with green for more than 4 skin depths. The green indicates 

that the material and its application thickness are acceptable for that frequency region. 

 

 

5.4 Radiation Efficiency Measurements 

 

 The wheeler cap method is used to measure the radiation efficiency. The wheeler 

cap is designed such that the antenna above a ground plane has its radiated fields shorted 

out in the near field region. The shape of the cap in this research is constructed to be a 

rectangular form.  The cap also acts as a resonant cavity and it must be designed such that 

the cavity resonance falls outside the resonance region of the antenna.  The fields created 

inside the cap are then strictly determined by the radiated fields due to the antenna.  
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  Three types of antennas were fabricated and measured. Each antenna is placed 

above a  copper ground plane that is  91.5mm X 76mm and is fed using a 50 ohm coaxial 

line with a SMA thread on  the back.  The center conductor of the SMA extends 0.1 

inches past the ground plane.  The antennas are soldered onto the conductor with a 0.05 

inch gap between the bottom of the antenna and the ground plane.  

 First, the Xyloy material, silver and copper paints over paper, copper, and gold 

plating over copper are fabricated into antennas measuring ~6mm wide X 35mm long.   

8mm from the bottom, the antenna tapers to a 4mm point.  At 1.75 GHz, these are 

approximately 1/4 wave monopoles above a ground plane.  The silver and copper 

conductive paints (3 layers) are sprayed onto a paper substrate. The antennas are shown 

in Figure 32.  The fabricated monopole above a ground plane is shown in Figure 33. The 

measured S11 data is presented in Figure 34 and the efficiency is shown in Table 13.   A 

second set of antennas were built from the available materials using  LDS over plastic , 

gold ALD, and platinum sputtering. The efficiency measurements are given in Table 13. 

 The third set of antennas is built such that at 1.7 GHz,  it is a 1/2 wave monopole 

above a ground plane. The half wave antenna provides a more efficient antenna. Here the 

total radiation loss is evaluated for the same frequency but a longer antenna size.  The 

antennas are 6mm width and 70mm length, and are metalized with copper paint, silver 

paint, and copper sheet.  The S11 data for the 70 mm antennas are given in Figure 35.  

The efficiency is given in Table 13. The wheeler cap is designed such that the highest 

operating frequency of the cap will be outside the resonance region.  The cap is 45mm 

wide and 120mm long [23]. The length allows the same cap to be used to accommodate 

measurements for antennas that are 35mm long and those that are 70 mm long.   
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Figure 32: Fabricated antennas from left to right are silver paint, Xyloy®, copper paint, 

solid copper, and gold plating. 

 

 

 

Figure 33: Fabricated monopole antenna above a ground plane for efficiency testing 

using the wheeler cap. 
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Figure 34: S11 for the 35mm antennas constructed from Xyloy®, 3 layers of silver paint 

and copper paint over paper, gold plated copper, copper sheet. 

 

 

Table 13: Measured radiation efficiencies for the measured antennas. 

Material and length Resonant point in 

GHz 

% Radiation efficiency 

Gold plating  35mm 1.79 81 % 

Silver Paint 35mm 1.79 75 % 

Copper Paint 35mm 1.79 74 % 

Copper sheet 35mm 1.79 81 % 

Xyloy® 35mm 1.79 81 % 

Gold LDS 35mm 2.2 86 % 

Titanium 25mm 2.8 41 % 

Gold ALD 40mm 2.1 39 % 

Silver Paint 70mm 1.64 86 % 

Copper Paint 70mm 1.64 74 % 

Copper sheet 70mm 1.64 94 % 

 

Frequency in GHz

S
1
1
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n
 d

B
Copper sheet

Copper Paint

Gold plated Copper
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Figure 35: Measured S11 data for the 1/2 wave (70mm) monopole above a ground plane 

showing the copper sheet, 3 layers of silver paint, and 3 layers of copper paint over paper.    

 

 

The efficiency measurement is only valid where the antenna has real impedance, 

and is within the resonance region [52].  

To verify the measurements, the 1/2 wave monopole antennas that are 70mm long 

are then measured for gain in the antenna range.  These were chosen because there was 

the largest difference in efficiency between the painted antennas and the copper sheet. 

The gain measurements are shown for 1.62GHz in Figure 36 and 1.7 GHz, in Figure 37. 

The peak gains are given in Table 14. 
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Figure 36: Measured gain at 1.62 GHz for the half-wave monopoles (70mm) above a 

ground plane for the silver paint, copper paint, and copper sheet.  The simulated copper 

sheet antenna is also included as a reference 

 

 

 

 

Figure 37: Measured gain at 1.7GHz for the half-wave monopoles (70mm) above a 

ground plane for the 3 layers of silver paint and then 3 layers of copper paint, both  over 

paper, and copper sheet.  The simulated copper sheet antenna is also included as a 

reference 
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Table 14: Peak gains for the measured antennas 

Material and frequency Peak Gain 

Silver Paint 1.62 GHz 2.53 dB 

Copper Paint 1.62 GHz 4.05 dB 

Copper sheet 1.62 GHz 3.93 dB 

Silver Paint 1.7 GHz 3.26 dB 

Copper Paint 1.7 GHz 2.92 dB 

Copper sheet 1.7 GHz 1.97 dB 

 

 

 

5.5 Conclusions 

 

 The ability to use true 3D manufacturing techniques allows antenna designers to 

create arbitrarily shaped antennas and understand the losses associated with using lower 

conductive materials and/or thin conductive coatings.  The measurements provide a good 

indication of the conductivity and thickness that is needed for a material to be efficient.  

We found that for the paints, the thinner the paint was, the lower the conductivity and 

hence the larger the skin depth.  The larger skin depth caused the antenna to have less 

efficiency.  Other materials which may be utilized for antenna fabrication such as 

Xyloy® and LDS with gold measured at practically the same conductivity and radiation 

efficiency as a copper. The measured gain of the materials such as paint compared 

extremely well with the standard copper sheet. Based on the measurements, the larger the 

painted area is through which the current propagates, the lower the efficiency will be 

when compared to a standard piece of copper.  
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CHAPTER 6 

 

THE FUTURE OF 3D PRINTED ANTENNAS 

 

 

  

 3D rapid prototyping holds significant promise for future antenna designs and 

production.  This is demonstrated with genetic algorithm optimized 3D antennas and a 

traditional 14-16 GHz horn printed in plastic metalized with conductive paint.  The 3D 

printed antennas function very similar to comparable designs built from solid metal if the 

metallic coating is sufficiently conductive and sufficiently thick. In addition to the 

flexibility that 3D prototyping brings to antenna design, this paper describes how this 

new and emerging method for building antennas can provide fast and affordable antennas 

for testing, teaching, and fast turn-around prototyping. 

The crazy way this works 

6.1 Introduction  

 

Advances in 3D rapid prototyping are occurring at a fast pace. The use of 

conductive materials in advanced manufacturing is at the forefront of this progress.  This 

is of great interest and importance to antenna design and allows multiple options for 

manufacturing conductive parts. The advances in 3D rapid prototyping allow designs that 

would have been impossible or impractical to build in the past, as well as providing
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inexpensive, fast turn-around design of more standard antennas (such as horns and 

waveguides).  This method can provide engineers, educators, and students the ability to 

design and manufacture virtually any small antenna rapidly and easily.   

The challenge for antenna development using rapid prototyping is that typically, 

the materials used in these methods have higher losses than solid metal.  Lossy 

conductors reduce antenna performance, as seen in [1], and [2].   

The motivation for this research is the difficulty in building true 3D arbitrarily 

shaped antennas. The 3D antennas that are built are done so by hand or by complicated 

time-consuming processes. A few attempts at true 3D antennas have been made and have 

initially demonstrated the performance improvements of these designs. The following 

indicates the mathematical, simulated, and tested results for 3D antennas. Thal has 

calculated limits for spherical antennas in [3], and [4], indicating that a spherical helix 

can better approach the small antenna limit set by Chu [5]. Thal provides a baseline for 

small spherical 3D antennas.  Best demonstrates low Q small spherical dipoles [6] and 

properties of a small spherical helix [7]. The spherical helix antenna is made up of hand-

soldered pieces of wire. The design indicates a Q within 1.5 times the fundamental limit 

and efficiencies at or above 90%. The research in [8] also appears to be manufactured by 

hand-soldering pieces of wire. Similar complex, hand-soldered antennas are seen in the 

evolved antenna from the NASA Ames genetic algorithm [9].  A 3D fractal tree is 

randomly grown by an electrochemically deposited conductor [10]. The novel property of 

this 3D antenna is the impedance bandwidth improvement over a similar 2D antenna.     

A 3D hemispherical antenna was recently built by printing a meander-line antenna 

pattern on a curved glass surface with a silver ink [11]. Another recent 3D spherical 
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antenna was built using a process called direct transfer patterning. The process uses a 

stamp to get the desired pattern onto a curved surface. It then requires a 6-step process 

including a plasma etch and gold plate to finalize the design on Polyethylene 

Terephthalate (PET) [12].  These antennas all demonstrate the improvements that may be 

gained by using the 3D design, especially [13] which uses high dielectric powder 

surrounding the antenna.   Unfortunately, the manufacturing methods required to produce 

these 3D antennas have previously been so cumbersome or expensive that 3D antennas 

were limited to simple geometries (such as horns and dishes).  More complex designs 

were typically regarded as far-fetched and impractical.  But now, cutting edge rapid 

prototyping creates 3D manufacturing opportunities that have not previously been 

available in the antenna design world.  

Recently, we demonstrated the ability to create random-shaped 3D antennas and 

more efficiently use the space available [14], which will allow them to better fit ever-

smaller electronic devices. The antenna was optimized by a genetic algorithm [15], which 

is basically a 3D extension of previous 2D work [16] [14]. The antennas were then built 

using 3D rapid prototyping techniques. One was built using SLS to create a solid 

conductor, and a second was built from plastic using 3D printing. The plastic antennas 

were then coated with a conductive paint to form a conductive shell. The 3D printed 

antenna is shown in Figure 38 and the measured results in Figure 39. To create an 

efficient antenna when coating, it is important to take into account the desired frequency, 

the conductivity of the material used, and the required thickness of the coating relative to 

the skin depth [1].   
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Figure 38: 3D printed cubical antenna above a ground plane, from [14]. © 2012 IEEE. 

Reprinted with permission. 
 

 

 

 
Figure 39: Measured gain for the cubical antenna in  Figure 38 compared to the simulated 

design with perfect conductivity (PEC).  The lower conductivity of the paint coating 

reduces the gain of the antenna. Silver painted antenna is ~6% less efficient than the solid 

SLS antenna. 
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A similar dipole type antenna functioning in the 500MHz band was also built and 

tested [15].  Also a simulation was performed indicating an application in a cellular 

phone [15]. 

The 3D antenna created in [14] is just one example of a 3D design and 

demonstrate that arbitrarily shaped antennas can be built easily. Similarly, we designed 

and built a 3D dipole type antenna functioning in the 500MHz band where skin depth 

would pose more of a problem [15]. The measured results for a plastic antenna with 3 

layers of silver paint agree accurately with simulated data. 

In this paper, we further demonstrate the ease of 3D printing for rapid prototyping 

antennas by building a simple horn which is shown in Section 6.2. The Ku band horn is 

replicated similar to a purchased aluminum horn. The new design is 3D printed from 

plastic and metalized using paint. Section 6.3 presents the use of a low-resolution (~0.01 

inches) lower cost 3D printer to build an antenna that is the same 3D arbitrarily shaped 

antenna geometry as found in [14].   Section 6.4 discusses our thoughts on what we 

believe the near-term future development is for rapid prototyping using conductive 

materials.   

 

6.2 3D Printed Horn Metalized with Paint    

 

 Previous work has demonstrated the use of 3D printing for complex 3D designs,  

[14], [15], [1] but that is not the only application of 3D rapid prototyping.  This section 

describes a horn antenna built as a test antenna for testing another antenna.  A horn with a 

special flange connector was required, and we did not have time to wait to order one.  So, 

a Ku band horn was built from plastic using an Objet® Connex 500 3D printer. The horn 
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is designed similar to the Advanced Technical Materials® Ku band horn (12.4-18 GHz) 

[17]. The purchased horn has part number 62-442-6.  It  is interfaced with  a WR62 

waveguide feed. The length is 5.75 inches, with a width of 2.88 inches and a height of 

2.11 inches. Here the average gain is given as 20dB.  The printed horn antenna is built 

from with a length of ~5.75 inches and is a square height and width of ~2.8 inches, and is 

fed from a waveguide feed.   The horns are shown side by side in Figure 40. The plastic 

horn is measured with no paint, with a single layer of paint, and with 3 layers of paint. 

The details of the copper paint are found at [18]. The plastic horn with 1 layer of 

paint is shown in Figure 41.  The ridges from the 3D printing resolution are visible where 

the paint has not completely covered the plastic.  The horn with 3 layers of paint is shown 

in Figure 42 and the plastic has been completely covered. The horn is measured with no 

paint, with 1 layer of paint, and with 3 layers of paint. The gain in dB for each 

measurement is plotted in Figure 43 and compared with the aluminum horn. Horn 

antenna and other standard type designs have 3D models readily available from such 

software as Antenna Magus [19]. This software provides a huge searchable database for 

antennas where the parameters can be modified to function for a specific frequency. The 

exported model data used in a 3D printer give a design engineer a multitude of models 

which can be 3D printed.  This provides the ability to build any antenna needed for 

testing, prototyping, or teaching.  
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Figure 40: Aluminum horn [16] on left next to a printed plastic horn with paint 

metallization on right. 

 

 

 

 

 
Figure 41: plastic horn with a single layer of copper paint.  It is easy to see the plastic 

ridges due to the 3D printing where the paint has not completely covered the plastic.  

 

 

 



121 

 

 

 
Figure 42: Plastic horn with 3 layers of copper paint.  The surface is visibly smoother. 

 

 

 

 
Figure 43: Comparison of plastic horn with 1 layer and 3 layers of paint to an aluminum 

horn from [17]. © 2012 IEEE. Reprinted with permission. 
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6.3 Resolution Test of 3D Printed Antenna   

 

 In order to compare the resolution of different antennas, we built the same 

antenna, shown in Figure 44, with high- and low-resolution printers.  The high-resolution 

printer is the Object Connex 500, which uses Vero white plastics and has a resolution of 

0.0006 inches.  The lower resolution printer (a less expensive 3D printer) is the 

Dimension® 1200es [20]  which uses layer deposition 3D printing and ABS plastic and 

has a resolution of 0.01 inches.  There is a significant emerging market for household 3D 

printers which are readily available and inexpensive.  Most of the home-based 3D 

printers can be purchased for just over a thousand dollars. They typically use ABS plastic 

and have resolution in the Z axis better than 0.01 inches [21].   

The cubical layered patch antenna from [14] is printed from Vero white plastic 

using an Object® Connex 500 3D with a resolution of 0.0006 inches.  In this research, 

we print the same antenna design used in [14] with a Dimension® 1200es 3D printer 

from blue ABS plastic. The surface roughness is definitely noticeable along with the 

ridges on the side from the separate layers shown in Figure 44 top.  The Connex 500 3D 

print is shown in Figure 44 bottom.  The antennas were both metalized using 3 layers of 

silver paint. The S11 of these antennas is shown in Figure 45. 

Figure 45 indicates a slight decrease in bandwidth for the lower resolution 

antenna.  Resolution plays an obvious factor in the design of antennas and manufacturing 

tolerances limit the tools available for rapid prototyping. 
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Figure 44: The resolution difference for two 3D printed layered patches is apparent.  The 

top antenna is built from ABS plastic using a Dimension 1200es printer with resolution of 

about 0.01 inch.  The bottom layered patch is  in  Vero white plastic printed on a Connex 

500 and originally tested in [14]. It has a resolution of 0.0006 inch. 

   

 
Figure 45: S11 comparison between the antennas in Figure 44.  
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The 3D printed antennas have frequency limitations due to resolution and the use 

of a plastic base material coated with a thin conductive layer. The frequency limitations 

in the low-frequency spectrum are due to the outer conductive layer. The paints currently 

used have about 25% lower conductivity than standard copper [18].  Figure 46 indicates 

that there is a large increase in skin depth as the frequencies drop below ~100 MHz.  The 

method of applying a conductive layer to plastic is more valuable when the frequencies 

are greater than ~100MHz.  The paint technology is improving as highly conductive 

nano-particle metals such as silver are utilized in the low loss paint medium. The 

improvement in technology will allow higher conductives to be utilized without the need 

for sintering after their application.  

 

 

 
Figure 46: Skin depth for silver paint and copper paint  
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As the resolution of the antenna decreases (such as shown in Figure 44), the 

antenna surface roughness increases.   This has more impact at higher frequencies than 

lower frequencies. This surface roughness sets an upper frequency limit on the ability to 

3D print effective antennas.  The root mean square RMS surface roughness contributes to 

loss because of the phase errors. Figure 47 indicates the Phase Error Loss (PEL) derived 

from gain reduction due to reflector anomalies [22].  
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Here the term єo is the effective RMS tolerance and λ is the wavelength. The loss 

is plotted for an RMS of 0.5 mm and 1mm. As indicated by Figure 47, the loss falls off 

rapidly above ~20 GHz.  

 

 

 
Figure 47: Phase error loss due to RMS of a rough surface, typically used on aperture 

antennas. 
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Figure 48 indicates loss calculation for a rough microstrip line.  The loss is 

calculated as a ratio of power absorbed for a rough surface divided by the power 

absorbed for a smooth surface. The derivation uses periodic rough surface with 

rectangular grooves [23]. The derivation matches the periodic layers from 3D printing.  

The Hammerstad equation [23] gives the Pa which is the power absorbed as a ratio of 

smooth and rough and is only a function of the RMS height h and the skin depth δ.  

 



h

smoothP

roughP

a

a 4.1arctan
2

1     6.2. 

 

Further research in rough surface scattering has indicated that the actual loss ratio 

can  be greater than 3 and the loss ratio is better defined using a random rough surface 

and a numerical equation to solve for the loss ratio [24].  Figure 48 illustrates that as the  

 

 
Figure 48: The plot of Hammerstad and Bekkadal equation using skin depth for standard 

copper and silver paint. The equation is typically used with microstrip circuits. The plot 

indicates the additional losses seen when using a rough conductive surface. 
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skin depth increases, the loss due to surface roughness decreases. However, after the 

RMS value is above 1X10
-4

, the power absorbed by the conductor is twice that for a 

completely smooth conductor surface.   

 The future for rapid prototyping is to continue to refine the materials and 

machines used. So resolutions are continually improving. 

 

 

6.4 Future of 3D Rapid Prototyping  

 

The future in rapid prototyping is a simple manufacturing technique that uses a 

single process to fabricate complex 3D shapes with both conductive and dielectric 

materials.  As previous work has shown, current methods are already capable of 

prototyping antennas up to about 15 GHz.  With improving resolution, higher frequency 

antennas can be built.  Currently, desktop 3D  printers are available for a few thousand 

dollars which offer 0.005 inch resolution [25].  

Another application of 3D prototyping for antennas is rapid design and 

deployment of test antennas that are required in most laboratories.  The rapid prototyping 

tool paired up with a simple-to-use antenna and waveguide software simulation design 

tool would allow designers to rapidly build and test new antenna designs or build needed 

antenna hardware. The simple concept is to have a software package that allows the user 

to pick a basic antenna such as a directional horn,  then let the user change a few 

variables that will determine the operating frequency, gain, etc. The design would be 

simulated and verified in software. Once it is verified in software, a CAD model is 

exported which will allow the rapid prototyping machine to manufacture the antenna for 
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test and use. The simple manufacturing and design tool allows the user to have an 

antenna in hand for test in a matter of hours.  

This form of rapid 3D prototyping could easily be applied to a more advanced 

simulation option using a 3D solver similar to CST [26] . The tool would allow an easy 

build of an optimized complicated antenna design such as the antenna completed in [14] 

and shown in Figure 44, thus providing an easily built 3D arbitrarily shaped antenna 

model for test and verification.  

 The gateway to creating the single-step fabrication process is to use an 

inexpensive 3D printer with a heated nozzle  and  low temperature conductive materials. 

The materials we identified in [1] for injection molding conductive parts. Two such 

materials are Xyloy® [27] and Premier® [28].  As material prices decrease, the cost to 

print will follow. Print time is increasing and new modifications for basic 3D printers 

have dramatically increased the accuracy and extrude rate [25]. The weight of using 

plastic is a benefit in 3D printing design. As conductive plastic technology is refined, 

there will be more weight savings with less loss due to conductor.  

A logical next step would be to utilize the open source Rep Rap style 3D printer 

[29] and modify the extruder and nozzle to function with the different materials at a 

higher temperature. A basic reprap 3D printer is shown in Figure 49. The ABS plastic 

currently used melts at ~110º C.  The Xyloy® and nickel plated carbon fiber melt at 

~255-270º C.   

The future in rapid 3D prototyping is to easily use conductive materials. We 

believe 3D printing is an ideal candidate because of its ability to create complex shapes 

from the inside out.   
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Figure 49: A inexpensive home-built reprap open source 3D printer, from [29]. © 

www.reprap.org 

 

 

Also, 3D printing currently has the ability to print multiple types of materials in a 

single build process [12].  This allows items such as dielectric loaded spheres, 

waveguides, or horns to be built in a single step. Multiple materials would allow the 

ability to build coaxial connectors right into the antenna. The multiple material options 

would allow for many complicated designs to be fabricated in a few hours, perhaps 

minutes.  Being able to use multiple materials during the build process is a valuable 

advantage and opens the door to many possible useful electronic devices and designs. 

Rapid development allows first article prototyping and test of the antenna before mass 

production. 
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6.5 Conclusion 

 3D rapid prototyping holds significant promise for future antenna designs.  This 

paper demonstrates that a 3D printed Ku band 14-16 GHz horn compares within 0.5 dB 

to its metal fabricated aluminum counterpart.  

 One of the important parameters of a 3D build process is its resolution.  The 

resolution of today’s printers is typically between 1 mm (less expensive) and  0.5 mm 

(more expensive) and limits the antennas to use below 15 GHz or 30 GHz, respectively.   

 In addition, loss in the conductive coating from imperfect conductors and thin 

layers relative to skin depth can limit the performance of the antenna.  Conductive coated 

printed plastic antennas are frequency limited by skin depth on the low end (~100MHz) 

and by resolution on the high end ( ~25GHz).  

 The gateway to the single-step 3D printing lies in low-temperature injection 

molding of conductive materials paired with 3D printing.   The ability to combine 

printing of a good conductor and a low loss dielectric opens the doors to many additional 

antenna designs and to complete systems that include the antenna and its connectors and 

feed network, perhaps even additional associated circuitry.  We can expect to see 

additional 3D antennas in the near future.  These designs have much more flexibility than 

traditional 1D or 2D designs, can occupy and optimize unused oddly-shaped voids in 

devices, can improve the performance over their 1D and 2D counterparts, are low cost, 

low weight, and quick to build.  They offer improvements in antennas for aircraft and 

space vehicles (weight) and consumer devices (filling oddly shaped voids, low cost). The 

speed, convenience, and low cost of this prototyping method also holds promise for 

antennas in education and antennas used for testing.  There is a tremendous opportunity 
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to directly couple software used for antenna design directly with the equipment that can 

build the antenna.   
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CHAPTER 7  

 

 

 

SUMMARY AND CONCLUSIONS 

 

 

Small efficient antenna design is needed for the shrinking size of electrical 

devices in use today.  Rapid prototyping for antenna design is an emerging area that is 

becoming more relevant as antenna designs continue to better utilize 3D space and grow 

more complex in shape.  The ability to manufacture an antenna of arbitrary 3D shape was 

introduced in this dissertation along with a comparison of rapid prototyping 

manufacturing techniques and their effect on efficiency of the antenna.  

Chapter 3  has demonstrated that GA design and rapid prototyping can be used as 

a viable method for manufacturing 3D antennas.  Both 3D printed plastic coated with 

metallic paint and metal antennas produced by selective laser sintering are viable options.   

The skin depth effects must be taken into account in these designs.  Antennas with 3 

layers of paint were better than those with 1 or 2.  As expected, the 3D designs had lower 

frequencies and higher bandwidth than a 2D antenna with the same footprint. The GA 

design has a ka of 0.94 when the full-size ground plane is removed. This work will be 

submitted to the IEEE Transactions on Antennas and Propagation [23]. 
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 3D rapid prototyping opens up a wide array of potential antenna designs. This 

paper demonstrated the use of a GA to optimize the designs, but any good optimization 

method could also be used.  The designs in this paper were limited to simple cubical 

volumes for convenience.  Other, much more complex volumes could be used instead.  In 

addition to flexibility of design, the antennas produced using printed plastics coated with 

metallic paint are much lighter than metal antennas produced using either SLS or (if it 

were possible to build them at all) traditional metals.  

 The use of SLS or 3D printing for antenna designs opens up many options in 

simple, cost-effective 3D antenna design.  Both of these methods can be used to produce 

antennas that have metal or metal-like bodies, and they can be used above a substrate 

material (as in this paper) if back radiation is not desired. The conductivity of the paint is 

sufficiently high that it acts as a good conductor.  The challenge is that the paint layer of 

8 microns is less than the skin depth at 2GHz. They are also lighter weight than 

equivalent antennas built of metal.  Antennas with a combination of conductors and 

insulators could be more difficult to build this way.  The emerging ability to print 

conductive materials could soon open up the option to build antennas with a wider variety 

of distributed materials, perhaps even printing circuits along with the antenna.  3D rapid 

prototyping provides an opportunity to pursue complicated 3D antenna designs that 

would otherwise be impractical.  It enables a new, wide array of potential antenna 

designs. 

Chapter 4 has demonstrated the ability to create 3D antennas with randomized 

shape that are closer to the Chu limit [2] than 1D, 2D, or simpler 3D antennas in the same 

space using 3D rapid prototyping.  The optimized cubical monopole above ground plane 
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showed that plastic coated with a conductive paint was ~6% less efficient than solid 

metal.  

The UHF 3D dipole was optimized to perform over a large bandwidth.  At the 

lowest operating frequency, the antenna has a ka of 0.92 and a quality factor of 11.0,  

almost equivalent to the Goubau antenna [55].  A 3D cavity of random shape from a 

basic flip phone was filled with a GA optimized antenna.  The goal was not to make the 

antenna small but utilize the space to function in the cell phone frequency bands. The 

optimization was able to create an antenna that functions in the frequency ranges used by 

modern cell phones with efficiency of 83% and above. This research demonstrates the 

emergence of printing with plastic conductive materials. The latest in 3D rapid 

prototyping could soon provide an opportunity to pursue even more complicated 3D 

antenna designs with more imbedded combinations of metal and plastic.   

Chapter 5 indicates the ability to create antennas using true 3D manufacturing 

techniques such as 3D printing or selective laser sintering. These true 3D antennas allow 

designers to create arbitrary shaped antennas. This chapter also focuses on  minimizing 

the losses associated with using lower conductive materials and or thin conductive 

coatings.  The measurements provide a good indication of the conductivity and thickness 

that is needed for a material to be efficient.  We found that for the paints, the thinner the 

paint, was the lower the conductivity and hence the larger the skin depth.  The larger skin 

depth caused the antenna to have less efficiency.  Other materials which may be utilized 

for antenna fabrication such as Xyloy® and LDS with gold measured at practically the 

same conductivity and radiation efficiency as a copper. The measured gain of the 

materials such as paint compared extremely well with the standard copper sheet. Based 
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on the measurements, the larger the painted area through which the current propagates, 

the lower the efficiency will be when compared to a standard piece of copper.  

Chapter 6 discusses how 3D rapid prototyping holds significant promise for future 

antenna designs.  Then demonstrates that a 3D printed Ku band 14-16 GHz horn 

compares within 0.5 dB to its metal fabricated aluminum counterpart.  

One of the important parameters of a 3D build process is its resolution.  The 

resolution of today’s printers is typically between 0.1 inches (less expensive) and  0.0006 

inches (more expensive) and limits the antennas to use below 15 GHz or 30 GHz, 

respectively.   

In addition, loss in the conductive coating from imperfect conductors and thin 

layers relative to skin depth can limit the performance of the antenna.  Conductive coated 

printed plastic antennas are frequency limited by skin depth on the low end (~100MHz) 

and by resolution on the high end ( ~25GHz).  

The gateway to the single-step 3D printing lies in low temperature injection 

molding of conductive materials paired with 3D printing.   The ability to combine 

printing of a good conductor and a low loss dielectric opens the doors to many additional 

antenna designs and to complete systems that include the antenna and its connectors and 

feed network, perhaps even additional associated circuitry.  We can expect to see 

additional 3D antennas in the near future.  These designs have much more flexibility than 

traditional 1D or 2D designs, can occupy and optimize unused oddly-shaped voids in 

devices, can improve the performance over their 1D and 2D counterparts, are low cost, 

low weight, and quick to build.  They offer improvements in antennas for aircraft and 

space vehicles (weight) and consumer devices (filling oddly shaped voids, low cost).  The 



138 

 

 

speed, convenience, and low cost of this prototyping method also holds promise for 

antennas in education and antennas used for testing.  There is a tremendous opportunity 

to directly couple software used for antenna design directly with the equipment that can 

build the antenna.   

 The major contributions of this dissertation are: 

5) Introduction of the concept of using 3D rapid prototyping for antenna design. The 

antennas designed in Chapter 3 [23] are the first of their kind and represent a 

major shift in antenna design through easy, low-cost 3D manufacturing. 

6) Demonstration of the applications where 3D antennas may be most useful.  These 

include the ability to fully utilize the 3D sphere often associated with small 

antenna theoretical limits.  3D antennas can more closely approach this limit.  In 

addition, the ability to fill random-shaped voids such as those in handheld 

personal communication devices may provide better antennas for a wide variety 

of applications[24].  Finally, the advantages of low weight and quick turn-around 

time are also noted.  This information is found in Chapter 4 [24]. 

7) Evaluation of the impact of conductivity and thickness of the metallic components 

of the design (typically metal paints or plating) on the efficiency and performance 

of the antennas [25].  Chapter 5 outlines the requirements as a function of 

frequency, and describes the frequency range where 3D rapid prototyping is 

effective today [25]. 

8) Contemplation and evaluation of the future of 3D rapid prototyping for antenna 

design is found in Chapter 6 [26].  3D prototyping is rapidly advancing, and this 
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chapter evaluates what changes are coming, what changes are needed, and what 

these changes may mean for future antenna design and manufacture. 

In short, this dissertation provides the tools and methods for a new type of 3D 

antenna manufacturing that has the potential to revolutionize small to moderate scale 

antenna design by providing the great flexibility in form and design for 3D 

manufacturing that has to date been available only for 2D (planar) designs.  Table 15 

shows a comparison of the antennas designed in this research. 

 

Table 15: Comparison of GA optimized antenna designs and manufacuring methods 

Antenna Design ka Bandwidth Efficiency Q 

4-layer Cubical 

Patch 91.5mm 

length  ground 

plane 

4.02 15% 96% 4.4 

4-layer Cubical 

Patch 20.3mm
2
 

ground plane 

0.91 6% 95% 0.70 

3-Layer UHF 

Dipole 
0.96 51% 95% 1.385 

2-layer cubical 

patch 20.3mm2 

ground plane 

0.9326  12%  95% 0.70 

1-layer cubical 

patch 20.3mm2 

ground plane 

1.05  11%  95% 0.70  

Goubau 

Antenna  
0.76  63%  94%  0.75  

 

 


