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Executive Summary 

Illustration Project 

 

A 3D printed electronic circuit is fabricated on one platform. 

 

A printed camera circuit is printed on polyimide. 

 

The dielectric constant and loss tangent of many 3D printable materials in 

several colors and infill percentages are measured from 1 MHz to 15 GHz. 

 

The DC loss of a printable conductive paste is measured over cure 

temperature and ambient temperature. 

 

Microstrip transmission lines are printed using stereolithography and 

DPAM. 

 

A fully 3D printed stripline is buried in a heterogeneous material on one 

platform. The loss is measured to be lower than microstrip. 

 

A novel suspended microstrip is printed using stereolithography and 

DPAM. The loss is measured to be lower than copper on FR4. 

 

A curved inverted-F antenna is printed using FDM and DPAM. 
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Abstract 

3D printing has garnered immense attention from many fields including in-office rapid 

prototyping of mechanical parts, outer-space satellite replication [18], garage functional firearm 

manufacture [1], and NASA rocket engine component fabrication [5]. 3D printing allows 

increased design flexibility in the fabrication of electronics, microwave circuits and wireless 

antennas and has reached a level of maturity which allows functional parts to be printed. Much 

more work is necessary in order to perfect the processes of 3D printed electronics especially in 

the area of automation. Chapter 1 shows several finished prototypes of 3D printed electronics as 

well as newly developed techniques in fabrication. Little is known about the RF and microwave 

properties and applications of the standard materials which have been developed for 3D printing. 

Measurement of a wide variety of materials over a broad spectrum of frequencies up to 10 GHz 

using a variety of well-established measurement methods is performed throughout chapter 2. 

Several types of high frequency RF transmission lines are fabricated and valuable model-

matched data is gathered and provided in chapter 3 for future designers’ use. Of particular note is 

a fully 3D printed stripline which was automatically fabricated in one process on one machine. 

Some core advantages of 3D printing RF/microwave components include rapid manufacturing of 

complex, dimensionally sensitive circuits (such as antennas and filters which are often iteratively 

tuned) and the ability to create new devices that cannot be made using standard fabrication 

techniques [42]-[45]. Chapter 4 describes an exemplary fully 3D printed curved inverted-F 

antenna [15],[16]. 
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Chapter 1: 3D Printed Devices 

3D printing technologies abound and each has specific strengths and weaknesses. These 

technologies and others are discussed and contrasted in order to showcase what is possible in the 

field of 3D printing with emphasis in the area of printed electronics. A short primer is given on 

key technologies. The following technologies are discussed here: FDM, SL, ink jetted resin, 

DPAM, fused powders, fused layering of sheets, SLM, and EBM. 

Fused deposition modeling (FDM) is by far the most popular 3D printing technology. 

This technique allows thermoplastics to be melted and layered creating strong, functional parts. 

FDM can be printed in air at room temperature thus lending itself to integration with other 

printing methods such as direct printing. Resolution and surface finish are trade-offs as compared 

with stereolithography (SL). 

FDM begins with a 3-D computer model in the STL file format which is a collection of 

triangles defining the surface of the solid. The STL file is then sliced, a process which breaks the 

solid model into horizontal layers and then breaks down each layer into a collection of paths 

which the printing head will follow and save the data as a G-code file. The slicer first generates 

the outlines of the object then generates in-fill patterns. Significant amounts of time and material 

can be saved by reducing the infill percentage which also controls the dielectric constant and loss 

tangent. The printer constructs the object by extruding plastic while following the G-code paths 

that the slicer calculated. 

The FDM feed system pushes the filament down a heated tube with an inner diameter 

(I.D.) that is only slightly larger than the filament itself. Depending on the temperature at any 

given position the filament will exist in one of three states: solid, liquid, or a soft/sticky state. 

The goal is to bring the material from solid to liquid as quickly as possible to avoid restricting 
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the flow through the chamber with partially-melted sticky material. The material is extruded 

through a small hole in the print nozzle. By adjusting the material feed rate and print speed the 

thickness can be controlled while also eliminating space between lines which prevents crevices 

from causing problems when liquid conductive paste is applied. After each layer, the nozzle is 

moved up by a fixed amount. 

New thermoplastic materials are constantly being identified and produced in filament 

form for FDM. Here is a list of currently available materials. Most of these materials have lower 

microwave loss compared to the materials used in other printing technologies. 

 Acrylonitrile butadiene styrene (ABS) 

 Polycarbonate (PC) 

 Polylactic acid (PLA) 

 Aliphatic polyamides (nylon) 

 Polyetherimide (PEI/ULTEM) 

 Polyphenylsulfone (PPSF/PPSU) 

 Polyvinyl acetate (PVA) 

 High impact polystyrene (PS) 

 Low density polyethylene (LDPE) 

 Polyethylene terephthalate (PET) 

 Laybrick, laywood (PET mixed with chalk or wood fibers) 

 Polyhydroxyalkanoates (PHA/colorfab_xt) 

Stereolithography apparatus (SLA or SL) is a close second to FDM in popularity and 

offers the highest level of resolution and surface finish as well as transparency. UV-curable resin 

is selectively hardened by a laser in a vat of liquid in machines like the 3D Systems Viper si2, 

the Formlabs Form 1. Materials may be separated into several basic categories: basic resins 

including opaque and transparent, ductile resins for resiliency, and silica- or ceramic- loaded 

resins for stiffness and strength. Here are several SL-compatible materials from DSM Somos 

which have been investigated. Other manufacturers include 3D Systems, VisiJet, Solid Concepts, 

Dymax, and Loctite. 
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 DSM Somos 9120, 9420, 14120, NeXt, (opaque white) 

 DSM Somos DMX-SL 100, (resilient) 

 DSM Somos 11122, 12120 ProtoTherm, (translucent) 

 DSM Somos 12120 ProtoTherm, NanoForm, (high temperature) 

 DSM Somos NanoTool, 15120 NanoForm (particle-filled) 

Ink-jetted resin (e.g. Stratasys, Ltd. Objet) involves using inkjet technology to dispense 

very low viscosity UV-curable resin onto a surface followed with large UV lamp curing. Since 

the material deposition and curing are separate steps, slumping of the material can occur and the 

parts are not as detailed as SL. Due to the low-viscosity, layers must be very thin so printing time 

is much longer than with FDM. Since UV-cured resin used is similar to that used in SL, the 

electromagnetic loss tangent is likely higher than FDM. This is a liquid-deposition based method 

and in theory could be combined with similar methods such as DPAM. 

Material patterning onto the printed substrate or object in a controlled manner can be 

done using a variety of approaches. Inkjet was considered; [217],[222] however, the extremely 

thin film would be less than the thin skin depth at high frequencies thus increasing the 

RF/microwave conductor loss. Thick films are thought to be a better option and several 

techniques exist for patterning thick film. Gravure printing [133],[134] and silk screening [1] 

allows thousands of patterns to be produced cheaply; however, it is not easy to change the 

pattern. 

Micro dispensing is a good option for creating random patterns using thick film inks 

[223]. When micro dispensing is applied in a 3D context it is called direct print additive 

manufacturing (DPAM) offers the ability to pattern conductive pastes, resistive pastes, high-k 

and low-k dielectric inks, and adhesives in an on-demand fashion. Micro dispensing companies 

include nScrypt, Optomec, Nordson Asymtec, Musashi Engineering, Envision Tech, GPD 

Global, and Precision Valve and Automation, and Camelot. DPAM is reconfigurable and mask-
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less thus saving design to manufacture cycle time compared to silk screening [1]. Micro 

dispensing is typically done using positive pressure on the material, which is transferred through 

a small orifice directly onto the desired surface. nScrypt, Inc. micro dispensing technology uses a 

patented valve near the dispensing orifice to control the start and stop of the material flow. 

Traditional dispensing, including micro dispensing, is slow and lacks resolution and accuracy. 

nScrypt, Inc.’s SmartPump quickly and accurately controls the material flow and allows printing 

at high speeds while maintaining clean starts and stops of the printing path. Figure 1 shows a 

cross section of the valve assembly. 

 
Figure 1 nScrypt, Inc. SmartPump valve assembly (diagram credit: Xudong Chen) 

The material is typically transferred from a syringe by a positive pressure through the 

material flow inlet into the valve. The valve rod is driven by a motor and travels up and down in 

the channel of the valve body with a resolution of 0.1 µm. When dispensing is initialized, the 

valve opens, which allows the material to flow through the pen tip onto the substrate. To stop the 

dispensing, the valve rod moves to a closed position that not only keeps a seal to the channel, but 

also maintains a negative pressure in the dispensing tip chamber to induce a reverse of the 

material flow [214]. The shape of the pen tip is specially designed to reduce the pressure needed 
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to push material through the orifice compared to the commonly used tubular needle, enabling 

dispensing through very small holes, such as 100 µm or less. This assembly is capable of 

handling materials with very high viscosities. The valve will open and close in a synchronized 

manner with the X and Y motion control. This allows any pattern to be printed in an X, Y plane 

and, if necessary, conformally in the Z plane. The linear print speed of X and Y can be as fast as 

500mm/second on a gantry system, and the resolution and repeatability of motion in all 

directions is within a few micrometers. In addition to the SmartPump and the motion platform, a 

high resolution vision/camera system is also integrated for substrate alignment and a real-time 

processing view. This aids in achieving accurate dispensing parameters on topographically-

difficult materials such as FDM plastic. 

The printing pattern can be generated by a number of Computer-Aided Design (CAD) 

software packages. The output of the CAD is transferred into a script file using nScrypt, Inc. 

software; this provides integrated, synchronous commands for the machine. There is no need for 

a screen mask or other complicated setup in the process which enables rapid prototyping in this 

digital manufacturing approach. This combination can reduce cost and maintenance on the 

production floor. In addition, the mask-less approach allows for a variety of patterns printed 

digitally, the precision of the XYZ motion allows for conformal printing, and the ability to 

dispense a wide range of materials promotes the potential to print in 3D or implement high 

aspect ratio features.  

Fused deposition of ceramics (FDC) or powders (e.g. Z-corp zp150, Voxeljet) involves 

ink-jetting a binder such as cyanoacrylate into a bed of powder. Parts which are fabricated using 

this technique are not found to have adequate surface finish for printed electronics. Frequently 
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dyes are introduced with the binder in order to print in color thus the technology is well-suited 

for conceptual modeling. Several powders are available for this technology. 

 Gypsum salt 

 Plastic / PMMA 

 Silica 

Fused layering of sheets (e.g. Solido) involves the selective application of binder and 

knife-trimming between layered sheets of plastic. This technology does not allow for the 

integration of other printing technologies since each layer must be smooth and flat for the next 

layer of plastic to be applied and was thus not selected for printed electronics. 

Selective laser melting (SLM) such as Renishaw and electron beam melting (EBM) such 

as ARCAM produces functional metal parts; however, it they require a high temperature and 

vacuum or inert gas environment. These technologies offer great promise in the areas of on-

demand or highly complex metal components; however, do not show promise for 3D printed 

electronics due to the frequent necessity of a vacuum envelope, extremely high temperatures, and 

lack of dielectric. 

1.1. Roughness Correction 

The greatest drawback with FDM and other 3D printing technologies is surface finish or 

surface roughness. A rough surface sometimes detracts from the visual appeal of a part so it is 

desirable to have the smoothest finish possible. From a technical perspective, rough surfaces 

present two problems. The rough surfaces makes dispensing thick film pastes difficult or 

impossible since the peaks and valleys interfere with the printing process. Second, no matter how 

the material is applied, the undulating surface creates a longer path for the current to flow thus 

increasing the apparent resistivity of the conductor. This effect is pronounced at high frequency 
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due to the skin effect where high frequency currents tend to travel in the outer parts of the 

conductor rather than in the bulk of the material. 

The difference in surface roughness is made apparent in the following materials 

comparison. A resonant cavity is designed using aluminum conductor and air dielectric; 

however, manufacturing this device is somewhat challenging due to the square edges and 

difficulty of machining around corners [1]. 3D printing with dissolvable support is ideally suited 

for a structure such as this. The resonant cavity is fabricated by the W.M. Keck Center for 3D 

Innovation at the University of Texas at El Paso (the Keck Center) using FDM-ABS (Figure 2) 

and SL-WaterShed (Figure 3) as dielectric. The devices are meant to be coated in conductive 

paste in order to form the cavity. A small hole for an SMA pin is provided on the top and bottom 

of the structure in order to couple waves into the structure. The devices were fabricated as 

demonstration parts for Georgia Institute of Technology. These devices showcase the difference 

in surface roughness between FDM and SL technologies. 

 
Figure 2 FDM-printed ABS resonant cavity 
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Figure 3 SL-printed WaterShed resonant cavity 

It is well known that the FDM 3D printing technique produced a surface finish that is 

rougher than SL or DPAM. Figure 4 illustrates a bottom surface produced on a Stratasys, Ltd. 

machine when a raft technique is used. Rafts are a low-density infill constructed beneath parts to 

make part removal easy. Figure 5 shows the top surface of the same part with the less than 

optimal infill. Several techniques for reducing this roughness exist and different techniques may 

be applicable to different applications. A process involving acetone vapor is patented by 

Stratasys, Ltd. where the surface of ABS is chemically melted forming a smoother finish. 

Acetone may be applied directly to the surface; however, it is difficult to control the rate of the 

reaction and avoid over-melting the surface and deforming the part. 

 
Figure 4 FDM, bottom surface 
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Figure 5 FDM, top surface 

A smoother surface is produced and small gaps are filled by baking a 0.8 mm thick 

sample of FDM-ABS near its glass transition temperature, at 220 °C for 30 minutes; see Figure 

6. The drawback is that since FDM almost always contains small gaps, baking the part causes it 

to shrink by about 5 – 10 %. Re-melting samples is not recommended for non-flat parts since the 

process would deform the part and manufacturing tolerances would not be maintained. 

 
Figure 6 FDB-ABS baked at 220°C for 30 min 

An obvious solution is to simply face the surface using conventional CNC milling as in 

Figure 7. This produces the flattest and smoothest surface of the methods that are tested. Several 

drawbacks exist which limit the utility of this smoothing method. Milling the surface does not fill 
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in gaps in FDM which can lead to top to bottom layer shorting in 3D printed circuit structures. 

Milling is a subtractive manufacturing process which creates waste. 3D printed electronics is 

moving towards a fully-integrated approach where just one machine is able to produce fully 

functional electronic devices. Incorporating a CNC mill into an electronics printer presents 

significant engineering challenges such as waste material removal and maintaining a clean work 

area for the application of additional layers of materials. 

 
Figure 7 CNC milling FDM-ABS 

Multiple lengths of microstrip line were printed for Georgia Institute of Technology using 

CNC milling for surface smoothing and 7 out of 8 of the microstrips were shorted to the bottom 

side ground plane. The printed conductive paste leaks through small gaps in the FDM down 

through the 0.8 mm thick substrate. 

 
Figure 8 Printed microstrips on FDM 
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Figure 9 Printed microstrips on FDM 

The 3D printed parts thus far are fabricated using commercial FDM machines from 

Stratasys, Ltd. which have limited configurability and motion repeatability. The problem of 

roughness in FDM has been solved using an Aerotech XYZ gantry platform which lends 

sufficient repeatability to allow fine tuning of the process parameters such as extrusion rate and 

XYZ motion speed. Additionally, the Aerotech motion control system allows binding of motion 

of the extruder motor with the motion of the XY motors in such a way that gaps are eliminated 

and over-extrusion near line ends is minimized see Figure 10. J-Head and E3D nozzles are both 

used to print ABS with very smooth surfaces. This FDM parameter tuning process is used 

successfully in the fabrication of an RF/microwave transmission line and an antenna for 

microwave frequencies (chapters 3 and 4). 

  

Figure 10 Smooth FDM-printed ABS 
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1.2. 3D Printed Electronics Flying Camera 

3D printed electronics is a new and fast-growing field with the potential to allow 

electronic devices to become more compact and available on-demand. 3D printed electronics 

exists at the confluence of additive manufacturing and precision-dispensed conductors. 

Traditional printed electronics involves interconnects silkscreened onto a flexible substrate such 

as polyimide. This technique is now being used to pattern interconnects directly into 3D printed 

parts with no need for a printed circuit board (PCB) or mounting hardware. This concept can 

save weight and assembly time while also opening the door for on-demand manufacturing of 

objects with active functions. To showcase the latest capabilities in this process, a printed flying 

helicopter wireless camera is developed and manufactured by stereolithography (SL) and DPAM 

silver paste. 

An inexpensive wireless camera is used which includes a CMOS image sensor and 2.4 

GHz wireless video transmitter. The camera and transmitter are constructed on separate PCBs 

from the manufacturer. In order to test functionality, the circuit is first printed on polyimide 

substrate then onto the SL printed airframe using DuPont CB028 conductive paste. The 

components are harvested from the original PCB and arranged and attached to the 3D printed 

circuit using H20e conductive epoxy. The schematics are shown in Figure 11 and Figure 12. 

Three to four volt power is obtained from the helicopter’s main single-cell LiPo battery and is 

converted to 5V by a 3D printed switching power supply for the transmitter and 2.8 V and 1.8 V 

by linear voltage regulators for the image sensor. The image sensor requires a crystal oscillator 

circuit, two startup delay RC networks, and several programming resistors in order to function. 

This design is shown in Figure 13. 
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Figure 11 Camera power supply schematic 

 
Figure 12 Image sensor schematic 
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Figure 13 Printed camera test circuitry 

The test camera works well and produces a clear video signal. For the 3D printed 

structure, the PC1030 image sensor is press-fit into the SL part as shown in Figure 14. Bridging 

the gap from the printed material to the press-fit camera is difficult because not using enough 

paste allows an open circuit to form while using too much paste shorts one pin to another. Close 

tolerances in forming the necessary connections to the camera mean that the camera is 

unreliable. This problem is effectively solved in future prototypes by modifying the design of the 

printed structure to allow extra space at the chip corners while eliminating as much gap as 

possible on the sides where the electrical connections must be made. The only flaw limiting this 

design is the printed trace to chip lead connections and is shown to be overcome in the last 

section of this chapter. 

 
Figure 14 Image sensor press-fit into SL airframe before printing 
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1.3. Flatness Correction 

The 3D printed SL part is loaded into a 3Dn-600 printing machine and affixed using a 

cradle and temporary double-stick tape. The area to be printed is scanned using a Keyence LK-G 

laser displacement sensor scanning system which maps the exact height (1 µm resolution, 10 µm 

accuracy) on a grid of 500 µm. This technique adapts the printing of silver paste by actively 

adjusting the height of the printing nozzle to to any imperfections in the part. The scan data is 

shown in Figure 15 and the process is shown in Figure 16. 

 
Figure 15 Pre-print laser scan data 
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Figure 16 nScrypt, Inc. 3D printing 

1.4. Rotational Correction 

Two fiducial marks are identified using cameras and machine vision techniques before 

the print paths are applied according to the layout shown in Figure 17. This accounts for slight 

rotation and translation errors and aligns the print to the 3D structure. A 125/175 tip and standard 

parameters are used to print DuPont CB028; see Appendix R. Components are attached using 

EPO-TEK H20e conductive epoxy. The power circuits in Figure 18 generate 1.8V, 2.8V, and 5V 

from a single 3.7V LiPo battery and are fully functional. 

 
Figure 17 Flying camera circuit layout 
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Figure 18 Flying camera printed circuitry 

1.5. Leveling 

FDM-printed parts are not always perfectly level once they are removed from the printing 

machine due to thermal warping effects. This is not a problem for 3D printers which incorporate 

both FDM and conductive paste deposition since parts do not need to be removed between 

material transitions. Currently, most of these machines perform only one of these two functions. 

Parts must be removed from the FDM machine and the conductive paste machine must 

accommodate the imperfect parts. This is typically done with laser displacement sensor scanning 

as described above; however, the red laser beam does not interact well with white ABS material 

and the grid scan data has many bad points which preclude accurate printing. This is solved in 

two different ways. Green colored ABS is shown to produce accurate scans when fabricating the 

curved antenna; see chapter 4. If white ABS is to be used, another option is shown to be 

successful.  

When the part to be printed on is flat but un-level, a three-point correction method can be 

used to adjust the print file in such a way as to follow the slope of the surface. This method is 

used with great success. The method works as follows: first, three 3-D data points are determined 

from the surface describing an X-Y position and the actual surface height Z. These data points 
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can be taken using the laser if the measurement is performed carefully or using the actual 

printing tip and a process-view camera which allows the user to see accurately when the tip is 

touching the surface. These data points are then used to determine the normal from the surface 

and the angles about the cardinal axes to rotate the print file. Each data point is represented in the 

form shown here. 

〈𝑝𝑛〉 = 〈𝑝𝑛,𝑥 𝑝𝑛,𝑦 𝑝𝑛,𝑧〉 where 𝑛 = {1,2,3}  

The surface normal is represented as  

〈𝑛〉 = 〈𝑛𝑥 𝑛𝑦 𝑛𝑧〉  

Rotation about the Z-axis is assumed to be zero. 

 〈𝑛〉 = 𝑑𝑒𝑡[(〈𝑝3〉 − 〈𝑝1〉) × (〈𝑝3〉 − 〈𝑝2〉)]  

 𝜃𝑥 = 𝑎𝑡𝑎𝑛 (
𝑛𝑦

𝑛𝑧
)  

 𝜃𝑦 = 𝑎𝑡𝑎𝑛 (
𝑛𝑥
𝑛𝑧
)  

 𝜃𝑧 = 0  

The file representing the print consists of a set {𝐿} of lines and each line has two end 

points each described by its X,Y,Z coordinates as a vector 𝑃 = 〈𝑝𝑥 𝑝𝑦 𝑝𝑧〉. The set of all line 

end points is represented as {𝑃}. In order to modify each end point in order to effectuate rotation, 

a rotation matrix 𝑅 is defined as in equation 23 and is used as in equation 24 to modify each 

line’s end point [3]. 
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 𝑅 = 𝑅𝑥𝑅𝑦𝑅𝑧  

 𝑅𝑥 = [
1 0 0
0 𝑐𝑜𝑠𝜃𝑥 𝑠𝑖𝑛𝜃𝑥
0 −𝑠𝑖𝑛𝜃𝑥 𝑐𝑜𝑠𝜃𝑥

]  

 𝑅𝑦 = [

𝑐𝑜𝑠𝜃𝑦 0 𝑠𝑖𝑛𝜃𝑦
0 1 0

−𝑠𝑖𝑛𝜃𝑦 0 𝑐𝑜𝑠𝜃𝑦

]  

 𝑅𝑧 = [
𝑐𝑜𝑠𝜃𝑧 𝑠𝑖𝑛𝜃𝑧 0
−𝑠𝑖𝑛𝜃𝑧 𝑐𝑜𝑠𝜃𝑧 0
0 0 1

]  

 {𝑃𝑛𝑒𝑤} = 𝑅{𝑃𝑜𝑙𝑑}  

In order to demonstrate this technique a camera circuit is printed successfully (no opens 

or shorts) on the first try on white FDM-ABS printed material. Substrate printing is performed on 

a Prusa i3. A schematic error prevents the camera from functioning properly; however, the print 

quality (Figure 19) exemplifies the applicability of the three-point correction technique. 

 
Figure 19 Printed, three-point corrected DPAM structure 

1.6. Fully 3D Printed Flashing Logo 

Full 3D printing is an emerging field and a few examples exist; [5],[6],[7] however, much 

more research is necessary in order to enable the technology. In order to demonstrate the 

capabilities and benefits of a fully-integrated 3D printed electronics machine, a set of 

sequentially flashing LEDs are designed and printed. Although the part described in this section 

is non-functional due to several electrical short circuits, several important printing challenges are 
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identified and many techniques are developed and demonstrated in a single machine [184]. The 

process is proven successful with the flashing heart design discussed in the next section. 

Full 3D printing is the objective and involves continual development of various materials 

and techniques for applying these materials. Although 3D printing components such as LEDs, 

microcontrollers and large-value capacitors is still impractical, progress is ongoing. For instance, 

printed LEDs have been demonstrated [9],[10] but the process of their application to a surface 

involves many intricate steps such as spin coating-masking, and aluminum vapor deposition in a 

vacuum. 

An SL-printed substrate is manufactured by Keck Center technicians. Pick and place is 

commonly used in the fabrication of traditional circuit boards and will continue to be useful in 

3D printing systems [5], [8]. The design calls for accurate angular placement of the components 

and this is easily realized using the integrated rotary pick and place device. Custom pick and 

place tips are designed by the author and printed by technicians using WaterShed material. A 

special dual nozzle is invented (Figure 20) which picks larger SOIC-16 chips more easily and 

places them into the structure (Figure 21). 

 
Figure 20 Printed pick and place dual nozzle 
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Figure 21 Pick and placed components 

CB028 and a 125/175 tip are used to print traces 200 µm with a spacing of 200 µm. Care 

must be taken in setting the amount of material dispensed at the connection points. Laser curing 

of conductive pastes has been shown [12],[13]. Once the conductive traces are deposited in 

liquid form, a Manlight ML-30 Nd-YAG diode laser (maximum power: 30 watts, wavelength: 

1080 nm) is used to cure the traces to a dry, conductive state. The laser is operated at 2 watts 

with a 10X focusing lens and a final spot size of 1 mm and a travel speed of 50 mm/s. The laser 

is normally invisible but becomes visible when the beam burns the more absorptive plastic of the 

SOIC chips as shown in Figure 22. A microscope slide is used to protect the dielectric-coated 

lens from smoke deposition which causes localized heating on the objective and cracking in the 

delicate glass lens. 

 
Figure 22 Laser curing CB028 paste 
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Ohmmeter testing reveals that all of the traces show less than 2 Ω of resistance from end 

to end in lengths up to 40 mm. This process enables future designs where localized heat curing is 

necessary. 

Pin-to-pin shorting occurred on the SOIC-16 package due to excess material deposition. 

Making the connection from a printed trace to the lead of an integrated circuit (IC) is quite 

challenging and is typically addressed using solder. Solder has excellent wicking and bonding 

abilities which are not found in CB028 paste. Redesign of the interconnects and the use of a 

high-solids composition thick film silver epoxy, H20e, is shown to render the part functional in 

the case of the printed heart in the following section. 

1.7. Fully 3D Printed Flashing Heart on One Machine 

The ultimate goal for 3D printed electronics is on-demand automated fabrication of 

heterogeneous objects. A machine is constructed which includes provisions for printing plastic 

(ABS), conductive (CB028), and electro-mechanical bonding (H20e) materials in an automated 

fashion. This system allows the shape, size, and color to be changed at-will without retooling. An 

nScrypt, Inc. 3Dn-300 machine is equipped simultaneously with a SmartPump and fused 

deposition extruder. A heat-controlled, leveled aluminum build platform is covered with 

ULTEM tape (polyetherimide) with 3M acrylic adhesive. A thin layer of ABS mixed with 

acetone is coated onto the surface to ensure adhesion throughout the process. 

The SmartPump is loaded with 3 mL of CB028 silver paste. Water cooling is used to 

stabilize the material rheology during printing near the hot printing surface. Without water 

cooling, the material heats to above 35 °C and thickens thus precluding accurate printing. 3.18 

mm O.D. copper tubing is wrapped around the dispensing tip (Figure 23) and material syringe 

and 17 °C water from a chiller is pumped through at 0.1 L/min. By temperature feedback control 
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the lowest part of the dispensing tip is maintained at a constant temperature of 19 °C thus 

preserving the material’s consistency even when near the heated bed. Using the cooling system, 

CB028 is dispensed onto the freshly printed 90 °C ABS material resulting in immediate 

automatic curing. 

 
Figure 23 Water cooled SmartPump 

A circuit of sequentially flashing LEDs is designed and fabricated using this automated 

machine. The electrical schematic is shown in Figure 24. A miniature 3.7 V 19 mAh 

rechargeable lithium polymer (LiPo) cell is used to power the circuit. 

 
Figure 24 Flashing heart schematic 
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The heart is designed 50 mm wide and 42 mm long and 3.5 mm high. Two jumpers are 

required in the layout (Figure 25) and are realized using buried vias in ABS using H20e. Holes 

are provided in the top layers of ABS to provide access for charging the lithium polymer battery. 

The first layer of the ABS print is 200 µm thick and the following 33 layers are 100 µm each. 

The design is shown in Figure 26. After the first layer of CB028 has been applied, two more 200 

µm layers of ABS are applied. Bridging allows these layers to cover the ICs even though they 

are not flush with the surface. H20e vias are formed and the structure is covered with a final two 

200 µm layers of ABS. 

 
Figure 25 Flashing heart circuit layout 

 
Figure 26 Flashing heart CAD model 

Five machine temperatures are monitored and controlled as shown in Table 1. 
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Table 1 Temperature monitoring 

Process Temperature 

Printing surface 90 °C ± 1 °C 

Fused deposition pump 230 °C ± 3 °C 

SmartPump tip 19 °C ± 2 °C 

Cold water supply 17 °C ± 1 °C 

Cold water return 19 °C 

 

Once the substrate layers of ABS are printed, the components are installed manually, 

electrical interconnects are printed, and the entire part is buried using ABS. Figure 27 shows the 

process. H20e and CB028 form the two via jumpers and a third and final print of ABS seals in 

the part against damage. Automated component placement is shown successfully however the 

pick and place equipment was not available at the time that this part was fabricated. 

  

Figure 27 Burying components 

Excellent repeatability and reliability of design due to a thorough understanding of the 

3D printed electronics process is demonstrated by the fabrication of two functional flashing 

hearts out of four attempted. Printing ABS and CB028 in the same machine on a leveled bed 

eliminates the need for software leveling of the print. Tight tolerances in surface finish are 

maintained which leads to a flat and smooth surface for applying silver paste without the need 

for laser scanning. Using a heat-controlled bed eliminates the need for laser curing of the CB028. 

Forming accurate component cutouts minimizes the gap between the IC and the printed trace 
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thus improving the interconnect reliability. In fact, the first heart is shown to be immediately 

functional in the machine and of the four hearts printed, three were functional at the time of 

manufacture and two show long-term reliability (Figure 28). 

 
 

Figure 28 Flashing heart 



27 

 

Chapter 2: Microwave Frequency Characterization of 3D Printed Materials 

State of the art 3D printing is not only capable of fabricating structurally functional parts 

but due to improvements in accuracy it can also be used to rapidly manufacture 3D 

RF/microwave components. The advantages of 3D printing include time saving and the ability to 

create new devices that cannot be made using standard fabrication techniques. High frequency 

characterization at several levels is important. Measurement of the raw materials involved, 

transmission line analysis, and microwave circuit analysis are all important to capture the 

performance of high frequency analog and digital signals. Recently, researchers have 

demonstrated the addition of electronics by combining 3D printing and printed electronics [16]-

[21]. These electrically functional devices enhance the potential of 3D structures by offering 

greater design flexibility and tighter integration of functionality than the current process, where 

printed circuit boards are placed into injection-molded plastic cases. The majority of 3D 

electronic structures demonstrated have been DC or low frequency [16]-[21]. Some larger scale 

microwave devices have been demonstrated such as copper electroless-plated devices [22]-[25], 

electron beam melt antennas [26], ceramic SL [27]-[39], waveguide structures [40] and 

microwave meta-material structures [41]-[45]. It is clear that almost all high demand electronic 

devices must have some type of wireless capability, from the five-plus radios in cell phones 

down to keyless entry for automotive [46] and building access and RFID [194]-[208]. Studying 

RF electronic structures is important but fundamental characterization needs to be done. 

Microwave frequency characterization of 3D printable materials is crucial for successful design 

of microwave circuits that can be fabricated into structures. Loss tangent (tanδ) allows designers 

to balance requirements for low-loss performance with requirements for low-cost rapid 

fabrication and print quality. Dielectric constant is critical because it governs the characteristic 
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impedance of microwave transmission lines in the material which affects reflection loss, it also 

governs coupling between components in a circuit, and affects the bandwidth of the system. 

Broadband characterization captures the frequency-dependent nature of these parameters and 

allows this data to be used in designs at any frequency rather than just a single band of 

frequencies. Broadband material characterization is important for high speed digital signals 

whose frequency spectra are large and frequency dispersion due to varying dielectric constants 

can be an issue. Such data for these materials do not exist and this paper seeks to characterize 

materials printed using fused deposition modeling (FDM) [21] and stereo lithography (SL) [47] 

technologies. These two technologies are the most mature for 3D dielectrics. Future studies can 

determine which materials are suitable for specific applications; however, preliminary results 

show FDM exhibits lower microwave loss but low print resolution and a rough surface finish 

while SL exhibits excellent resolution and a smooth surface finish but has more loss. 

2.1. Overview of Methods 

Many methods exist for the characterization of materials at microwave frequencies [48]–

[69]. The materials are characterized over several frequency bands using different well-

established measurement techniques, I-V capacitance, RF-IV, the Nicholson-Ross-Weir (NRW) 

waveguide method [70]-[74], and a resonant cavity. The methods are outlined in Table 2, 

discussed in the following sections, and the results of these measurements are shown in Table 22 

– Table 25. Many other methods exist in literature [19]; however, these methods were chosen for 

their applicability and availability. 
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Table 2 Measurement methods 

Frequency Method Error in 𝜺𝒓
 Error b in tanδ 

1 MHz, 2 MHz LCR Meter ≤3.7% a 20 – 100% c 

100 MHz – 1 GHz Impedance Analyzer ≤21% a 25 – 300% c 

8.2 – 11 GHz Nicholson-Ross-Weir 

X-Band Waveguide 

≤5.8% b 10 – 300% d 

0.5 – 14 GHz Cavity measurement N/A N/A 

aMaximum estimated error. 
bMaximum standard deviation from sample sets. 
cApproximate range of estimated errors. 
dApproximate range of standard deviations from samples sets. 

2.2. Method 1: LCR Meter, 1 MHz, 2 MHz 

An Agilent E4980A precision LCR meter [75] with an Agilent 16451B dielectric test 

fixture [76] is used to measure materials at 1 MHz and 2 MHz, compliant with ASTM D150 

[77]. This instrument works by using the material under test (MUT) as the dielectric in a 

capacitor and measuring the AC current/voltage (AC I-V) relationship to determine the complex 

impedance which is converted to dielectric constant and loss tangent, using physical dimensions 

and basic equations. 

Z = 𝑅 + 𝑗𝑋  

𝜀𝑟 =
𝑡

2𝜋𝜀0𝑓𝑋𝐶𝐴
  

tan𝛿 =
𝑅

𝑋𝐶
  

The Agilent 16451B dielectric test fixture uses a 4-wire measurement in order to exclude 

cable impedances from the measurement. It is worth drawing a distinction between a typical 4-

point probe setup and the 4-wire measurement. In the case of a 4-point probe, each probe is 
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positioned at a separate location on a sheet under test. In the case of a 4-wire measurement 

system, each pair of wires is terminated coincidentally at the devices under test so that little to no 

current flows over the cables used for voltage measurement (Figure 29). 

 
Figure 29 4-Point probe vs. 4-wire measurement 

The capacitance of the disk will be slightly modified by stray capacitance around the 

edges of the disk and will not be accounted for in the parallel plate capacitor model. This stray 

capacitance is difficult to account for but, if a guarded electrode (Figure 30) is used, no stray 

capacitance will form but rather the newly-introduced capacitance will be accounted for during 

the fixture compensation step. The diameter of test materials should be much greater than the ID 

of the guard electrode and smaller than or equal to 56 mm. In practice, 50 mm works well. 
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Figure 30 Dielectric test fixture with guard 

Measuring the dielectric constant can be prone to error. Many factors, such as 

dimensional inaccuracies, air gaps, humidity, and calibration affect the measurement. Special 

care is taken to minimize as many of these effects as possible. Error analyses are carried out 

when possible in order to estimate the error present as well as to choose ideal sample dimensions 

which would minimize the total error. It should be noted that large standard deviations on the 

order of 100% exist in the measurement of the loss tangent; however, this is predicted by 

estimated errors of approximately the same magnitude. This is due to the high sensitivity in 

measuring low loss materials. 

Estimated error equations are given for the Agilent E4980A Precision LCR Meter and 

Agilent 16451B Dielectric Test Fixture [75]. These equations are implemented in MATLAB so 

that the error may be estimated for any given combination of test conditions. A few interesting 

results of these estimated error equations are presented in plot form in the figures Figure 31 – 

Figure 34. Note that these plots have no relation to the measured data but illustrate the behavior 

of the estimated error using values close to those which are measured. Actual estimated error 

values for the measured data are provided in Table 23 and Table 25. 
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Figure 31  Estimated error in LCR meter measurement vs. sample thickness. 

Solid line: estimated error in dielectric constant, er. Dashed line: estimated error in loss 

tangent. Condition: εr=3.5, tanδ=0.035, f=2 MHz, d=38 mm, Vs=1 V. 

 
Figure 32   Estimated error in LCR meter measurement vs. frequency. 

Solid line: estimated error in dielectric constant, er. Dashed line: estimated error in loss 

tangent. Condition: εr=3.5, tanδ=0.035, d=38 mm, t=3 mm, Vs=1 V. 
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Figure 33  Estimated error in LCR meter measurement vs. loss tangent. 

Solid line: estimated error in dielectric constant, εr. Dashed line: estimated error in loss 

tangent. Red lines indicate approximate measurement range. Condition: εr=3.5, f=1 MHz, d=38 

mm, t=3 mm, Vs=1 V. 

 
Figure 34  Estimated error in LCR meter measurement vs. test signal voltage. 

Solid line: estimated error in dielectric constant, er. Dashed line: estimated error in loss 

tangent. Condition: εr=3.5, tanδ=0.035, f=2 MHz, d=38 mm, t=3 mm 

 

Referring to Figure 31, thicker samples (t = 3 mm) allow for more accurate 
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measurement range at 1 MHz and 2 MHz. Referring to Figure 33, in the range of loss tangent 

values from 0.01 to 0.04 the estimated error will be approximately 20% to 40%. The test signal 

voltage is chosen to be the maximum, 1 V, which optimizes the signal to noise ratio (SNR) of the 

measurement as determined from Figure 34. 

Impedances on the order of 50 Ω – 50 kΩ ohms are preferred for accuracy [75] page B-1. 

Assuming dielectric constants on the order of 1.9 to 3.5, a sample thickness of 3 mm is selected 

so that the measured impedances range from 6.8 kΩ to 25 kΩ ohms from 1 – 2 MHz, thus falling 

within the preferred accuracy range. These values are summarized in Table 3. 

Table 3 Capacitor impedances 

Range er t d C f Z 

High impedance 1.9 3 mm 38 mm 6.36 pF 1 MHz 25.03 kΩ 

Low impedance 3.5 3 mm 38 mm 11.72 pF 2 MHz 6.79 kΩ 

Estimated error equations are given in Agilent equipment documentation [75] and plotted 

against material thickness in Figure 31. Although the sample holder allows for samples up to 10 

mm in thickness and error seems to reduce with increasing sample thickness, a thickness of 3 

mm is selected so as to balance the error of the impedance analyzer which shows increased error 

with increasing sample thickness. Choosing a single sample thickness allows only one set of 

samples to be fabricated. 

2.2.1. Air Gap Compensation in the Use of the LCR Meter, 1 MHz, 2 MHz 

The given equations from the Agilent equipment documentation include inaccuracies 

internal to the equipment due to the cable length, and due to the sample holder geometry. There 

is an additional source of error, the uneven air gap between the sample and electrode. Samples 

cannot be manufactured with perfectly parallel faces resulting in a reduction in overall 

capacitance. In order to characterize this source of error the following model is used. The sample 
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is assumed to have non-parallel faces and the thickness is assumed to be thicker at one side than 

at the other (Figure 35). The effects of the fringe guard are removed via open/short compensation 

on the LCR meter and need not be considered. 

  
Figure 35  Diagram of air gap model for an uneven material sample. 

A numerical summation is used to compute the actual capacitance of the uneven 

capacitor. The capacitor area is broken into Nx by Ny small squares and the capacitance of each 

square Csq is summed to compute the total capacitance. The proper number of squares is 

determined by checking for convergence as shown in Figure 36 and Figure 37. N = 10,000 is 

used. 
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Figure 36 Variation of number of computation cells 

  
Figure 37  Convergence of number of cells 

Condition: εr=3.5, t=3 mm, D=38 mm, gmax=0.15 mm. The inset is a sample model 

when N=64. 

The capacitance contribution of each square is defined as: 

 𝐶𝑠𝑞 = {

𝜀𝑟𝜀0𝐴

𝑡 + 𝜀𝑟𝑔
𝑟 < 𝐷/2

0 𝑟 ≥ 𝐷/2

  

The area of each cell 𝐴 is defined as: 
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 A =
D

𝑁𝑥

D

𝑁𝑦
  

𝑇 is the maximum measured sample thickness and 𝑔𝑚𝑎𝑥 is the maximum gap. The air gap 

at each cell 𝑔(𝑥, 𝑦) and material thickness 𝑡(𝑥, 𝑦) are defined as:  

 𝑔(𝑥, 𝑦) =
𝑥 +

𝐷
2

𝐷
𝑔𝑚𝑎𝑥  

 𝑡(𝑥, 𝑦) = T − 𝑔(𝑥, 𝑦)  

 
Figure 38 Estimated error in LCR meter measurement due to air gap. 

Marker indicates 50 μm air gap. Condition: εr=3.5, t=3 mm, D=38 mm. 

 

Referring to Figure 38, the maximum air gap of the samples fabricated is approximately 

50 μm which adds about 1.68% additional error as compared against a sample without the air 

gap. 
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2.3. Method 2: Impedance Analyzer, 100 MHz – 1 GHz 

An Agilent E4991A-002 impedance analyzer [78] with Agilent 16453A dielectric test 

fixture [79] is used to measure materials from 100 MHz to 1 GHz. This instrument works on a 

similar principle to the LCR meter. However, the computation of capacitance and loss tangent 

from the measured impedance is performed by software internal to the unit, which considers the 

fixture geometry automatically. Unlike the LCR meter, which uses a simple low-frequency 

current-voltage measurement technique, impedance measurement is performed using a 

radiofrequency current-voltage (RF-IV) method [49] p.2-16, [80]. The measurement setup is 

shown in Figure 39. 

 
Figure 39 Dielectric test fixture 

Estimated error equations are given in the Agilent equipment documentation for the 

Aglient E4991A RF impedance-material analyzer and Agilent 16453A dielectric test fixture [79] 

and are rewritten here. 
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Of particular note in Figure 40 is that the error in εr is 80% for frequencies around 10 

MHz and is <20% on the range 100 MHz to 1 GHz. Additionally, the error in the loss tangent is 

so large that the values would be unusable. Thus only the values from 100 MHz to 1 GHz will be 

considered. The LCR meter separately provides more accurate data points at 1 MHz and 2 MHz. 

From Figure 41, the error in εr could be approximately half if the sample thicknesses are 0.4 mm 

vs. the 3 mm thicknesses used. Figure 42 illustrates that in the range of values of loss tangent, 

errors from 20% to 100% are to be expected and are intrinsic to the equipment which is used. 

This error would be less if either material with a larger loss tangent was being measured or a 

resonant method such as a split cylinder cavity was used. 

  
Figure 40  Estimated error in impedance analyzer measurement vs. frequency 

 Solid line: estimated error in dielectric constant, εr. Dashed line: estimated error in loss 

tangent. Condition: εr=2.5, tanδ=(arbitrary), t=3 mm. 
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Figure 41  Estimated error in impedance analyzer measurement vs. sample thickness 

Solid line: estimated error in dielectric constant, er. Dashed line: estimated error in loss 

tangent. Condition: εr=2.5, tanδ=(arbitrary) f=1 GHz. 

  
Figure 42  Estimated error in impedance analyzer measurement vs. loss tangent 

 Solid line: estimated error in dielectric constant, εr. Dashed line: estimated error in loss 

tangent. Thin vertical lines indicate range where actual materials fell. Condition: εr=2.5, f=1 

GHz, t=3 mm. 
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2.4. Method 3: X-band Waveguide, 8.2 – 12.4 GHz 

Material samples are fabricated to fit WR-90 waveguide designed for 8.2 – 12.4 GHz 

(Figure 43). TRL calibration is performed at the waveguide ports using a shorting plate and the 

¼-wave (7.63 mm length) sample holder waveguide section. S-parameter data is taken using an 

Agilent N5245A PNA-X vector network analyzer and the Nicholson-Ross-Weir (NRW) method 

[70]-[74] is applied to extract the dielectric constant and loss tangent (Figure 44 and Figure 45). 

Certain waveguide sizes are readily available, their dimensions and required volume are given in 

Table 4. Samples in the R-band waveguide are not fabricated due to the large quantity of 

material that would be required. Samples in the Ku band are not fabricated due to the close 

dimensional tolerances that would be required. 

Table 4 Waveguide dimensions 

Band Number Frequency Dimensions Volume 

Ku WR 62 12.4 - 18.0 GHz 15.8x7.9x5.08 0.63 mL 

X WR 90 8.2 - 12.4 GHz 22.86x10.16x7.62 1.77 mL 

R WR 430 1.72 - 2.60 GHz 109x54.6x35.6 212 mL 

 
Figure 43 X-band waveguide material measurement samples 
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Figure 44  X-Band waveguide measurement setup  

 
Figure 45 X-band waveguide measurement in progress 

Samples tended to have an approximate dielectric constant of between 1.9 and 3.5. These 

materials are fabricated 7.63 mm thick to match a readily-available ¼ wavelength waveguide 

section. This results in an electrical length of approximately 1/2-wavelength in the frequency 

range from 11 – 12.4 GHz. It is known that when the sample thickness is close to ½-wavelength, 

the measured S-parameter data exhibits a singularity (near 100% transmission and 0% reflection) 

and the material parameters exhibit magnified errors [70][71]. In order to mitigate this effect, 

data in the range of 11-12.4 GHz is omitted from the results 

A good error analysis of the Nicholson-Ross-Weir method is mentioned by Baker-Jarvis 

[70]; however, a simple implementation of this analysis is not available and is not implemented 
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here. Standard deviations of the sample sets are listed in Table 23 and Table 25 for frequencies 

from 8.2 – 11 GHz. 

2.5. Fabrication 

The W.M. Keck Center for 3D Innovation (the Keck Center) at the University of Texas at 

El Paso offers a broad selection of additive manufacturing technologies and materials. Materials 

and technologies are selected for measurement based on availability and estimated suitability for 

microwave device fabrication. 

Fused deposition modeling (FDM) parts are fabricated by the Keck Center using a 

Stratasys, Ltd. FDM Titan and a T16 tip (406 μm) and 254 μm layer thickness. Three of the most 

common FDM-printable materials are printed in the Keck Center: 

 Polycarbonate (PC) from Stratasys, Ltd. 

 Acrylonitrile butadiene styrene (ABS) as Stratasys, Ltd. ABS-M30 

 Stratasys, Ltd. PC-ABS blend 

Stereo lithography (SL) parts are fabricated by Mahesh Tonde using a 3D Systems Viper 

si2, operated in high resolution mode, producing a layer thickness of 50.8 μm using a laser beam 

diameter of 76.2 μm. The following materials are printed at the Keck Center. 

 Prototherm UV-cured 

 Prototherm thermally-cured 

 DSM Somos White 

 Watershed 11122 

 Additional SL materials are provided courtesy of DSM Somos: 

 9120 

 9420 

 DMX-SL 100 

 NanoForm 15120 UV-cured 

 NanoTool UV-cured 

 NeXT 

 Prototherm UV-cured 

 Watershed 11122 
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For capacitor-plate measurement, samples are fabricated as 50 mm × 50 mm × 3 mm 

plates (Figure 46 – Figure 49). Light sand papering and razor blade scraping is performed to 

remove only the largest FDM surface aberrations and SL support marks. For X-band waveguide 

measurement, samples are fabricated slightly oversized and CNC machined to 7.63 mm × 10.06 

mm × 22.60 mm chunks. Each chunk is machined and sanded to fit as precisely as possible in the 

X-band waveguide sample holder in order to minimize air gaps near the waveguide walls. 

 
Figure 46 Low frequency material measurement samples 

 
Figure 47 ProtoTherm, left: UV-cured, right: UV-cured and thermal post-cured 
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Figure 48 Variation in color 

 
Figure 49 Variation in infill percentage 

2.6. Materials Measurement Results 

Measurements of the aforementioned samples is performed using the measurement 

methods discussed. Full data tables are provided in Appendix B and a summary is provided in 

Table 5. An important consideration when choosing a material for RF and microwave circuits is 

the amount of loss that the material introduces. It is determined that materials printed using 

thermoplastics and FDM technology are invariably lower-loss than photopolymer-based (resin- 

or epoxy-based) SL-printed materials. SL offers much higher precision and smoother surface 

finish than FDM which is important in fabricating microwave devices. There are, however, a few 

SL materials which show comparable loss to industry-standard FR-4 printed circuit board 
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material. Thus SL may offer an exciting alternative to FR-4 when the flexibility of 3D devices 

(vs. the planar nature of FR-4) is considered. FDM does offer lower loss in applications which 

are less concerned about resolution and smooth surface finish.  

Material Advantage Technology 
Avg. Dielectric 

Constant 
Loss tangent 

Alumina Not printable Raw 10.8 0.0003 

PTFE Not printable Raw 2.1 0.0003 

ABS Easy to print FDM 2.7 0.007 

Ultem Space-rated, high temp FDM 2.7 0.004 

PC Avail. @ UTEP FDM 2.8 0.007 

NanoTool High temp., higher K SL 3.5 0.011 

Watershed High res. SL 3.2 0.032 

Prototherm High temp. & high res. SL 3.3 0.038 

Table 5 Dielectric data summary 

Certain applications demand a high dielectric constant in order to achieve miniaturization 

in wavelength-dependent structures. For these applications, SL materials may be the better 

option as shown in Table 22. NanoTool and NanoForm incorporate nanoparticles of alumina 

ceramic [35] which are known to have a high dielectric constant and low loss. New materials are 

being developed by adding higher concentrations or different types of ceramic [81][82] to the 

material in order to raise the final dielectric constant while at the same time substituting lossy 

photopolymer for ceramic nanoparticles. The concept of printed and sintered ceramic has been 

shown to be viable [27]-[38],[39]. 

Based on the measurements which are performed, 3D printed materials are viable options 

in future RF and microwave devices. If the dimensional properties of FDM can be tolerated or 

mitigated, it offers great promise. Otherwise, materials such as NanoTool actually offer lower 

loss than industry-standard FR-4. 
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2.7. Method 4: Resonant Cavity Measurement 

Resonant cavity measurement allows for better accuracy than most other methods and 

obtains both dielectric constant and loss tangent at several discrete frequency points. The 

equations governing the cavity are fairly simple; however, numerical methods must be used to 

determine the values to a high level of accuracy. Essentially a resonant mode is set up in the 

cavity reflecting back and forth through the cavity and the material under test (MUT). The empty 

cavity resonant frequencies and cavity loss are first determined then the MUT is loaded. The 

shift in frequency at each resonance and material thickness leads to the dielectric constant and 

the delta in loss and material thickness leads to the loss tangent. Fortunately, ‘Cavity’ computer 

software from Damaskos, Inc. determines the values automatically using a VNA on a GPIB 

interface. Each sample measurement requires about ten minutes and returns data points as shown 

in Table 6 with the actual frequencies determined by the material thickness and dielectric 

constant as well as the cavity dimensions. 

Table 6 Cavity measurement equipment 

Cavity Model Approx. Freq. Range Data Points 

Damaskos, Inc. 

125HC 

0.4 GHz to 5.2 GHz 0.4, 1.2, 2, 2.8, 3.6 GHz 

Damaskos, Inc. 015 4 GHz to 15 GHz 4.4, 6.7, 9.9, 13.3 GHz 

Samples should be 50 mm diameter discs or 50 mm x 50 mm square samples up to 1 mm 

in thickness with a preference towards thinner samples especially for lossy materials such as SL 

resins. Thickness should not be so thin that imperfections in thickness are not on the order of the 

average thickness, but not so thick that too much energy is dissipated in the sample which would 

obscure the determination of the resonant peaks. The measurement setup is shown in Figure 50 

and Figure 51. 
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Figure 50 Cavity measurement, 0.4 to 5.2 GHz 

 
Figure 51 Cavity measurement, 4 to 15 GHz 

Measurements using the resonant cavity are performed on several printed samples of 

ABS printed by the author using an nScrypt, Inc. 3Dn-600 machine and the dielectric constant is 

shown in Figure 52. The infill density is varied from 25% to 100% and several solid samples in 

different colors of ABS are measured. Variation occurs in the data in the transition from the 

125HC cavity to the 015 cavity due to error. 
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Figure 52 Dielectric constant results from cavity 

Several colors of ABS are measured using the resonant cavity. Table 7 describes each 

sample, Figure 53 shows the dielectric constant and Figure 54 shows the loss tangent. In order to 

easily design successful RF and microwave devices and circuits, it is important to characterize 

the specific material which is to be used. Some variations between manufacturers and colors are 

shown here. 
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Table 7 ABS colored samples 

Color Source Machine, Filament, Nozzle, Layer Appearance 

White Stratasys, Ltd. 

ABS 

Stratasys, Ltd. Dimension 

3 layers ×254 µm = 762 µm 

Printed by USF CoE 

Rough, porous fill 

Gray Stratasys, Ltd. 

ABS 

Stratasys, Ltd. Dimension 

3 layers ×254 µm = 762 µm  

Printed by USF CoE 

Rough, porous fill 

Dark green MakerBot 3Dn-600 

1.75 mm filament 

0.4 mm J-Head nozzle 

0.1 mm layers 

8 layers ×100 µm = 800 µm  

Printed by the author 

Smooth, dense 

Lime green UltiMachine 3Dn-600 

1.75 mm filament 

0.35 mm E3D nozzle 

8 layers ×100 µm = 800 µm  

Printed by the author 

Smooth, dense 

Blue UltiMachine 3Dn-600 

1.75 mm filament 

0.25 mm E3D nozzle 

8 layers ×100 µm = 800 µm  

Printed by Sciperio, Inc 

Smooth, dense 

 

  
Figure 53 ABS dielectric constant vs. color 
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Figure 54 ABS loss tangent vs. color 

As the infill density is adjusted from 0 % (air) to 100% (solid) the dielectric constant and 

loss tangent are seen to vary as shown in Figure 55. Variable infill density has long given 

mechanical designs the opportunity in 3D printing to save weight, material cost, and machine 

time while maintaining a configurable amount of strength. Now, it is shown that varying the 

infill density allows RF and microwave designers the opportunity to select a specific dielectric 

constant for a bulk material. 

 
Figure 55 Measurement of 3D printed ABS with varied infill density 
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2.7.1. Effective Medium Theory 

Effective medium theory seeks to describe the overall properties of a multi-component 

material based on the properties of its constituent materials. Several effective medium theory 

approximation equations are used to compare measured data against, see Table 8. Material ‘1’ is 

considered to be the printed ABS which is not fully dense allowing air (material ‘2’) to exist 

within the sample. 

Table 8 Effective medium theory variables 

Symbol Material 

𝑓 Filling fraction 

𝜀𝑟1 ABS 

𝜀𝑟2 Air 

𝜀𝑚𝑖𝑛, 𝜀𝑚𝑎𝑥 Wiener Bounds 

𝜀𝑀 Maxwell 

𝜀𝑀𝐺  Maxwell-Garnett / Clausius-Mossotti 

𝜀𝐵 Symmetric Bruggeman 

𝜀𝐴𝐵𝐺 Asymmetric Bruggeman 

𝜀𝐿 Looyenga 

In order to generate the machine instructions for each sample with a different infill 

percentage the slicing program (Slic3r) is programmed accordingly. However, due to extrusion 

tolerances the actual infill percentage realized varies significantly. Factors which contribute to 

this are extrusion temperature and speed, printing speed, liquid polymer rheology, dispensing 

height and width, and backpressure due to the quantity of material already deposited on the 

surface. Most of these are calibrated out but some variation remains. In order to accurately 

account for these phenomena, the samples are measured using calipers and weighed on a balance 

to determine the exact amount of material present in each sample. Table 9 shows the results of 

this process. Figure 56 shows the effective dielectric constant and loss tangent against several 

effective medium approximations which are individually derived later. 
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Table 9 Infill calculations 

Design Infill 

Density (%) 

Actual Infill 

Density (%) 

Volume (mL) Weight (g) Measured 

dielectric constant 

Air 0% 0 0 1.000 

25% 34% 1.949 0.6635 1.359 

40% 48% 1.955 0.9463 1.565 

50% 58% 1.962 1.1387 1.782 

60% 70% 1.880 1.3069 1.909 

75% 90% 1.718 1.5465 2.182 

100% 100% 1.969 1.9550 2.450 

 

 
Figure 56 Effective medium theory and measured data 
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Chapter 3: Transmission Lines 

It has been demonstrated that the loss tangent of printed materials is acceptable for their 

incorporation in RF/microwave designs [91],[92],[93]. In general, fused deposition modeling 

(FDM) can utilize materials with low microwave loss but produces poor print resolution and a 

rough surface finish, while stereolithography (SL) exhibits excellent resolution and a smooth 

surface finish but the materials have more loss. No other known work has been done to date 

which uses thick film silver paste and 3D printed SL material in a microwave application. 

Modern electronics rely heavily on wireless technology and any new electronics 

fabrication technology such as 3D printing must handle microwave electronics. Transmission 

lines are the building blocks of microwave circuits [94]-[126]. This study [1] models and 

measures the performance of SL and a conductive thick film paste at DC and microwave 

frequencies in a microstrip structure. Basic transmission line parameters such as characteristic 

impedance, effective dielectric constant, dielectric loss, and conductor loss are modeled and 

measured for a variety of materials and techniques at frequencies up to 10 GHz. Microstrip and 

stripline transmission lines fabricated using 3D printing equipment are comparable in 

performance to similar transmission lines fabricated using traditional methods, but using less 

expensive materials. The SL resin ProtoTherm is seen to have a loss tangent of 0.03 and the 

conductive paste is seen to have an RF resistivity of 500 µΩ•cm. Although these values are 

higher than conventional microwave circuit materials, 3D printing brings extreme flexibility in 

design [127] and circuit layout which cannot be realized in a planar stack-up and it is these 

avenues for improvement which should bring 3D printing to microwave circuit design. 

Four different microstrip transmission line samples are fabricated: printed paste on 

printed substrate, copper tape on printed substrate, copper foil on standard RF board material and 



55 

 

printed paste on a standard RF board material (Figure 59 – Figure 62) [128]. An additional set of 

ten printed squares are fabricated in order to measure DC resistivity. 

Finally, the surface finish of FDM is improved sufficiently to allow its use in microwave 

transmission lines. A machine is constructed which allows deposition of both thick film silver 

paste and ABS plastic and a stripline structure is fabricated on this one machine resulting in a 

measured loss tangent of 0.012 and RF resistivity of 44 µΩ•cm. 

3.1. Stereolithography 

SL parts are fabricated by Keck Center technicians using a 3D Systems Viper si2, 

operated in high resolution mode, producing a layer thickness of 50.8 μm using a laser beam 

diameter of 76.2 μm. Samples are printed on top of a 125 μm sheet of polycarbonate in order to 

eliminate support marks and to preserve a high quality bottom surface. Sample dimensions are 

50 mm long by 30 mm wide by 0.8 mm thick. A convergence model is made in the appendix 

which validates that the substrate width is adequate. The Viper si2 uses a 354.7 nm laser. Table 

10 shows a material study of several types of SL material. 
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Table 10 Material study 

Material Tg tan δ @ 1 GHz 

9120 Epoxy N/A 0.0402 

9420 EP White 41 °C 0.0406 

DMX-SL 100 37 °C N/A 

NeXT 43-47 °C 0.0274 

Prototherm 12120 UV 74 °C 0.0205 

Prototherm 12120 Th 111 °C 0.0333 

NanoForm 15120 UV 39 °C 0.0225 

NanoForm 15120 Th 80 °C N/A 

NanoTool 86 - 89 °C 0.0122 

Watershed 11122 39 - 46 °C 0.0253 

White 14120 44 °C 0.0265 

 

DSM Somos ProtoTherm 12120 resin with thermal post-cure is used for its higher 

temperature capability among SL-compatible resins (111 °C glass transition temperature). The 

thermal post-curing process which is used is given here: 

1. Clean with TPM. 

2. Bake at 60 °C for 1 hour. 

3. UV cure for 30 minutes per side. 

4. Ramp to 160 °C at 1 °C/min. 

5. Bake at 160 °C for 2 hours. 

6. Ramp down to 25 °C at 1 °C/min. 

7. Remove from polycarbonate sheet. 

The higher glass transition temperature allows printed conductors to be cured more 

thoroughly thus reducing the bulk resistivity. Typical resins such as DSM Somos WaterShed 

have a glass transition temperature of only 41 °C and are used more commonly for their optical 

transparency or lower cost. 

3.2. Direct Print Additive Manufacturing 

Silver paste is used in microwave circuits currently and some related literature is 

available [195],[128]-[139]. An nScrypt, Inc. 3Dn-Tabletop direct print machine is used to apply 

DuPont CB028 thick film silver paste onto the printed substrates (Figure 57). On ProtoTherm, 
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the paste layers are 41 μm thick and the signal traces are 1.84 mm wide. On Rogers RT/Duroid 

5870 the paste layers are 27 μm thick and the signal traces are 2.15 mm wide. Curing is 

performed at 100 °C. One sample is prepared by applying 3M 1181 HD copper tape (“1-ounce” 

26 μm dead-soft annealed copper on 40 μm conductive backing) onto ProtoTherm (Figure 60) 

which has a final measured thickness of 68 μm including the annealed copper and the conductive 

adhesive. An additional set of samples of DuPont CB028 is printed using an nScrypt, Inc. 3Dn-

600 HPx with dimensions 8 mm x 8 mm x 10 μm on polyamide substrates. The samples are 

cured at various temperatures and the DC sheet resistivity is measured. 

 
Figure 57 nScrypt, Inc. 3Dn-tabletop printing 

3.3. Comparison Sample Preparation 

Comparison samples are fabricated on Rogers RT/Duroid 5870 high frequency laminate 

that are 50 mm long by 30 mm wide by 0.762 mm thick (Figure 58). Standard “1/2-ounce” 

copper cladding is used which is 17 μm thick and measured to be 19 μm thick. Masking and 

FeCl etching is performed to pattern the signal trace and SMA pads on the top surface while 

retaining a solid ground plane on the bottom (Figure 61). An additional sample is prepared by 

etching off all of the copper cladding and printing thick film silver paste (Figure 62). 
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Figure 58 SL and copper-clad Rogers 5870 

 
Figure 59 CB028 on ProtoTherm 

 
Figure 60 Copper on ProtoTherm 
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Figure 61 Copper on Rogers 5870 

 
Figure 62 CB028 on Rogers 5870  

GigaLane PSF-S01-008 SMA launches, specified up to 26.5 GHz, are either soldered (in 

the case of Cu conductors) or glued using EPO-TEK H20e conductive epoxy (in the case of 

printed conductors) (Figure 63). A pattern of twelve 457 μm-diameter vias beneath each arm of 

the SMA connector are provided. 
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Figure 63 SMA launch to CB028 paste 

3.4. Modeling 

Modeling of these microstrips proceeds in two ways, final parameter comparison and 

parameter back-calculation. Final parameter comparison involves modeling the entire device in a 

full wave simulator and adjusting the model until the S-parameters match the measured values 

closely. This is the easiest and most commonly-used method. Parameter back-calculation is less 

commonly used but offers insight into devices comprised of multiple unknown materials. See 

Appendix A – Appendix M for details. Connector removal is important in back-calculation [140] 

thus ANSYS HFSS is used to model the SMA connector to microstrip transition for the purpose 

of connector removal in the MATLAB analysis and to model the overall performance of the 

microstrip lines. Parameter extraction equations are implemented in MATLAB R2013a to 

process the microstrip data which are gathered by the VNA or produced by HFSS. The HFSS 

model of the SMA connector to microstrip transition is represented as T-parameters, and matrix 

division is used to effectively remove the effects of the transitions from the measured data 

(Figure 63 and Figure 64). 
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Figure 64 HFSS Model 

The Nicholson-Ross-Weir method [70]-[74] is used to obtain propagation coefficient (P) 

from measured S-parameters. Equations 1-5 are used. Variables are described in Table 11. 

 𝜒 =
𝑆11

2 − 𝑆21
2 + 1

2𝑆11
  

 Γ = 𝜒 ± √𝜒2 − 1  

 𝑃 =
𝑆11 + 𝑆21 − Γ

1 − (𝑆11 + 𝑆21)Γ
  

 𝑍𝑐 = 𝑍0
1 + Γ

1 − Γ
  

 𝛾 = −
1

𝑙
(𝑙𝑛𝑃 + 𝑖[∠𝑃 − 2𝜋𝑁]) 𝑁 ∈ ℕ  

Branching occurs in the solution of the propagation constant, thus the correct value of N 

can be observed graphically by requiring that the y-intercept of the wave number vs. frequency 

must be zero. According to Weir, the integer term 𝑁 is understood to be the integer number of 
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wavelengths residing in the sample of thickness 𝑙 in the rectangular waveguide. In order to 

determine N, a guess is made at the effective index of refraction, 𝑛𝑔𝑢𝑒𝑠𝑠. 

 𝑁 = 𝑅𝑜𝑢𝑛𝑑 (
𝑛𝑔𝑢𝑒𝑠𝑠𝑓𝑙

𝑐0
)  

 𝛾 = 𝛼𝑇 + 𝑗
2𝜋𝑓√𝜀𝑒

𝑐0
  

The propagation coefficient yields both overall transmission line loss and effective 

permittivity. Nonlinear regression is used to determine the coefficients A and B in order to 

separate the dielectric loss and conductor loss. All of the variables used in this derivation are 

listed in Table 11. 

 𝛼𝑇 = 𝛼𝑑 + 𝛼𝑐 = 𝐴𝑓 + 𝐵√𝑓  

The loss tangent follows equation 1 [141]. 

 𝑡𝑎𝑛𝛿 =
1

27.3
𝛼𝑑𝜆0

(𝜀𝑟 − 1)

𝜀𝑟

√𝜀𝑒

𝜀𝑒 − 1
  

Sheet resistivity is determined according [110]. Note that for compactness of notation, 

𝑟 = (
𝑤

ℎ
)
𝑒𝑓𝑓

. th is the conductor thickness, width is the signal trace width, h is the substrate 

height. 

 𝑟 =

{
 
 

 
 
𝑤

ℎ
+ 1.25

𝑡ℎ

𝜋ℎ
(1 + 𝑙𝑛 (

4𝜋𝑤

𝑡ℎ
)) (

𝑤

ℎ
) ≤ 0

𝑤

ℎ
+ 1.25

𝑡ℎ

𝜋ℎ
(1 + 𝑙𝑛 (

2ℎ

𝑡ℎ
)) (

𝑤

ℎ
) > 0
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 𝐵 = {
ℎ (

𝑤

ℎ
) ≥

1

2𝜋

2𝜋𝑤 (
𝑤

ℎ
) <

1

2𝜋

  

 𝐴 = 1 +
1

𝑟
(1 +

1

𝜋
𝑙𝑛 (

2𝐵

𝑡ℎ
))  

 𝑅𝑠 =

{
 
 

 
 𝛼𝑐ℎ𝑍𝐶

1.38 × 𝐴
(
32 + 𝑟2

32 − 𝑟2
) (

𝑤

ℎ
) ≤ 1

𝛼𝑐ℎ𝜀𝑒𝐴

6.1 × 10−5𝑍𝑐
(𝑟 +

0.667𝑟

1.444 + 𝑟
)
−1

(
𝑤

ℎ
) > 1

  

Resistivity follows: 

 𝜌 =
𝑅𝑠

2

𝜋𝑓𝜇0
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Table 11 Mathematical variables 

Variable Description 

𝑓 Frequency 

𝜆0 Free space wavelength 

𝑐0 Speed of light 

𝑆11, 𝑆21 S-parameters 

𝑙 Transmission line length 

𝑤 Signal trace width 

ℎ Substrate height 

𝑡ℎ Signal trace metal thickness 

𝑍𝐶  Characteristic impedance of transmission line 

𝑍0 Reference impedance 

𝑁 Integer  

𝑃 Single interface propagation coefficient 

Γ Single interface reflection coefficient 

𝛼𝑇 Total loss 

𝛼𝑑 Dielectric loss 

𝛼𝑐 Conductor loss 

𝑡𝑎𝑛𝛿 Loss tangent 

𝜌 Resistivity 

𝑅𝑠 Sheet resistivity 

𝑗 √−1 

𝛾 Propagation coefficient 

𝜀𝑒 Effective permittivity in a transmission line 

𝜀𝑟 Dielectric constant or permittivity of a material 

3.5. Error Mitigation 

Measuring transmission lines using a VNA is prone to error. Many factors, such as 

dimensional inaccuracies, humidity (these materials are hygroscopic), minor connector 

attachment differences, and VNA calibration, affect the measurement. Special care is taken to 

minimize as many of these effects as possible. Measurements are performed at 25 ± 2 °C and 40 

± 10 %RH. 

Errors in the computation of characteristic impedance occur when the electrical length of 

the line is a multiple of ½ wavelength. These errors are well-documented [71] and various 

methods exist to correct them. In this work the errors in characteristic impedance and loss 
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coefficient are minimized by using a linear interpolation to fill in the regions of high uncertainty, 

when the phase of the measured S21 is {0, 90, 180, 270} ± 30 °. 

3.6. Resistivity Measurement 

Accurate resistivity measurements are crucial in selecting and developing the best 

materials for 3D printing. Details are provided in Appendix N which allow easy conversion 

between the sometimes confusing units of resistivity and conductivity. Two primary types of 

resistivity measurement are available: direct linear four-point probe and four-point van der Pauw. 

In the first method, a simple linear four-point contact system is used where current is induced in 

the line through the outer two connections and the voltage drop is measured using the accurately 

spaced inner connections as shown in Figure 65. 

 
Figure 65 Resistivity measurement 

3.7. Low Current Resistivity Measurement 

The DC resistivity of inks has been measured previously [142]-[144]. The resistivity of 

the conductive paste is measured using the van der Pauw method. Samples are fabricated of a 

uniform thickness across an 8 mm x 8 mm square area as shown in Figure 66. Probes are 

attached at the corners of the sample and the current and voltage orientations are rearranged and 

the results averaged in order to remove additional error sources from the wiring. An Ecopia 
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HMS-5000 Hall Effect Measuring System is used with the SPCB-00 measurement head at a 

temperature of 25 °C. The hall effect [144] measurement option is not used since the samples are 

good conductors and not semiconductors. The current delivered is 15 mA. 

 
Figure 66 Van der Pauw Measurement Samples 

The van der Pauw method [144]-[147] works as follows. At least two measurements are 

made by inducing current across terminals A and B and the voltage is measured across terminals 

C and D then the measurement is rotated 90 degrees and the current is induced across terminals 

B and C and the voltage is measured across terminals A and D. The conductor thickness ‘d’ must 

be measured and the material resistivity is computed using an iterative numerical method since 

the van der Pauw equation cannot be solved directly. 

 𝑅𝐴𝐵,𝐶𝐷 =
𝑉𝐶𝐷
𝐼𝐴𝐵

  

 𝑅𝐵𝐶,𝐴𝐷 =
𝑉𝐴𝐷
𝐼𝐵𝐶

  

 𝑒
−(𝜋

𝑑+𝑅𝐴𝐵,𝐶𝐷
𝜌

)
+ 𝑒

−(𝜋
𝑑+𝑅𝐵𝐶,𝐴𝐷

𝜌
)
= 1  

The actual thickness is measured using an AlphaStep IQ surface profiler (profilometer) 

and is used to compute resistivity, shown in Figure 67. Data sheet minimum and maximum 
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values are included in the figure along with the value for copper. It can be seen from the data that 

CB028 achieves a low resistivity, close it its minimum value at a cure temperature of just 

100 °C. One alternative considered for use is ohmic curing of the conductor [148]. This method 

involves inducing a current in the conductor thus dissipating enough power sufficient to achieve 

a temperature for curing. The amount of current required for the width and height of the printed 

line precluded the use of this method. 

 
Figure 67 CB028 resistivity vs. cure temperature 

An AlphaStep IQ surface profiler (profilometer) is used to measure the transmission line 

cross section and MATLAB is used to mathematically approximate the line width and height. 

The final data is shown in Table 12. The data from the profilometer have two primary 

shortcomings, tilt and bow. Tilt is caused by imprecisely aligned x-stage and is easily 
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compensated for in the AlphaStep software. Bow is caused by imprecisely aligned scan 

mechanisms and is compensated for using a circular arc offset applied at all points. It is desirable 

to determine the approximate width and height of the transmission line for modeling. A 106-point 

histogram is generated from the profile data. Two peaks stand out, one at the lower end and one 

at the higher end. The maximum of each peak gives the average height of the line and height of 

the substrate. The derivative 
𝑑ℎ

𝑑𝑤
 (h=height, w=width) is taken at every point and processed using 

a 41-point moving average. The maximum and minimum of this dataset give the locations of the 

left and right edges of the width of the transmission line. These values are shown in Figure 68 – 

Figure 73 in red vertical lines. 

 
Figure 68 Profilometry data of Copper on Rogers 5870 

 
Figure 69 Profilometry data of CB028 on Rogers 5870 
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Figure 70 Profilometry data of Copper on ProtoTherm 

 
Figure 71 Profilometry data of Copper on ProtoTherm, Axis to Scale, Substrate Shown 

 
Figure 72 Profilometry data of CB028 on ProtoTherm 
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Figure 73 Profilometry data of CB028 on ProtoTherm, Axis to Scale, Substrate Shown 

The copper cladding appears expectedly smooth and with sharp edges. Both CB028 

samples have characteristic sloped edges and rough surfaces due to the direct print process. The 

copper tape appears to have a bow-top which may be explained by the compressibility of the 

adhesive material combined with the manner of application (compression using the back of a 

fingernail). The actual values which are measured and used in the models are shown in Table 12. 

Table 12 Profilometer measurements 

Sample Dimensions Design 

Cu on Rogers 5870 2.17 mm x 19.66 µm 2.2 mm x 17 µm 

CB028 on Rogers 5870 2.15 mm x 27.19 µm 2.2 mm x 25 µm 

Cu on ProtoTherm 1.74 mm x 67.85 µm 1.75 mm x 66 μm 

CB028 on ProtoTherm 1.84 mm x 40.91 µm 1.75 mm x 25 µm 

3.8. High Current Resistivity Measurement  

The Ecopia measurement unit is designed for low conductivity on-die measurements and 

uses a maximum of only 15 milliamps of current which leads to extremely low voltages across 

the sample which are difficult to measure accurately. In order to improve the signal to noise ratio 

of these high conductivity, low resistivity measurements, an Agilent E3644A 0-8V, 0-8A DC 

power supply and Agilent 34401A 6-1/2 digit multimeter are used in conjunction to induce 

1.5 amps of current thus allowing voltages 100 times larger to be measured. Due to the good 

conductivity and thickness of the material under test (CB028), the power dissipated in the part is 
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low while offering excellent measurement values. Figure 74 shows the material probing setup. 

Several samples are measured in order to establish the measurement variability and the data is 

shown in Figure 75. 

 
Figure 74 Measurement setup 

 
Figure 75 High current measurement results 

In order to determine the actual printed conductor thickness, the Keyence brand laser 

scanners provided on nScrypt, Inc. printing machines are used. Several models are available on 
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nScrypt, Inc. equipment and their performance specifications are shown in Table 13. Due to 

availability limitations, the LK-082 is used and a sample data set are shown in Figure 76. 

Table 13 Available Keyence laser scanners 

Keyence Spot size (um) Range (mm) Z Repeatability (um) Power (mW) 

LK-082 70 18 0.1 0.95 

LK-G82 70 30 0.2 0.95 

LK-H052 50 20 0.025 0.95 

LK-V7080 48 28.5 0.5 4.8 

 

 
Figure 76 LK-082 Measurement of the thickness of printed CB028 material 

Paste printed on rough surfaces exhibits higher effective resistivity than that printed on 

smooth surfaces due to the undulating surface lengthening the electrical path between electrodes. 

This effect is measured by printing two identical amounts of CB028 onto DuPont Kapton 

(smooth, 125 µm thick commercially-purchased sheet) and ULTEM (commercially 3D printed) 

substrates. Printing work was performed by Sam LeBlanc. Several samples are measured and the 

difference between substrates in material resistivity are shown in Figure 77. Also shown are the 

min and max datasheet values for resistivity. 
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Figure 77 Resistivity measurement on smooth Kapton vs. rough ULTEM surfaces 

Resistivity varies with temperature by the resistance temperature coefficient of the 

material (α) and the amount of thermal curing applied. Figure 78 shows these effects. The 

material is printed at 25 °C and cured at only 120 °C by mistake as shown in the lighter-colored 

traces. It is interesting to note the value of the conductivity after partial curing. Curing is 

completed at 160 °C which lowers the resistivity to the expected and reproducible value. As the 

temperature is adjusted up and down from -40 °C to 160 °C the slope of the resistivity trace 

gives the resistance temperature coefficient referenced to 0 °C as shown in Table 14. Also shown 

are approximate values for bulk copper and silver. 

 



74 

 

 
Figure 78 Resistivity of CB028 vs. ambient temperature 

Table 14 Resistance coefficient of temperature 

Sample Value 

Sample 101 0.003108 

Sample 102 0.003215 

Copper and Silver (approx.) 0.0038 

3.9. Electromagnetic Measurement 

An HP 8720ES 20 GHz vector network analyzer (VNA) is used with 4-point time domain 

averaging and a 200 ms read time for S-parameter characterization [149]. Full two-port SOLT 

calibration is performed using an Agilent 85033D 3.5 mm calibration kit. Cascade Microtech 

WinCal software is used save the data to .s2p files. Figure 79 – Figure 82 show the measured S-

parameters (thick lines) and HFSS model data (thin lines). 
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 “0 dB” line 

 “-10 dB” line 

 

Figure 79 S-parameter data of copper on Rogers 5870 
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Figure 80 S-parameter data of CB028 on Rogers 5870 
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Figure 81 S-parameter data of copper on ProtoTherm 
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 s11 and s21 measured 

 s11 and s21 HFSS model 

 “0 dB” line 

 “-10 dB” line 

 

Figure 82 S-parameter data of CB028 on ProtoTherm 

The results of the parameter extractions are shown in Figure 83 for the sample of CB028 

on ProtoTherm and Figure 84 for the other material stack-ups. For comparison, CB028 cured at 

100 °C has a resistivity of 40 µΩ•cm. At gigahertz frequencies, it is seen to be around 

500 µΩ•cm. The higher resistivity of CB028 may be accounted for by considering the structure 

of the silver flake, surface roughness of ProtoTherm, or by the quantity of silver flake, near the 

surface where most of the RF current flows. DuPont CB028 paste works by deposition in a 

polymer carrier which is subsequently cured at a relatively low temperature to drive off solvents 

and cause shrinkage and tightening of the flakes to form a highly conductive material. This 

process may affects the RF conductivity differently than if the material is a solid metal as in the 

case of copper. According to [91] the properties of ProtoTherm are around εr = 3 and tanδ = 0.03 

which match well with the measurements of the microstrip structure. 
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Legend:  Measured,  Model 

Figure 83 Back-solved parameters of CB028 on ProtoTherm 

 

 Cu on Rogers  CB028 on Rogers Cu on P.T.  CB028 on P.T. 

Figure 84 Loss comparison between material stack-up types 

3.10. Suspended Microstrip 

Transmission line design is governed as much by performance as by manufacturing 

technology. Waveguide allows the lowest loss possible but is bulky and difficult to manufacture. 

Coax is flexible but it is difficult to build a circuit containing components using coax. Coplanar 

waveguide keeps the field tight but requires precision manufacturing of the gap width in order to 

control line impedance. Stripline keeps fields tight but requires multi-layer manufacturing. 
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Microstrip requires less precision but since more of the field intensity is contained within the 

substrate, it suffers from higher loss. Also due to the air-dielectric interface, additional unwanted 

modes can be introduced on the line. 3D printing is revolutionizing manufacturing and allowing 

increased freedom of design in many areas, including microwave circuit fabrication. 

Many variations on the traditional microstrip transmission line are available. One idea 

that is explored here is suspended microstrip [150]-[179] . The device is fabricated using 

stereolithography for its high resolution capabilities as well as the ability to create overhangs. It 

may be possible to fabricate this type of structure using FDM if the system is tuned specially for 

overhangs. Figure 85 shows a typical microstrip structure. Part of the field is contained in the 

substrate between the signal trace and the ground on the bottom, and part is allowed to exist in 

the air above the signal trace. The signal propagates in a quasi-TEM mode under ideal conditions 

but the wave can propagate at different phase velocities. Higher-order modes can be induced on 

the line by manufacturing imperfections at the launches which compromise performance. Figure 

85 shows a standard microstrip structure as modeled in Ansoft Q2D extractor with these 

parameters: h=0.8 mm, w=1.75 mm, tanδ=0.04, att=5.48 Np/m @ 10GHz. 

Table 15 Color key for following figures 

Color Material 

Red or Green Dielectric 

Gold / Yellow Signal Trace 

Silver / Gray Ground / Return Path 

White Air 

Blue line Vertical axis 
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Figure 85 Standard microstrip 

A hypothetical (non-manufactural) microstrip with uniform dielectric which is also 

lossless is one formed only in air since dielectric losses are near zero. Since only one dielectric 

constant is involved and the phase velocity on the line is fixed, the maximum frequency is 

determined only by the height and width of the microstrip. Field containment and managing 

impedance are drawbacks. Figure 86 shows the model with parameters h=3 mm, w=1.75 mm, 

tanδ=0, att=0. 

 
Figure 86 Microstrip in air 

Supporting the signal trace allows the structure to be fabricated; this is called suspended 

microstrip. It is proposed to hold up the signal trace by rows of support columns. These support 

columns can be omitted for 2D simulations; see the appendix for a verification of this 

assumption. Figure 87 shows a suspended microstrip with dielectric parameters h=0.15 mm, 

w=1.75 mm, tanδ=0.04, air gap h=0.5 mm, and substrate width=10 mm. The characteristic 

impedance is found to be 75.3 Ω and the loss is 0.6 Np/m @ 10 GHz. A microstrip with similar 

dimensions would have an impedance of 50 Ω and loss of 5.48 Np/m @ 10 GHz. It is clear from 

these models that a savings of 9 times in dielectric loss is possible with suspended microstrip. 
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Figure 87 Suspended microstrip model 

The suspended microstrip is modeled using MATLAB, ANSYS Designer, ANSYS Q2D, 

and ANSYS HFSS (see the appendix). An improvement of more than 3 Np/m is observed by 

adding 1 mm of air within a 1.6 mm microstrip. According to the HFSS model, the loss increases 

by 0.05 Np/m when the poles are introduced. To ease the manufacturing tolerances, the poles can 

be made larger without increasing the dielectric loss significantly. This will benefit future 

manufacturing using less accurate technologies such as FDM. Additionally, it is evident that the 

poles may be omitted allowing the use of Q2D to model the device. The use of Q2D speeds up 

the simulation time from many minutes to a few seconds. 

Modeling a longer substrate in HFSS improves the loss measurement significantly; see 

Appendix O. The S-parameter data for the same measurement setup are shown in Figure 88 (50 

mm length) and Figure 89 (100 mm length). 
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Figure 88 Suspended microstrip, 50 mm length, 13 poles 

 
Figure 89 Suspended microstrip, 100 mm length, 27 poles 

The solid microstrip h=1.6, w=1.75 has a characteristic impedance around 80 ohms and 

with 1 mm of air within the substrate, the impedance rises to around 110 ohms. In order to bring 
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the impedance back down to 50 ohms, the height must be reduced so the width must be 

increased. Due to current manufacturing tolerances (0.3 mm on top and bottom) the height 

cannot be reduced and the width must be increased. Unfortunately, to achieve 50 ohms, the width 

must be around 6.25 mm and these dimensions lead to a mode-free maximum frequency less 

than 1 GHz. It is proposed that once the manufacturing tolerances of 3D printing improve (i.e. 

smaller structures can be fabricated), this method will be more useful at high frequencies. 

The design is realized using stereolithography. Parts are fabricated by Keck Center 

technicians using a 3D Systems Viper si2 operated in high resolution mode producing a layer 

thickness of 50.8 μm using a laser beam diameter of 76.2 μm. Samples are printed on top of a 

125 μm sheet of polycarbonate in order to eliminate support marks and preserve a high quality 

bottom surface. DSM Somos WaterShed XC 11122 is used for its higher resolution capability in 

the manufacture of the suspended microstrips; however, this comes at the cost of a lower glass 

transition temperature (41 °C) than other SL resins. A series of four design iterations are 

conducted and the minimum manufacturing limitations are determined to be those shown in 

Table 16. The printed parts are shown in Figure 91 - Figure 93. 
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Table 16 DSM Somos watershed manufacturing minimums 

Dimension Value 

Beam diameter 76.2 μm 

Layer height 50.8 μm 

Round vertical pole diameter 200 μm 

Vertical pole height, max > 1 mm 

Vertical pole height, min 200 μm 

Bottom horizontal layer thickness, min 300 μm 

Suspended horizontal layer thickness, min 250 μm 

 
Figure 90 3D printed suspended microstrip before metalization 

 
Figure 91 3D printed suspended microstrip, close-up 
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Figure 92 3D printed suspended microstrip termination 

 
Figure 93 3D printed suspended microstrip, completed 

The suspended microstrip is modeled using Ansoft Q2D and the S-parameter data 

matches well as shown in Figure 94. The black trace indicates measured data and the red trace 

indicates model data. Performance is good up to about 8 GHz which is higher than predicted 

using microstrip mode estimation calculations. 

 
Figure 94 Suspended microstrip S-parameter data 

Extremely low losses are demonstrated. The loss of the 3D printed suspended microstrip 

is actually lower than that of a copper on FR4 comparison sample even considering the use of 

printed silver paste vs. bulk copper. This is due to the extremely low dielectric loss of the 



85 

 

suspended structure outweighing the lossy CB028. Figure 95 shows the measured loss data in 

black and model data in red. It is hypothesized that the oscillations in the loss measurement are 

due to mismatch losses at the connectors. 

 
Figure 95 Suspended microstrip loss data 

3.11. Stripline 

Improvements by the author in fused deposition parameter tuning now allow smoother 

surfaces and greater infill density than were previously possible. Commercially fabricated (eg. 

Stratasys, Ltd. Dimension) machines tend to have rough top surfaces making conductive paste 

printing difficult and tend to exhibit less than 100% infill which introduces porosity and top-to-

bottom shorts. These improvements are first used in the curved inverted-F antenna described in 

chapter 4 but the dispensing of conductive paste and printing of ABS are performed on two 

different machines and although printing is performed on a curved surface, only a two-layer print 

is realized.  Here a six-layer print (Figure 96) is realized on one machine while also showcasing 

the RF/microwave abilities of 3D printing by fabricating a stripline [150]. 
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Figure 96 Stripline model 

First, the dielectric constant and loss tangent (approx. 2.6 and 0.007) are measured 

(Figure 97) using the cavity measurement systems described in chapter 2 on a 50 x 50 x 0.8 mm 

lime green colored ABS measurement sample which is printed using the same parameters as the 

actual stripline samples. 

 
Figure 97 Dielectric measurement results of ABS used in stripline 

The printing process begins with a heat-controlled aluminum surface set to 90 °C. 

Adhesive polyethylene terephthalate (PET tape) is adhered to the surface. A SmartPump loaded 
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with CB028 is manually switched with the fused deposition pump in order to form each layer of 

the part. The CB028 was allowed to instantly and automatically cure on the hot bed but a one 

hour post cure in the oven at 90 °C is also used to ensure maximum silver conductivity. 

Significant clogging and thickening of the CB028 is observed even though the SmartPump and 

material are unloaded between conductive layers. This problem is solved when printing the 

flashing heart design with the water cooled SmartPump described in chapter 1. Twelve samples 

are fabricated. Six were accidentally baked in the oven at 120 °C which warped the ABS 

substrate. Of the remaining six, three are of excellent quality and produce smooth S-parameter 

data. The data shown here is from the best sample. The printing steps are shown in Table 17. 
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Table 17 Fully 3D printed stripline on one machine 

Substrate  

 

Bottom ground 

  

Bottom dielectric 

  

Strip 

  

Top dielectric 

  

Top ground 

  

The printing process is completed by adding grounding “straps” formed using H20e 

conductive epoxy on the sides connecting the top ground to the bottom ground. The device is 
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probed using Pico probes with a pitch of 1850 µm. The measurement setup CAD design and 

actual setup are shown in Figure 98 and Figure 99. 

  
Figure 98 Measurement setup (modeled and photographed) 

 
Figure 99 Measurement using pico probes 

The width of the printed stripline is verified using a camera-equipped microscope. The 

actual width of the strip is found to be 0.85 mm. The thickness of the stripline is observed by 

slicing the stripline and scanning the cross section using an SEM; however, it is difficult to 

observe the stripline when sputter-coated with gold and charge-up magnifies the appearance of 

the strip. Laser scan measurements are more trusted and read the thickness of the printed stripline 

to be approx. 25 µm but the SEM photos (Figure 100) show a lighter area about 90 µm thick. 
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Figure 100 SEM photos of the cross-section of fully 3D printed stripline 

Measurements are made using an Agilent 8720 ES network analyzer (Figure 101) and 

parameters are back-calculated as described previously. Based on the measured strip width and 

dielectric height, the stripline impedance is calculated to be 39 Ω which matches well to the 

back-solved value (Figure 102). The resonant cavity measurement of dielectric constant 2.7 

matches well as shown in Figure 103. 

  
Figure 101 S-parameter measurement 
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Figure 102 Measured/back-solved characteristic impedance 

 
Figure 103 Measured/back-solved dielectric constant 

Referring to Figure 104, the total loss is shown in black and a curve-fit is made as the 

blue dash line. From the curve-fit, the conductor loss (red dash) and dielectric loss (black dash) 

are determined. 

 
Figure 104 Loss measurement 

The loss tangent as measured in the resonant cavity is 0.007 and matches closely to the 

back-solved measurements shown in Figure 105. 
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Figure 105 Loss tangent measurement/back-solve 

Resistivity measurements are performed using a four-point probe and the resistivity is 

found to be 23 𝜇Ω∙cm. Additional unaccounted-for loss is and has been observed in 

RF/microwave structures made of CB028 paste but the value determined here of 44 𝜇Ω∙cm 

(Figure 106) matches more closely than previous work. 

 
Figure 106 Conductor resistivity 

Maximum frequency is observed to be around 7 GHz with a sharp discontinuity around 9 

GHz. Ideal stripline is expected to perform far beyond this cutoff; however, the dielectric width 

surrounding the stripline is 10 mm. Theory reveals that this width corresponds to one-half 

wavelength at 9.7 GHz thus allowing a dielectric waveguide mode to propagate. Reductions in 

the dielectric width will increase the cutoff frequency. 
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3.12. Transmission Line Loss 

The losses and breakdown over frequency of different types of transmission lines are 

compared in Figure 107. Black: CPW by Rojas [93], blue: microstrip, green: stripline, red: FR-4 

microstrip, pink: suspended microstrip. The 3D printed stripline has a clear advantage over the 

microstrip line, maintaining low loss even up to 12 GHz and smooth performance to 9 GHz. The 

performance is close to that of a comparison sample of microstrip FR-4 which was measured 

using an Agilent 8753 6 GHz VNA. 

  
Figure 107 Frequency breakdown of transmission lines 
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Table 18 Design guide for 3D printed stack-ups 

Material 𝒕𝒂𝒏𝜹 𝝆 𝜶𝒅 𝜶𝒄 𝜶𝑻 𝜶𝑻 

CB028 as CPW (Rojas) 0.054 314.7 4.10 2.19 6.29 (7.04) 

Copper on Rogers 0.0012 1.68 0.08 0.11 0.19 (0.36) 

CB028 on Rogers 0.0012 500 0.08 1.91 1.99 (1.08) 

Copper on ProtoTherm 0.030 1.68 2.11 0.11 2.22 (2.76) 

 CB028 on ProtoTherm 0.030 500 2.11 1.91 4.02 (4.22) 

CB028 as Stripline 0.012 44 1.25 1.40 2.66 (2.62) 

FR-4 0.023 1.68 1.74 0.18 1.82 (2.15) 

 Suspended Microstrip 0.030 100 0.51 0.51 1.03 (1.20) 

Table notes: The loss data given here are from models which are fitted to measured data. Values 

in parentheses are measured data. The data are given at 5 GHz. Units are resistivity 
𝜌 (µΩ·cm) and loss 𝛼 (Np/m). CPW by Eduardo Rojas [93]. 

 

Table 18 shows a summary of the material data and the models which best fit the 

measured data. An improvement is observed in the losses of the stripline vs. the microstrip. The 

conductor loss improvement is probably due to improvements in measuring technique using 

probes as opposed to SMA connectors. The dielectric loss improvement is due to using FDM 

printed ABS as opposed to stereolithography-compatible ProtoTherm but does not quite compete 

with the suspended microstrip. The stripline is good to higher frequencies and is much more 

mechanically rugged than the suspended microstrip. 

The loss in CB028 as measured at DC using a four point probe measurement system and 

van der Pauw equations gives resistivity values close to the data sheet specification of 7-10 

mΩ/□/mil at room temperature when cured at 160 °C. In the case of the printed transmission 

lines which are discussed here, the resistivity values have been back-solved from the measured 

S-parameters. Also, models are generated and the S-parameters are matched. The RF effective 

resistivity is found to be in the range of 100 to 500 mΩ/□/mil depending on the type of 

transmission line. Each transmission line type has a different current transport profile across the 

cross-section. Models are available for better understanding of RF loss mechanisms such as skin 
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effect or its interaction with surface roughness in bulk materials.  State of the art RF materials 

such as rolled or electrodeposited copper as is conventionally used in RF circuits can still have a 

roughness value, but these are smooth as compared to printed substrates and conductive patterns. 

The low temperature silver paste is composed of silver flakes suspended in a polymer and 

therefore other RF loss mechanisms must be considered.  3D printed substrates are naturally 

rough given the nature of the printing process as compared to flat and pressed ceramic, LCP or 

Kapton sheets. In addition, the sides of the printed silver flake lines will also have a roughness 

factor which is especially important in transmission lines such as CPW where currents primarily 

flow along the edges of the line. Loss due to rough surfaces and edges are well understood and 

do impact the loss that has been measured in the printed devices shown.  Further study is merited 

to quantify the losses in printed materials which. The insights gained will lead to better RF 

transmission lines in the future. 

Although the conductor loss mechanisms in 3D printable silver ink are not fully 

understood, the loss is accurately measured and it is possible to design a transmission line with 

predictable loss using the information given here. A fundamental understanding of fused 

deposition allows the author to tune the process to create smooth substrates compatible with 

conductive paste printing. This realizes improvements in overall transmission line loss by 

allowing low loss ABS material to be used. The construction of a multi-material capable 

machine allows fast switching between materials and automatic curing of the silver paste. The 

ability to make multilayer stripline structures opens the door to higher frequency operation as 

opposed to microstrip since all of the fields exist within the dielectric. Using the multi-material 

machine, several functional samples are produced with ease due to a thorough understanding of 

the entire process and a properly adjusted machine. In conclusion, lower loss, high frequency 
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RF/microwave transmission lines are demonstrated which match well with model data and are 

produced in an easy, reproducible fashion. Model data is now available for future designers to 

use in the fabrication of more complex RF/microwave circuits. 
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Chapter 4: Fully 3D Printed 2.4 GHz Bluetooth/Wi-Fi Antenna 

3D printing is mature for fabricating complex 3D structures and this is currently done 

using various materials such as polymers and metals. Heterogeneous 3D printing [189],[190] is 

more challenging given the issues of adhesion and thermal mismatch. Melding diverse materials 

for enhanced mechanical properties is common and exploited in the area of composites. 

Electronics are made with diverse materials but are not typically made with structure as the 

focus, but instead electrical function. FR4 is a standard composite used for Printed Circuit 

Boards (PCB). PCBs have the advantage of combining a number of diverse electronic 

components including antennas. Another approach for antenna fabrication is to print on flexible 

but flat substrates and place the antenna within a structure. 

Currently wireless smart objects are simply objects which have electronic circuit modules 

and antennas placed inside them. Much work has been done in the area of thin film RFID 

antennas and circuits [180],[191]-[208]; however, these devices are still placed into objects. Thin 

film antennas are flexible and may be easily adhered to objects but this requires extra processing 

steps to fabricate the antenna and apply it to the target object. Work has been done in larger 

printed antennas; however, the extra processing step of electro-less plating is used to metallize 

all surfaces [25]. Little work has been done in the area of 3D printed antennas in 3D printed 

objects, an opportunity that eliminates the need to separately fabricate and install electronics in 

objects, thus reducing processing steps. 

Combining mechanical and electrical properties and forming a unique 3D electrically 

structural device has merit but conventional fabrication methods are not conducive for this. One 

approach to do this is to combine 3D printing and printed electronic processes. Researchers have 

done a variety of demonstrative 3D printed electrical functional devices but the majority of these 
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have been for DC applications [213]. A study and demonstration that integrates both mechanical 

structure and wireless functionality directly into an object is shown. 

Here is presented [15],[16] a simple 2.4 GHz antenna in a 3D printed object. Full-wave 

models are generated using Ansoft HFSS. In order to demonstrate functionality, real-world tests 

using a Class 1 “100 m” Bluetooth module are conducted and compared against the performance 

of an industry-standard quarter-wave antenna. Printed antennas, conformal direct printing, and 

printed electronics are not new but it is emphasized that this is the first occasion that a printed 

antenna is patterned directly onto a 3D printed FDM part. The anticipated issues regarding 

extreme surface roughness and lower conductivity do not appear to significantly affect the final 

part. 

Radiation pattern, resistive loss efficiency, effective aperture, and matching are modeled, 

measured and compared. Antenna size is not considered since 3D printed antennas are able to 

use a large part of the object in which they are functioning as a substrate and are not confined to 

a PCB (such as with typical PCB trace or chip antennas) and do not protrude from the device as 

monopoles do. 

4.1. 3D Printing and Printed Electronics 

The original term for 3D printing is additive manufacturing (AM). AM is a layer by layer 

approach to fabricating 3D objects. This is a direct digital approach and therefore it is possible to 

fabricate complex structures that are not possible using other fabrication processes [42],[43],[44]. 

Some AM processes use a two-print process which implies a sacrificial material that is soluble in 

a specified solution. A 3D object is designed using CAD software and this 3D image is then 

sliced into many layers that range from 100 microns in thickness to hundreds of microns in 

thickness. Each of these layers are then printed and layered. Experts over the years have 
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optimized the union of layers to create a process that is repeatable and reliable. Printed 

electronics has a variety of processes used to obtain electronic function on thin substrates such as 

paper or plastic. These thin substrates are electrically compatible and are very similar in nature to 

standard paper used in magazines or newspapers which are processed using a roll-to-roll process. 

A significant portion of the printed electronics processes is done using the roll-to-roll approach. 

For non-roll-to-roll printed devices, these are sometimes referred to as Direct Writing (DW) [7]. 

DW is an implied slow process and therefore another term of Direct Print (DP) is used to express 

digital printing patterns and including DW processes but done so using multiple nozzles or 

increased speeds [214]. 

The combination of 3D printing and printed electronics is not a difficult concept to grasp 

since both of these are CAD processes. In addition to being CAD processes, there are also some 

closely related specific processes within these two broader areas. FDM and direct printing are 

both extrusion technologies and therefore it is feasible to put these on a common platform. For 

example, stereolithography might be an ideal choice for its smooth surface finish; however, 

integrating a liquid-vat based printing system with other technologies proves difficult [190]. 

nScrypt, Inc. is capable of combining FDM and direct printing on their 3Dn series machines. 

nScrypt, Inc. has patented technology in micro-dispensing for high viscosity applications such as 

silver paste and in addition also has technology in fused deposition that is similar to FDM which 

allows for finer features to be achieved.; These share the same platform thus promoting the 

integration of 3D building and electronic integration. 

Epoxy materials, also called thermosets, are two-part liquid components which when 

mixed thermally set to form a strong, rigid plastic material. Cure times at room temperature 

range from 5 minutes to 24 hours depending on the formulation. Typical “5-minute” epoxy 
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comes in a clear to yellowish form and is useful for coating electronic components in a tough 

shell; however, curing in only 5-10 minutes means that the material is difficult or impossible to 

print. EPO-TEK H20e is a silver epoxy used frequently for component attachment. The material 

has a pot life greater than 24 hours and is easily printed; however, it must be baked at greater 

than 90 °C or setting does not occur. The material is heavily loaded with silver and has good 

conductivity; however, it does not provide a strong mechanical bond and thus is commonly used 

in conjunction with a clear epoxy overcoating in order to hold components in place. SEM 

photographs are taken of the H20e material and are shown in Figure 108 and Figure 109. 

  
Figure 108 EPO-TEK H20e silver epoxy, 200X 

 
Figure 109 EPO-TEK H20e silver epoxy, 1000X 
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4.2. Antenna Design for Bluetooth 

Several antenna designs are considered. Patch antennas (Figure 110) may benefit greatly 

from 3D printing because of the flexibility over thickness that is offered when a structure is 

printed as opposed to etched into copper-clad circuit board material. Patch antenna properties are 

improved with increased dielectric height but feed lines require thin boards. 3D printing frees the 

designer to vary the dielectric thickness as needed; however, patch antennas are highly 

directional and narrow-band, properties not desirable for objects which are typically used in 

random orientations and with frequency-hopping spread-spectrum (FHSS). Planar inverted-F 

antennas (PIFAs) (Figure 111) will benefit from 3D printing and it is recommended that future 

designs take advantage of bridging (printing with air underneath) to form the PIFA. Meander-

line antennas are commonly used for their compactness. 3D printing offers the chance to take the 

antenna off the PCB and integrate the antenna into the case or structure thus freeing the antenna 

designer from cramped circuit board areas while allowing increased antenna efficiency with 

larger designs. Monopole and dipole antennas (such as the quarter-wave monopole antenna in 

Figure 112) may be excellent choices; however, these types typically require a lumped-element 

balun and may have unacceptably-large nulls. 

 
Figure 110 Patch antenna 
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Figure 111 Planar inverted-F antenna (PIFA) 

 
Figure 112 Quarter-wave monopole 

 
Figure 113 Inverted-F antenna (IFA) 

 

An inverted “F” antenna (IFA) design is chosen for its ease of matching, omni-

directionality, and efficiency. These antennas are used commonly in cell phones for GSM, 3G, 

Wi-Fi, Bluetooth, and GPS. IFAs have four main components. 1) A radiating element, 2) an L-

shaped inductor, 3) a short feed line, and 4) a ground plane split by a coplanar waveguide. Figure 

114 illustrates the antenna structure, basic dimensions, chosen axis orientation, and the four main 

components by number. 
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Figure 114 IFA design 

Complete antenna dimensions are shown in Figure 115 and are chosen as follows. The 

length of the radiating element is one quarter-wavelength at 2.45 GHz and tuned to 36 mm. An 

inductor (the “top” of the “F”) is formed by a 7 mm length of 0.5 mm width line and aids in 

matching. The radiating element is fed at a position which is calculated as the length divided by 

3.5 [191]. The 50 ohm coplanar waveguide feed has a width of 1 mm and spacing of 0.5 mm on 

a 0.8 mm board. The substrate is reasonably-sized considering the size of the antenna while 

making the ground area as large as possible, 50 x 50 mm. The ground plane measures 50 mm x 

39.1 mm. 

 
Figure 115 IFA dimensions (mm) 
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In the case of the curved IFA, the dimensions are reduced slightly to maintain proper 

tuning with the inclusion of additional dielectric beneath the antenna. In order to better isolate 

the antenna for measurement, the coaxial feed location is moved to the base of the antenna and 

the coplanar waveguide is removed. The structure is printed using a 3Dn-600 machine. The 

dimensions are shown in Figure 116. 

 
Figure 116 Curved IFA dimensions (mm) 

4.3. Dielectric Fabrication 

ABS is chosen because it is low-cost, easy to print, readily-available in almost all 3D 

printing systems, and most importantly, has one of the lowest loss tangents of all 3D printable 

materials. It has a dielectric constant 𝜀𝑟 = 2.6 to 2.8 and loss tangent D=0.003 [91]. The white 

ABS substrate is printed using a Stratasys, Ltd. Dimension 1200es 3D printer by technicians at 

the University of South Florida. 

In the case of the curved IFA, the structure is printed using a 3Dn-600 machine and the 

hardware listed in Table 19. By adjusting the feed rate and print speed the space between lines is 
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eliminated which prevents crevices from causing problems when conductive paste is applied. No 

manual surface modification is necessary after printing as is commonly performed on FDM-

printed parts since the machine is well-tuned for a smooth surface finish. The layer thickness of 

100 µm creates a smooth slope for printing conductive paste. The curved IFA is printed using the 

equipment and material outlined in below. Temperatures are 230 °C and 90 °C for the nozzle and 

bed and print speeds are 30 mm/s. The tip is 350 µm, layers are 100 µm, and widths are 500 µm. 

PET tape is used as a printing surface. A separate flat dielectric constant measurement coupon is 

fabricated with dimensions 50 mm x 50 mm x 0.8 mm. 

Table 19 Curved IFA printing equipment 

Item Model Supplier/Manufacturer 

Motion 3Dn-600  nScrypt, Inc. 

Filament Lime green ABS  Ultimachines 

Extruder Greg's Wade Reloaded with Herring Bone Gear Ultibots 

Hot end J-Head Reifsnyder Precision Works 

 

4.4. Conductor Fabrication 

In the case of the flat IFA, CB028 conductive paste is deposited onto the surface of the 

FDM substrate using an nScrypt, Inc. SmartPump and 3Dn-450 direct printing machine. Designs 

are loaded in the DXF file format and the printing parameters are shown in Table 20. 
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Table 20 nScrypt, Inc. printing parameters 

Parameter Value 

Tip 125/175 i.d./o.d. (µm) 

Line width 200 µm 

Dispense gap 100 µm 

Speed 30 mm/s 

Valving 0.5 mm at 8 mm/s 

Pressure 8 psi 

Drying is performed near the glass transition (maximum) temperature of ABS at 90 ºC 

for 60 minutes in order to maximize the silver paste conductivity without damaging the substrate. 

The final part is shown in Figure 117. The resulting cured material is photographed using an 

SEM in Figure 121. 

 
Figure 117 3D printed 2.4 GHz antenna 

Metallization in the case of the curved IFA is much more difficult due to the curved 

surface. CB028 and a 3Dn-Tabletop are used with similar printing parameters to those in Table 

20. A Keyence LK-082 laser scanner is used to scan the surface and correct the height of the 

dispensing tip while the antenna is printed conformal to the surface. 90 ºC post-curing is used. 

The final part is shown in Figure 118. 
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Figure 118 Completed fully 3D printed curved inverted-F antenna 

4.5. Coaxial Connection 

Surface-mount Hirose U.FL (UMCC) microwave connectors (Figure 119) are used 

because of their small size and prevalence of use in both laptop and cell phone Wi-Fi and 

Bluetooth modules including the Bluetooth modules used during testing. Two-part conductive 

epoxy (Epotek H20E) is deposited in the area of the connector and the connector is installed. The 

epoxy is cured at 90 ºC for 60 minutes. Several separate test samples of the material are placed in 

the oven at various temperatures and it is determined that this type of epoxy does not cure below 

90 ºC. The epoxy is photographed using an SEM in Figure 120. 

 
Figure 119 Affixed U.FL connector 
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Figure 120 EPO-TEK H20e conductive epoxy 

 
Figure 121 DuPont CB028 thick film silver paste 

On top of the conductive epoxy, two-part adhesive epoxy is applied (Figure 119 and 

Figure 120) to strengthen the connector attachment. The entire connector application process is 

designed for automation which will result in a completely automated build process. 
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4.6. Modeling and Measurement 

Basic return loss measurements are conducted and are shown as the solid blue lines in 

Figure 122 – Figure 124. A 100 mm SMA to U.FL adapter cable is used to connect the antenna 

to an Agilent 8720 VNA. SMA SOLT calibration is used. Cascade Microtech WinCAL software 

is used to save the S-parameter data to a computer. ANSYS HFSS v15.0.3 is used to model the 

structure and simulate the antennas expected performance and the data are plotted side-by-side. 

Appendix Q shows the HFSS model parameters which are used. 

4.6.1. Flat IFA 

Figure 122 – Figure 124 show data from the flat antenna. The solid blue line shows 

measured data, the dashed green line shows HFSS data based on printed dimensions, and the red 

dotted line shows HFSS data based on design dimensions. Certain dimensions such as the CPW 

feed width and spacing as well as radiating arm width and length are slightly different from the 

design and these differences are accounted for and modeled. 

The difference between the measured and HFSS model data (solid blue/dashed green, 1-2 

dB) can be accounted for in the SMA to U.FL cable and U.FL surface-mount connector and 

conductive epoxy connection. 

The ideal design shows better than 1.4:1 SWR from 2.4 – 2.5 GHz and a better than 2:1 

SWR is achieved from 2.32 – 2.58 GHz. Referring to Figure 123, the -10 dB bandwidth is 14.4 

%. 
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Figure 122 SWR 

 
Figure 123 Return loss 

 
Figure 124 Reflection 



111 

 

Figure 125 shows modeled radiation patterns for the flat antenna. The maximum gain is 

5.6 dB in the direction of the Z-axis up from the substrate plane. The gain is better than -10 dB in 

most directions with an expected null in the direction of the inductor (-X direction) and the 

ground plane (-Y direction). An IFA is a type of slot antenna and thus radiates mostly in a 

direction orthogonal to the arm and feed line, across the gap between the arm and ground plane. 

The E-field polarization is across this gap as well. 

 
Figure 125 Modeled radiation patterns 

4.6.2. Curved IFA 

Figure 126 shows the curved IFA as modeled in HFSS. The antennas are measured using 

the USF antenna measurement chamber. An SAS 570 standard gain horn is used and the raw 
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data is calibrated to a virtual isotropic radiator to determine realized gain which is plotted with 

the modeled data in Figure 127. The black trace indicates the measured curved IFA, red: 

measured data from the flat IFA, green: modeled data from the curved IFA, pink: modeled data 

from the flat IFA, blue: measured data from the quarter-wave monopole. Performance between 

the flat and curved antennas is similar and expectedly lower than the quarter-wave antenna which 

is used for comparison. A slightly lower than expected gain is seen at -90° in the ‘minus-Y’ 

direction, the direction of the inductive grounded stub indicating that this maybe interrupting 

radiation in that direction. 

 
Figure 126 Curved IFA HFSS Model 
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Figure 127 Measured vs. modeled data in the XZ plane 

Field testing is conducted using a standard Bluetooth module from Roving Networks 

(model number RN41XVU-IRM). The module outputs +16 dBm during transmit and receives 

down to –80 dBm. Bluetooth uses FHSS/GFSK in the band 2.402 – 2.480 GHz. The module is 

connected to a laptop computer and constitutes the base station. A mobile laptop computer is 

paired via Bluetooth and the outdoor range is checked. Performance is compared against an 

SMA quarter-wave monopole antenna which is similar to those used in many laptop computers. 

The antennas used are Pulse part number W1010 having 2 dBi gain and SWR ≤ 2.0 in the range 

2.4 – 2.5 GHz. The antennas are connected to the Bluetooth modules using 100 mm long SMA to 

U.FL cables. Three tests are conducted with different laptops and in different areas at an altitude 

of 1.5 m above ground. The results are summarized in Table 21. The curved antenna is seen to 

perform better than the flat antenna, probably due to the lack of printed CPW feed line in the flat 

antenna. Performance is comparable to but slightly lower than when using the quarter-wave 

antenna. 
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Table 21 Test results 

Antenna Test 1 Test 2 Test 3 

Base Station Location 
N28.5880 

W81.2003 

N28.5880 

W81.2003 

N28.5907 

W81.1966 

Laptop (integrated antennas) XPS M1330 Q400A Q400A 

Wireless Chipset Dell BT 355 
Intel Wireless-N 

2230 

Intel Wireless-N 

2230 

 
Useful range in meters 

Conventional Quarter-Wave Antenna 114 240 331 

Fully 3D Printed IFA 107 209 275 

Fully 3D Printed Curved IFA N/A 223 292 
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Conclusion and Recommendations 

It is shown here that it is possible to 3D print complex electronic systems directly into the 

structure of a device with repeatable, reliable results. It is hoped that the techniques discovered 

and demonstrated here pave the way for the rapid, on-demand, custom manufacture of high-

functioning 3D printed objects in a single automated multi-material machine. In the future, it is 

hoped that software will be made available which allows an easy CAD to print interface for full 

3D printing. From a hardware perspective, automated component feed systems will be important 

additions to 3D printing machines. FDM has characteristically been a low-resolution technology. 

It is hoped that high resolution FDM will allow miniaturization. 

Based on the measurements which are performed, 3D printed materials are viable options 

for future electronic, RF, and microwave devices. It is suggested that more elaborate 

RF/microwave components should be made which take advantage of the flexibility, 

compactness, and rapidity of design to manufacture which 3D printing offers. In light of the 

unexpectedly high losses which are observed and recorded at high frequencies, characterization 

of the RF conductor loss mechanism in printable materials is urgently needed. 

Rapid manufacture of custom microwave transmission lines of various types is 

demonstrated. 3D printing allows microwave designers greater flexibility of design in terms of 

the 3rd dimension while also allowing designers to rapidly tune structures outside of computer 

based models. The model-verified data which is collected is ready for use in designing more 

complex structure such as filters, mixers, power dividers and amplifiers, and other microwave 

devices which rely on fundamental knowledge of the high frequency performance of materials 

and structures. This allows future work in the area of rapid design to manufacture of 
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electromagnetic devices which should speed along RF designers in the engineering and tuning 

process. 

Antennas for wireless devices such as cell phones, tablets, and laptop computers have 

been 3D printed which are shown to perform comparably to typical wire antennas. These 

antennas are fabricated in an automated fashion with minimal operator interaction. This opens 

another door for highly complex wireless devices such as the coveted 3D printed cell phone, 

biometric devices, pacemakers, and others. In particular, it is suggested that in-situ printing and 

testing will allow rapid test and increased creativity in antenna design. 

To summarize, automated multi-layer multi-material printing on one machine is realized, 

the loss in 3D printed transmission lines is improved, and a fully 3D printed antenna is fabricated 

using advanced process integration.  A process is given here for the fabrication of low loss, high 

frequency, and dimensionally accurate electronics on one machine. These advancements bring 

the state of the art closer to providing widespread access to “click-to-print” electronics. It is 

hoped that not only manufacturers but designers and even consumers will have on-site access to 

this technology for the rapid fabrication of arbitrary objects. 
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Appendix A Basic Equations 

Constants related to electromagnetics are provided here. 

 𝑐0 = 2.99792458 × 10
8 [
𝑚

𝑠
]  

 𝜀0 = 8.854187817 × 10
−12 [

𝐹

𝑚
]  

 𝜇0 = 1.25663706 × 10−6 [
𝐻

𝑚
]  

 𝑍0 = 120𝜋[Ω]  

Maxwell’s equations are provided here. 

 ∇ ∙ 𝐷 = 𝜌𝑣  

 ∇ ∙ 𝐵 = 0  

 ∇ × 𝐸 = −
𝜕𝐵

𝜕𝑡
  

 ∇ × 𝐻 =
𝜕𝐷

𝜕𝑡
+ 𝐽  

Some background conversion equations are provided here. 

 𝑐0 =
1

√𝜇0𝜀0
 

 

 𝑍0 = √
𝜇0
𝜀0

  

 

𝛽 = 𝑘 = 𝜔√𝜇𝜀 = 𝜔√𝜇0𝜀0√𝜇𝑟𝜀𝑟 

𝑘 = 𝜔
1

𝑐0
√𝜇𝑟𝜀𝑟 

 

 𝛽 =
2𝜋𝑓√𝜀𝑒

𝑐0
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 𝑘0 =
2𝜋𝑓

𝑐0
  

 𝛽 = 𝑖𝑚𝑎𝑔(𝛾)  

 𝜀𝑒 = (
𝑐0𝛽

2𝜋𝑓
)
2

  

 𝜔 = 2𝜋𝑓  

 𝑛 = √𝜇𝑟𝜀𝑟  

 𝜆 =
1

𝑓
  

 𝜀𝑟 = 𝜀𝑟
′ + 𝑗𝜀𝑟

′′  

 𝐷 = 𝑡𝑎𝑛𝛿 =
𝜀𝑟
′′

𝜀𝑟′
  

 Γ =
𝑍𝑐 − 𝑍0
𝑍𝑐 + 𝑍0

  

 𝑍𝑐 = 𝑍0
1 + Γ

1 − Γ
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Appendix B Dielectric Data 

Table 22 Dielectric constant 

Manuf- 

acturer 
Material 

Data 

Sheet 

1 

MHz 

2 

MHz 

100 

MHz 

500 

MHz 

1 

GHz 

8.2 

GHz 

9 

GHz 

10 

GHz 

11 

GHz 

Somos 9120 NA 3.83 3.94 3.85 3.58 3.45 2.86 2.83 2.82 2.83 

Somos 9420 3.94 3.83 3.97 3.84 3.56 3.44 2.8 2.78 2.68 2.63 

Keck FDM ABS-M30 Lay 2.8 2.63 2.59 2.81 2.79 2.77 2.53 2.54 2.56 2.6 

Keck FDM ABS-M30 St 2.8 NA NA NA NA NA 2.53 2.56 2.54 2.55 

Pure ABS 2.8 2.79 2.76 2.83 2.81 2.8 2.6 2.62 2.54 2.54 

Keck SL DMX-SL 100 3.7 NA NA NA NA NA 2.97 2.94 2.98 3.09 

Somos NeXT 3.62 3.65 3.72 3.57 3.38 3.29 2.76 2.8 2.67 2.65 

Keck FDM PC Lay 2.9 2.74 2.7 2.92 2.89 2.86 2.56 2.54 2.57 2.59 

Keck FDM PC St 2.9 NA NA NA NA NA 2.51 2.5 2.51 2.47 

Pure PC 2.9 2.91 2.87 2.93 2.9 2.89 2.67 2.7 2.59 2.61 

Keck FDM PC-ABS 2.8 2.74 2.7 2.82 2.8 2.77 NA NA NA NA 

Keck SL Prototherm 12120 Th 3.53 3.44 3.38 3.49 3.35 3.28 NA NA NA NA 

Keck SL Prototherm 12120 UV 3.81 3.8 3.78 3.82 3.6 3.49 2.8 2.76 2.75 2.77 

Somos Prototherm 12120 Th 3.53 3.45 3.48 3.3 3.19 3.13 2.84 2.83 2.74 2.71 

Somos Prototherm 12120 UV 3.81 3.68 3.6 3.6 3.42 3.33 2.94 2.96 2.88 2.93 

Pure PTFE 2.1 2.12 2.1 2.07 2.08 2.07 1.96 1.98 1.95 1.97 

Keck FDM NanoForm 15120 3.73 NA NA NA NA NA 3.17 3.14 3.07 2.97 

Somos NanoForm 15120 3.73 3.75 3.84 3.81 3.66 3.58 3.05 3.05 2.93 2.88 

Somos NanoTool 3.6 3.57 3.52 3.7 3.61 3.56 3.28 3.33 3.2 3.29 

Somos Watershed 11122 3.45 3.44 3.49 3.35 3.19 3.11 2.68 2.71 2.62 2.62 

Keck SL Watershed 11122 3.45 3.57 3.57 3.55 3.36 3.27 NA NA NA NA 

Keck SL White 14120 3.5 3.47 3.35 3.46 3.29 3.2 2.77 2.74 2.75 2.78 

Entries marked “NA” indicate that samples of this type are not fabricated. 

“Th” = Thermally post-cured, “UV” = UV post-cured only, “Lay” = laying down orientation, “St” = standing up orientation. 

Sample dimensions: 1 MHz – 1 GHz: 3 mm thick × 50 mm dia., 8.2-11 GHz: 7.63 mm × 10.06 mm × 22.60 mm 
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Table 23 Percent std. dev. and estimated percentage error in dielectric constant 

Mfgr. Material 
1 

MHz 

2 

MHz 

100 

MHz 

500 

MHz 

1 

GHz 

8.2 

GHz 

9 

GHz 

10 

GHz 

11 

GHz 

Somos 9120 1.9/1.9 2.0/3.7 0.9/17 0.8/15 0.8/17 1.5 1.8 1.9 2.6 

Somos 9420 1.4/1.8 0.8/3.7 1.7/17 1.5/15 1.5/17 1.7 1.7 2.3 2.7 

KeckFDM ABS-M30 Lay 0.5/1.3 0.5/2.6 0.8/21 0.7/18 0.7/18 1.1 0.9 1.0 1.4 

KeckFDM ABS-M30 St NA NA NA NA NA 1.3 1.6 2.1 2.5 

Pure ABS 0/1.3 0/3.5 0/21 0/17 0/18 0.5 0.8 0.3 0.8 

KeckSL DMX-SL 100 NA NA NA NA NA 2.1 1.6 2.5 3.1 

Somos NeXT 0.8/1.8 1.0/3.5 0.9/18 0.8/16 0.8/17 0.9 0.9 0.9 1.3 

KeckFDM PC Lay 3.1/1.3 2.1/2.6 2.9/21 3.0/17 2.9/18 2.1 2.0 1.8 1.3 

KeckFDM PC St NA NA NA NA NA 0.8 1.4 1.1 1.0 

Pure PC 0/1.4 0/2.7 0/21 0/17 0/18 0.5 0.3 0.8 0.5 

KeckFDM PC-ABS 3.1/1.3 2.1/2.6 0.8/21 0.9/18 0.9/18 NA NA NA NA 

Keck SL Prototherm Th 0.9/1.7 1.2/3.2 0.6/18 0.5/16 0.5/17 NA NA NA NA 

Keck SL Prototherm UV 2.9/1.8 1.4/3.5 1.1/17 1.0/15 1.0/16 2.3 2.5 2.4 3.3 

Somos Prototherm Th 0.4/1.6 1.7/3.2 0.6/19 0.2/16 0.5/17 1.2 1.8 2.8 4.2 

Somos Prototherm UV 0.9/1.8 0.7/3.4 0.8/18 0.8/15 0.7/17 0.8 0.9 1.0 1.9 

Pure PTFE 0/1.0 0/2.2 0/26 2.0/21 0/21 0 0 0 0 

KeckFDM NanoForm 15120 NA NA NA NA NA 1.5 1.1 3.9 5.8 

Somos NanoForm 15120 0.9/1.8 1.4/3.5 2.6/17 2.5/15 2.4/16 1.8 1.9 2.1 3.1 

Somos NanoTool 1.0/1.6 0.9/3.1 1.7/18 1.6/15 1.6/16 0.6 0.8 0.5 1.7 

Somos Watershed 11122 0.3/1.6 0.6/3.2 1.1/19 0.9/16 1.0/17 2.2 2.1 2.3 2.2 

Keck SL Watershed 11122 0.9/1.8 1.3/3.4 0.6/18 0.5/16 0.5/17 NA NA NA NA 

Keck SL White 14120 1.3/1.7 1.6/3.2 1.1/18 0.9/16 1.0/17 2.2 1.7 3.2 3.0 

Entries marked “NA” indicate that samples of this type are not fabricated. 

“Th” = Thermally post-cured, “UV” = UV post-cured only, “Lay” = laying down orientation, “St” = standing up orientation. 

Notation is “%std. dev. / %est. err”. Estimated error is not available for X-band measurements. 
Sample dimensions: 1 MHz – 1 GHz: 3 mm thick × 50 mm dia., 8.2-11 GHz: 7.63 mm × 10.06 mm × 22.60 mm 
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Table 24 Loss tangent 

Manuf- 

acturer 
Material 

1 

MHz 

2 

MHz 

100 

MHz 

500 

MHz 

1 

GHz 

8.2 

GHz 

9 

GHz 

10 

GHz 

11 

GHz 

Somos 9120 0.0196 0.0226 0.0413 0.0426 0.0402 0.0313 0.0348 0.0379 
0.034

7 

Somos 9420 0.0201 0.0234 0.0410 0.0428 0.0406 0.0288 0.0312 0.0384 
0.031

9 

KeckFDM ABS-M30Lay 0.0069 0.0053 0.0037 0.0033 0.0033 0.0108 0.0138 0.0181 
0.009

8 

KeckFDM ABS-M30St NA NA NA NA NA 0.0075 0.0090 0.0207 
0.013

0 

Pure ABS 0.0067 0.0049 0.0044 0.0038 0.0031 0.0169 0.0114 0.0151 
0.010

6 

KeckSL DMX-SL100 NA NA NA NA NA 0.0115 0.0135 0.0162 
0.013

0 

Somos NeXT 0.0311 0.0357 0.0344 0.0302 0.0274 0.0253 0.0288 0.0502 
0.030

5 

KeckFDM PCLay 0.0076 0.0072 0.0050 0.0044 0.0037 0.0073 0.0096 0.0018 
0.006

6 

KeckFDM PCSt NA NA NA NA NA 0.0036 0.0038 0.0059 
0.005

0 

Pure PC 0.0075 0.0073 0.0052 0.0050 0.0040 0.0020 0.0024 0.0052 
0.004

9 

KeckFDM PC-ABS 0.0076 0.0072 0.0049 0.0038 0.0038 NA NA NA 
0.005

5 

KeckSL Prototherm12120Th 0.0224 0.0238 0.0244 0.0219 0.0205 NA NA NA 
0.022

6 

KeckSL Prototherm12120UV 0.0171 0.0193 0.0333 0.0346 0.0333 0.0122 0.0130 0.0115 
0.017

0 

Somos Prototherm12120Th 0.0224 0.0243 0.0223 0.0191 0.0176 0.0074 0.0102 0.0149 
0.019

6 

Somos Prototherm12120UV 0.0148 0.0161 0.0285 0.0303 0.0293 0.0513 0.0434 0.0437 
0.036

8 

Pure PTFE 0 0 0.0008 0.0002 0.0001 0.0027 0.0009 0 
0.001

6 

KeckFDM NanoForm15120 NA NA NA NA NA 0.0286 0.0257 0.0256 
0.028

6 

Somos NanoForm15120 0.0131 0.0148 0.0222 0.0229 0.0225 0.0275 0.0221 0.0245 
0.028

6 

Somos NanoTool 0.0097 0.0096 0.0130 0.0127 0.0122 0.0329 0.0252 0.0255 
0.017

6 

Somos Watershed11122 0.0236 0.0263 0.0292 0.0271 0.0253 0.0212 0.0235 0.0424 
0.027

3 

KeckSL Watershed11122 0.0123 0.0312 0.0341 0.0305 0.0282 NA NA NA 
0.025

4 

KeckSL 

 
White14120 0.0296 0.0031 0.0321 0.0291 0.0265 0.0214 0.0266 0.0277 

0.024

6 

Entries marked “NA” indicate that samples of this type are not fabricated. 
“Th” = Thermally post-cured, “UV” = UV post-cured only, “Lay” = laying down orientation, “St” = standing up orientation. 

Values of “0” indicate that the value is so small that it is measured as a negative number due to normal measurement error. 

Sample dimensions: 1 MHz – 1 GHz: 3 mm thick × 50 mm dia., 8.2-11 GHz: 7.63 mm × 10.06 mm × 22.60 mm 
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Table 25 Percent standard deviation and estimated percentage error in loss tangent  

Manuf- 

acturer 
Material 

1 

MHz 

2 

MHz 

100 

MHz 

500 

MHz 

1 

GHz 

8.2 

GHz 

9 

GHz 

10 

GHz 

11 

GHz 

Somos 9120 2.4/31 2.6/29 2.3/25 1.1/15 0.8/23 108 98 73 69 

Somos 9420 1.3/30 0.8/28 2.1/25 1.9/15 1.8/22 120 112 118 54 

KeckFDM ABS-M30 Lay 0.5/83 0.8/108 39/442 19/203 3.0/267 74 80 63 96 

KeckFDM ABS-M30 St NA NA NA NA NA 63 64 87 71 

Pure ABS 0.0/86 0.0/116 0.0/295 0.0/175 0.0/285 1 4 64 5 

KeckSL DMX-SL 100 NA NA NA NA NA 106 109 140 353 

Somos NeXT 1.2/20 1.3/19 1.9/32 1.6/21 1.0/33 106 106 105 316 

KeckFDM PC Lay 2.1/76 2.7/80 23/263 9.9/149 3.7/236 90 98 349 209 

KeckFDM PC St NA NA NA NA NA 185 241 220 272 

Pure PC 0.0/77 0.0/80 0.0/309 0.0/149 0.0/236 939 352 61 649 

KeckFDM PC-ABS 2.1/76 2.7/80 28/45 14/177 4.8/233 NA NA NA NA 

Keck SL Prototherm Th 1.7/27 1.5/27 2.5/31 1.9/29 1.4/44 NA NA NA NA 

Keck SL Prototherm UV 2.1/35 1.9/33 3.3/52 1.4/18 1.0/27 74 78 126 558 

Somos Prototherm Th 0.9/27 2.2/26 0.7/38 0.9/34 1.9/51 648 332 231 368 

Somos Prototherm UV 0.7/40 0.6/38 1.9/38 1.9/21 1.2/31 15 23 30 18 

Pure PTFE 0.0/HIGH 0.0/ HIGH 0.0/ HIGH 135/ HIGH 0/HIGH 0 0 0 0 

KeckFDM NanoForm 15120 NA NA NA NA NA 96 87 85 109 

Somos NanoForm 15120 0.9/45 0.9/41 2.8/46 3.2/27 3.1/41 99 100 112 125 

Somos NanoTool 0.9/60 1.0/62 4.6/81 3.2/49 2.5/74 28 60 87 71 

Somos Watershed 11122 0.8/25 0.5/25 2.9/39 1.6/24 1.4/35 79 73 62 269 

Keck SL Watershed 11122 5.3/47 2.7/21 4.3/32 1.5/21 1.8/32 NA NA NA NA 

Keck SL White 14120 1.6/21 2.0/185 3.0/35 2.5/22 1.1/34 105 99 97 139 

Entries marked “NA” indicate that samples of this type are not fabricated. 

“Th” = Thermally post-cured, “UV” = UV post-cured only, “Lay” = laying down orientation, “St” = standing up orientation. 

Notation is “std. dev. / est. err”. Estimated error is not available for X-band measurements. 
Sample dimensions: 1 MHz – 1 GHz: 3 mm thick × 50 mm dia., 8.2-11 GHz: 7.63 mm × 10.06 mm × 22.60 mm 
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Appendix C Effective Medium Theory Derivations 

Effective medium theory seeks to describe the overall properties of a multi-component 

material based on the properties of its constituent materials. Many theories exist and several are 

reviewed here. Referring to Table 8, printed ABS is considered material ‘1’ which is not fully 

dense allowing air (considered material ‘2’) to exist within the sample. 

Table 26 Effective medium theory variables 

Symbol Material 

𝑓 Filling fraction 

𝜀𝑟1 ABS 

𝜀𝑟2 Air 

𝜀𝑚𝑖𝑛, 𝜀𝑚𝑎𝑥 Wiener Bounds 

𝜀𝑀 Maxwell 

𝜀𝑀𝐺  Maxwell-Garnett / Clausius-Mossotti 

𝜀𝐵 Symmetric Bruggeman 

𝜀𝐴𝐵𝐺 Asymmetric Bruggeman 

𝜀𝐿 Looyenga 

Boundaries are given by Wiener [83][84] which limit the minimum and maximum values 

the average dielectric constant may be based on the fill fraction and  

 
𝜀𝑚𝑖𝑛 =

1

𝑓
1
𝜀𝑟1

+ (1 − 𝑓)
1
𝜀𝑟2

 
 

 𝜀𝑚𝑎𝑥 = 𝑓𝜀𝑟1 + (1 − 𝑓)𝜀𝑟2  

The formula of Maxwell offers the simplest computation of effective material properties. 

A straightforward derivation is offered here. 
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𝜀𝑀𝐺 − 𝜀𝑟2
𝜀𝑀𝐺 + 2𝜀𝑟2

= 𝑓
𝜀𝑟1 − 𝜀𝑟2
𝜀𝑟1 + 2𝜀𝑟2

  

 (𝜀𝑀𝐺 − 𝜀𝑟2)(𝜀𝑟1 + 2𝜀𝑟2) = 𝑓(𝜀𝑟1 − 𝜀𝑟2)(𝜀𝑀𝐺 + 2𝜀𝑟2)  

 

𝜀𝑀𝐺𝜀𝑟1 − 𝜀𝑟1𝜀𝑟2 + 2𝜀𝑀𝐺𝜀𝑟2 − 2𝜀𝑟2𝜀𝑟2

= 𝑓𝜀𝑀𝐺𝜀𝑟1 − 𝑓𝜀𝑀𝐺𝜀𝑟2 + 2𝑓𝜀𝑟1𝜀𝑟2 − 2𝑓𝜀𝑟2𝜀𝑟2 
 

 

𝜀𝑀𝐺𝜀𝑟1 + 2𝜀𝑀𝐺𝜀𝑟2 − 𝑓𝜀𝑀𝐺𝜀𝑟1 + 𝑓𝜀𝑀𝐺𝜀𝑟2

= +2𝑓𝜀𝑟1𝜀𝑟2 − 2𝑓𝜀𝑟2𝜀𝑟2 + 2𝜀𝑟2𝜀𝑟2 + 𝜀𝑟1𝜀𝑟2 
 

 𝜀𝑀𝐺 =
2𝑓𝜀𝑟1𝜀𝑟2 + 𝜀𝑟1𝜀𝑟2 + 2𝜀𝑟2𝜀𝑟2 − 2𝑓𝜀𝑟2𝜀𝑟2

𝜀𝑟1 + 2𝜀𝑟2 − 𝑓𝜀𝑟1 + 𝑓𝜀𝑟2
  

 𝜀𝑀𝐺 = 𝜀𝑟2 + 𝜀𝑟2
3𝑓(𝜀𝑟1 − 𝜀𝑟2)

𝜀𝑟1 + 2𝜀𝑟2
  

The formula named for Maxwell-Garnett [85][86][87] and Clausius-Mossotti [88] (MG 

or C-M) is a very common approximation and follows equation 26. 

 𝜀𝑀𝐺𝐶𝑀 =
𝜀𝑟2 (1 +

2𝑓(𝜀𝑟1 − 𝜀𝑟2)
𝜀𝑟1 + 2𝜀𝑟2

)

1 −
𝑓(𝜀𝑟1 − 𝜀𝑟2)
(𝜀𝑟1 + 2𝜀𝑟2)

  

Bruggemann [89] offers two equations, a symmetric and asymmetric model of effective 

medium computation.  Here is given a derivation of the symmetric model. 
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 𝑓
𝜀𝑟1 − 𝜀𝐵
𝜀𝑟1 + 2𝜀𝐵

+ (1 − 𝑓)
𝜀𝑟2 − 𝜀𝐵
𝜀𝑟2 + 2𝜀𝐵

= 0  

 𝑓(𝜀𝑟1 − 𝜀𝐵)(𝜀𝑟2 + 2𝜀𝐵) + (1 − 𝑓)(𝜀𝑟2 − 𝜀𝐵)(𝜀𝑟1 + 2𝜀𝐵) = 0  

 
𝑓(𝜀𝑟1𝜀𝑟2 − 𝜀𝐵𝜀𝑟2 + 2𝜀𝐵𝜀𝑟1 − 2𝜀𝐵𝜀𝐵)

+ (1 − 𝑓)(𝜀𝑟1𝜀𝑟2 − 𝜀𝐵𝜀𝑟1 + 2𝜀𝐵𝜀𝑟2 − 2𝜀𝐵𝜀𝐵) = 0 
 

 
𝜀𝑟1𝜀𝑟2𝑓 − 𝜀𝐵𝜀𝑟2𝑓 + 2𝜀𝐵𝜀𝑟1𝑓 − 2𝜀𝐵𝜀𝐵𝑓 + 𝜀𝑟1𝜀𝑟2 − 𝜀𝐵𝜀𝑟1 + 2𝜀𝐵𝜀𝑟2 − 2𝜀𝐵𝜀𝐵

− 𝜀𝑟1𝜀𝑟2𝑓 + 𝜀𝐵𝜀𝑟1𝑓 − 2𝜀𝐵𝜀𝑟2𝑓 + 2𝜀𝐵𝜀𝐵𝑓 = 0 
 

 

+𝜀𝑟1𝜀𝑟2𝑓 − 𝜀𝐵𝜀𝑟2𝑓 + 2𝜀𝐵𝜀𝑟1𝑓 − 2𝜀𝐵𝜀𝐵𝑓
+ (𝜀𝑟1𝜀𝑟2 − 𝜀𝐵𝜀𝑟1 + 2𝜀𝐵𝜀𝑟2 − 2𝜀𝐵𝜀𝐵) − 𝜀𝑟1𝜀𝑟2𝑓 + 𝜀𝐵𝜀𝑟1𝑓
− 2𝜀𝐵𝜀𝑟2𝑓 + 2𝜀𝐵𝜀𝐵𝑓 = 0 

 

 +3𝜀𝐵𝜀𝑟1𝑓 − 3𝜀𝐵𝜀𝑟2𝑓 + (𝜀𝑟1𝜀𝑟2 − 𝜀𝐵𝜀𝑟1 + 2𝜀𝐵𝜀𝑟2 − 2𝜀𝐵𝜀𝐵) = 0  

 𝜀𝐵
2(−2) + 𝜀𝐵(3𝜀𝑟1𝑓 − 3𝜀𝑟2𝑓 − 𝜀𝑟1 + 2𝜀𝑟2) + (𝜀𝑟1𝜀𝑟2) = 0  

 𝑎 = −2  

 𝑏 = 3𝜀𝑟1𝑓 − 3𝜀𝑟2𝑓 − 𝜀𝑟1 + 2𝜀𝑟2  

 𝑐 = 𝜀𝑟1𝜀𝑟2  

 𝜀𝐵 =
−𝑏 ± √𝑏2 − 4𝑎𝑐

2𝑎
  

 𝜀𝐵 =
−𝑏 ± √𝑏2 − 4𝑎𝑐

2𝑎
  

 

𝜀𝐵

=
1

4
(3𝑓(𝜀𝑟1 − 𝜀𝑟2) + 2𝜀𝑟2 − 𝜀𝑟1

+√(1 − 3𝑓)2𝜀𝑟12 + 2(2 + 9𝑓 − 9𝑓2)𝜀𝑟1𝜀𝑟2 + (1 − 3𝑓)2𝜀𝑟22) 

 

The asymmetric Bruggemann model [89] assumes spherical particles in a host material 

and may or may not offer a good representation of effective medium for dielectric constant in 

partial infill printed material. The solution is computed numerically according to the following 

derivation using the modified secant method. 
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𝜀𝑖 − 𝜀𝑒𝑓𝑓

𝜀𝑖 − 𝜀ℎ
= (1 − 𝑓) (

𝜀𝑒𝑓𝑓

𝜀ℎ
)

1
3
  

 𝜀𝑖 − 𝜀𝑒𝑓𝑓 = (1 − 𝑓)(𝜀𝑖 − 𝜀ℎ) (
𝜀𝑒𝑓𝑓

𝜀ℎ
)

1
3
  

 𝜀𝑖 − 𝜀𝑒𝑓𝑓 = (1 − 𝑓)(𝜀𝑖 − 𝜀ℎ)𝜀ℎ
−
1
3𝜀𝑒𝑓𝑓

1
3  

 𝜀𝑒𝑓𝑓 + (1 − 𝑓)(𝜀𝑖 − 𝜀ℎ)𝜀ℎ
−
1
3𝜀𝑒𝑓𝑓

1
3 − 𝜀𝑖 = 0  

 𝜀𝑒𝑓𝑓 + 𝐵𝜀𝑒𝑓𝑓
1
3 + 𝐶 = 0  

 𝐵 = (1 − 𝑓)(𝜀𝑖 − 𝜀ℎ)𝜀ℎ
−
1
3  

 𝐶 = −𝜀𝑖  

Looyenga [90] offers another simple method for effective medium approximation based 

on cube roots. 

 𝜀𝐿 = ((√𝜀𝑟1
3 − √𝜀𝑟2

3 )𝑓 + √𝜀𝑟2
3 )

3
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Appendix D Propagation Constant from Coefficient 

In the back-calculation of transmission lines, it is frequently necessary to determine the 

propagation constant from the propagation coefficient. This computation produces infinitely 

many values depending on the number of wavelengths which exist on the line. In order to 

determine the correct value, a guess (𝜀𝑒,𝑔𝑢𝑒𝑠𝑠) is made at the effective permittivity (𝜀𝑒) based on 

the material dielectric and the type of transmission line. The value n is chosen such that 𝜀𝑒 most 

closely matches 𝜀𝑒,𝑔𝑢𝑒𝑠𝑠. 

 𝑛 ∈ [0,20] 
 

 

 𝛾(𝑛) = −
1

𝑙
[𝑙𝑛(|𝑃|) + 𝑗(𝑎𝑛𝑔(𝑃) − 2𝜋𝑛)] 

 
 

 𝛽 = 𝑖𝑚𝑎𝑔(𝛾) 
 

 

 𝜀𝑒 = (
𝑐0𝛽

2𝜋𝑓
)
2
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Appendix E TRL Calibration 

TRL calibration relies on three calibration standards to extract microstrip line parameters; 

through, reflect, and line. The method works by assuming that the length of transmission line of 

interest is embedded between two symmetrical error boxes which introduce additional reflections 

and transmission loss to the combined system. The through standard is a very short connection of 

just these two error boxes. The reflect standard is just one of these error boxes open circuited or 

short circuited. The line standard is a length of transmission line connected between two error 

boxes. The line length can be any length other than a multiple of one half wavelength. 

𝑇 = [
𝑇11 𝑇12
𝑇21 𝑇22

] 

𝑇11, 𝑇12 
 

𝑅 = [
𝑅11 𝑅12
𝑅21 𝑅22

] 

𝑅11 
 

𝐿 = [
𝐿11 𝐿12
𝐿21 𝐿22

] 

𝐿11, 𝐿12 

 

 

Each standard measurement is shown here followed by its signal flow graph and derived 

equations in order to determine the unknown error box parameters. 

   
Figure 128 Through standard 
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Figure 129 Thru signal flow graph 

𝑇11 = 𝑇22 =
𝑏1
𝑎1
|
𝑎2=0

= 𝑆11 +
𝑆22𝑆12

2

1 − 𝑆22
2  

𝑇12 = 𝑇21 =
𝑏1
𝑎2
|
𝑎1=0

=
𝑆12

2

1 − 𝑆22
2  

  
Figure 130 Reflect standard 

 
Figure 131 Reflect signal flow graph 
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𝑅11 = 𝑅22 =
𝑏1
𝑎1
|
𝑎2=0

= 𝑆11 +
𝑆12

2Γ𝐿
1 − 𝑆22Γ𝐿

 

𝑅12 = 𝑅21 = 0 

 

   
Figure 132 Line standard 

𝐿11 = 𝐿22 =
𝑏1
𝑎1
|
𝑎2=0

= 𝑆11 +
𝑆22𝑆12

2𝑒−2𝛾𝑙

1 − 𝑆22
2𝑒−2𝛾𝑙

  

𝐿12 = 𝐿21 =
𝑏1
𝑎2
|
𝑎1=0

=
𝑆12

2𝑒−𝛾𝑙

1 − 𝑆22
2𝑒−2𝛾𝑙

  

 
Figure 133 Line signal flow graph 

There are five complex parameters which consist of ten numbers and five complex 

equations so a solution may be found. 

 𝑇11 = 𝑆11 +
𝑆22𝑆12

2

1 − 𝑆22
2  
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 𝑇12 =
𝑆12

2

1 − 𝑆22
2  

 𝑅11 = 𝑆11 +
𝑆12

2Γ𝐿
1 − 𝑆22Γ𝐿

  

 𝐿11 = 𝑆11 +
𝑆22𝑆12

2𝑒−2𝛾𝑙

1 − 𝑆22
2𝑒−2𝛾𝑙

  

 𝐿12 =
𝑆12

2𝑒−𝛾𝑙

1 − 𝑆22
2𝑒−2𝛾𝑙

  

Table 27 Simpler variable names 

Outputs Inputs 

𝐴 = 𝑇11 

𝐵 = 𝑇12 

𝐶 = 𝐿11 

𝐷 = 𝐿12 

𝑅11 = 𝑅11 
 

𝑣 = 𝑆11 

𝑤 = 𝑆12
2
 

𝑥 = 𝑆22 

𝑦 = 𝑒−𝛾𝑙 
𝑧 = Γ𝐿 

 

Equations from signal flow graphs: 

 𝐴 = 𝑣 +
𝑥𝑤

1 − 𝑥2
  

 𝐵 =
𝑤

1 − 𝑥2
  

 𝑅11 = 𝑣 +
𝑤z

1 − 𝑥z
  

 𝐶 = 𝑣 +
𝑥𝑤𝑦2

1 − 𝑥2𝑦2
  

 𝐷 =
𝑤𝑦

1 − 𝑥2𝑦2
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There are now five equations for the five unknowns, v, w, x, y, and z; the solution is 

straightforward but lengthy. Only one equation contains z, the other four equations are solved for 

the other four unknown. w can also be eliminated from the system of equations. 

 𝐴 = 𝑣 + 𝐵𝑥  

 𝐶 = 𝑣 + 𝐷𝑥𝑦  

 𝐶 = 𝑣 +
𝐵(1 + 𝑥)(1 − 𝑥)𝑥𝑦2

(1 + 𝑥𝑦)(1 − 𝑥𝑦)
  

 𝐷 =
𝐵(1 + 𝑥)(1 − 𝑥)𝑦

(1 + 𝑥𝑦)(1 − 𝑥𝑦)
  

v can be eliminated as follows: 

 𝐴 − 𝐵𝑥 = 𝑣 = 𝐶 − 𝐷𝑥𝑦  

 𝐷 =
𝐵(1 + 𝑥)(1 − 𝑥)𝑦

(1 + 𝑥𝑦)(1 − 𝑥𝑦)
  

 𝐷(𝑦2 − 𝑥2) = 𝐵(𝑦 − 𝑥2𝑦)  

This leaves two equations for x and y: 

 𝐷𝑦2 − 𝐷𝑥2 = 𝐵𝑦 − 𝐵𝑥2𝑦  

 𝑦2(𝐴 − 𝐵𝑥) − 𝐴𝑥2 = 𝐶(𝑦2 − 𝑥2) − 𝐵𝑥  

A solution is found for x. 

 𝑥2 =
𝐵𝑦 − 𝐷𝑦2

𝐵 − 𝐷
= 𝑦

𝐵 − 𝐷𝑦

𝐵 − 𝐷
  

A substitution is made using x to give a quadratic equation for y. 
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 𝐴𝑦2 − 𝐵𝑥𝑦2 − 𝐴𝑥2 − 𝐶𝑦2 + 𝐶𝑥2 + 𝐵𝑥 = 0  

 𝐷𝐵𝑦2 − 𝐷2𝑦 − 𝐵2𝑦 + 𝐴2𝑦 + 𝐶2𝑦 − 2𝐴𝐶𝑦 + 𝐷𝐵 = 0  

Application of the quadratic formula then gives the solution for y in terms of the 

measured TRL S-parameters as: 

 𝐷𝐵𝑦2 + (−𝐷2 − 𝐵2 + (𝐴 − 𝐶)2)𝑦 + 𝐷𝐵 = 0  

 𝑎 = 𝐷𝐵  

 𝑏 = −𝐷2 − 𝐵2 + (𝐴 − 𝐶)2  

 𝑐 = 𝐷𝐵  

 𝑦 =
−𝑏 ± √𝑏2 − 4𝑎𝑐

2𝑎
  

 𝑦 =
𝐷2 + 𝐵2 − (𝐴 − 𝐶)2 ±√(𝐷2 + 𝐵2 − (𝐴 − 𝐶)2)2 − 4𝐷2𝐵2

2𝐷𝐵
  

The choice of sign can be determined by the requirement that the real and imaginary parts 

of 𝛾 be positive, or by knowing the phase of z as determined from the last final equation to 

within 180 degrees. 

Next x is multiplied in and subtracted from the first equation to giving the following. 

 𝐵𝑥 =
𝑥𝑤

1 − 𝑥2
  

 𝐴 = 𝑣 +
𝑥𝑤

1 − 𝑥2
  

 𝐴 = 𝑣 + 𝐵𝑥  

Further manipulations give: 
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 𝐷𝑥 =
𝑥𝑤𝑦

1 − 𝑥2𝑦2
  

 𝐶 = 𝑣 +
𝑥𝑤𝑦2

1 − 𝑥2𝑦2
  

 𝐶 = 𝑣 + 𝐷𝑦  

Eliminating v from these two equations gives x in terms of y as: 

 𝐶 − 𝐷𝑦 = 𝑣 = 𝐴 − 𝐵𝑥  

 𝑥 =
𝐴 − 𝐶

𝐵 − 𝐷𝑦
  

Solving for v gives: 

 𝑣 = 𝐵𝑥 − 𝐴  

Solving for w gives: 

 𝑤 = 𝐵(1 − 𝑥2)  

Solving for z to gives: 

 𝑅11 = 𝑣 +
𝑤z

1 − 𝑥z
 

 
 

 𝑅11 − 𝑅11𝑥z = 𝑣 − 𝑣𝑥z + wz 
 

 

 −𝑅11𝑥z − wz + vxz = 𝑣 − 𝑅11 
 

 

 wz + 𝑅11𝑥z − vxz = 𝑅11 − 𝑣 
 

 

 (w + 𝑅11𝑥 − vx)𝑧 = 𝑅11 − 𝑣 
 

 

 𝑧 =
𝑅11 − 𝑣

𝑤 + 𝑥(𝑅11 − 𝑣)
 

 

 



152 

 

Here the equations are summarized. 

 𝑎 = 𝐷𝐵  

 𝑏 = (𝐷2 + 𝐵2 − (𝐶 − 𝐴)2)  

 𝑐 = 𝐷𝐵  

 
𝑦 =

−𝑏 ± √𝑏2 − 4𝑎𝑐

2𝑎
  

 𝑥 =
𝐴 − 𝐶

𝐵 − 𝐷𝑦
  

 𝑣 = 𝐵𝑥 − 𝐴  

 𝑤 = 𝐵(1 − 𝑥2)  

 𝑧 =
𝑅11 − 𝑣

𝑤 + 𝑥(𝑅11 − 𝑣)
  

Revert to original variables. 

 𝑎 = 𝐿12𝑇12 
 

 

 𝑏 = 𝐿12
2 + 𝑇12

2 − (𝐿11 − 𝑇11)
2 

 
 

 𝑐 = 𝐿12𝑇12 
 

 

 𝑃 = 𝑒−𝛾𝑙 =
−𝑏 ± √𝑏2 − 4𝑎𝑐

2𝑎
 

 

 

 

𝑒−𝛾𝑙

=
𝐿12

2 + 𝑇12
2 − (𝐿11 − 𝑇11)

2 ±√[𝐿12
2 + 𝑇12

2 − (𝑇11 − 𝐿11)2]
2
− 4𝐿12

2𝑇12
2

2𝐿12𝑇12
 

 

 

 𝑃𝑝 = −
𝑏

2𝑎
+
√𝑏2 − 4𝑎𝑐

2𝑎
 

 

 

 𝑃𝑚 = −
𝑏

2𝑎
−
√𝑏2 − 4𝑎𝑐

2𝑎
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 𝛾𝑝 = propP2g(𝑃𝑝) 

 
 

 𝛾𝑚 = propP2g(𝑃𝑚) 
 

 

 𝑃 = {
𝑃𝑝 𝑠𝑖𝑔𝑛(𝑟𝑒(𝛾)) = 𝑠𝑖𝑔𝑛(𝑖𝑚(𝛾)) = +1

𝑃𝑚 𝑠𝑖𝑔𝑛(𝑟𝑒(𝛾)) = 𝑠𝑖𝑔𝑛(𝑖𝑚(𝛾)) = +1
 

 

 

 𝛾 = {
𝛾𝑝 𝑠𝑖𝑔𝑛(𝑟𝑒(𝛾)) = 𝑠𝑖𝑔𝑛(𝑖𝑚(𝛾)) = +1

𝛾𝑚 𝑠𝑖𝑔𝑛(𝑟𝑒(𝛾)) = 𝑠𝑖𝑔𝑛(𝑖𝑚(𝛾)) = +1
 

 

 

 𝑆22 =
𝑇11 − 𝐿11

𝑇12 − 𝐿12𝑒−𝛾𝑙
 

 

 

 𝑆11 = 𝑇11 − 𝑆22𝑇12 
 

 

 𝑆12
2 = 𝑇12(1 − 𝑆22

2) 
 

 

 𝑆12 = 𝑆21 =

{
 

 +√𝑆12
2 𝑠𝑖𝑔𝑛(? ) = +1

−√𝑆12
2 𝑠𝑖𝑔𝑛(? ) = +1

 

 

 

 𝐶𝑥 = [
𝑆11 𝑆12
𝑆21 𝑆22

] 

 
 

 Γ𝐿 =
𝑅11 − 𝑆11

𝑆12
2 + 𝑆22(𝑅11 − 𝑆11)

 

 

 

The error box S-parameters are represented as 𝑆̃ = [
𝑆11 𝑆12
𝑆21 𝑆22

]. The measured S-

parameters of the device are represented as 𝐷̃ = [
𝐷11 𝐷12
𝐷21 𝐷22

]. Both of these matrices must be 

converted to T-parameters. 𝑆̃ → 𝑇𝐴̃ and 𝐷̃ → 𝑇𝐷̃. 

 𝑇11 = −
|𝑆|

𝑆21
 

 

 

 𝑇12 =
𝑆11
𝑆21
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 𝑇21 = −
𝑆22
𝑆21

 

 

 

 𝑇22 =
1

𝑆21
 

 

 

Once the effects of the error boxes 𝑇𝐴̃ are removed, the resulting line parameters are 

found as 𝑇𝐿̃. 

 𝑇𝐿̃ = 𝑇𝐴̃
−1
𝑇𝐷̃𝑇𝐴̃

−1
 

 
 

These device T-parameters are converted back to S-parameters. 

 𝑆11 =
𝑇12
𝑇22

 

 

 

 𝑆12 =
|𝑇|

𝑇22
 

 

 

 𝑆21 =
1

𝑇22
 

 

 

 𝑆22 = −
𝑇21
𝑇22

 

 

 

The resulting S-parameters represent just the device as though it were connected directly 

to two ports of exactly the reference impedance, without the effects of the connectors which were 

represented by the error box. The resulting S-parameters are now ready for further processing. 
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Appendix F Nicholson-Ross-Weir Method 

Recognizing that solving the Nicholson-Ross-Weir [71]-[74] problem involves a two-

interface air-dielectric-air system, the Fabry–Pérot cavity (with its infinite internal reflections) 

problem is solved for the overall reflection and transmission coefficients 𝑆11 and 𝑆21. Ray 

tracing is used where the slab is seen as a box in which rays bounce back and forth infinitely 

many times and each time a portion of the energy leaks out and a portion reflects. Phase is 

accumulated as the imaginary single-transmission propagation constant, 𝑃 = 𝑒−𝑗𝑘𝑙. Each 

reflection is described by the single-interface reflection coefficient, Γ. The single interface 

reflection coefficient is not directly measurable; however, the overall reflection and transmission 

coefficients are measurable and the single interface reflection coefficient may be determined 

from them by solving analytical equations for the Fabry–Pérot cavity. 

The overall reflection and transmission coefficients, 𝑆11 and 𝑆21 are solved in terms of 

the single-interface reflection coefficient, Γ and the single-transmission propagation constant, 

𝑃 = 𝑒−𝑗𝑘𝑙. Note that the reflection coefficient from air to dielectric is Γ while the reflection 

coefficient from inside the dielectric to air is – Γ. Phase is always accumulated as 𝑒−𝑗𝑘𝑙. 
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Figure 134 Ray tracing of Fabry–Pérot cavity 

 

Table 28 First Fabry–Pérot cavity reflections 

Voltage at point ‘n’ Transmission parameter Reflection parameter 

𝑉1 = 𝑉𝑖𝑛𝑐 = 1 
 

𝑇1 = (1 − Γ) 
 

𝑅1 = Γ 

𝑉2 = (1 − Γ)𝑒
−𝑗𝑘𝑙 

 
𝑇2 = (1 + Γ)(1 − Γ)𝑒

−𝑗𝑘𝑙 
 

𝑅2 = −Γ(1 − Γ)𝑒−𝑗𝑘𝑙 
 

𝑉3 = −Γ(1 − Γ)𝑒−2𝑗𝑘𝑙 
𝑇3 = −Γ(1 + Γ)(1 − Γ)𝑒−2𝑗𝑘𝑙 

 
𝑅3 = Γ

2(1 − Γ)𝑒−2𝑗𝑘𝑙 
 

𝑉4 = Γ
2(1 − Γ)𝑒−3𝑗𝑘𝑙 𝑇4 = Γ

2(1 + Γ)(1 − Γ)𝑒−3𝑗𝑘𝑙 
𝑅4 = −Γ3(1 − Γ)𝑒−3𝑗𝑘𝑙 

 

𝑉5 = −Γ
3(1 − Γ)𝑒−4𝑗𝑘𝑙 

 
𝑇5 = −Γ

3(1 + Γ)(1 − Γ)𝑒−4𝑗𝑘𝑙 
𝑅5 = Γ

4(1 − Γ)𝑒−4𝑗𝑘𝑙 
 

𝑉6 = Γ
4(1 − Γ)𝑒−5𝑗𝑘𝑙 

 
𝑇6 = Γ4(1 + Γ)(1 − Γ)𝑒−4𝑗𝑘𝑙 

 
Not computed 

First the infinite summations are solved. 

 𝑆11 = 𝑅1 + 𝑇3 + 𝑇5 +⋯𝑇∞  

𝑉𝑖 

𝑅1 

𝑇1 𝑉2 

𝑅2 

𝑇2 

𝑉4 

𝑇3 

𝑇5 

𝑉3 

𝑅3 
𝑅4 

𝑇4 

𝑇6 
𝑉6 𝑉5 

𝑅5 

Γ −Γ 
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 𝑆11 = Γ − Γ(1 + Γ)(1 − Γ)𝑒
−2𝑗𝑘𝑙 − Γ3(1 + Γ)(1 − Γ)𝑒−4𝑗𝑘𝑙 +⋯𝑇∞  

 𝑆11 = Γ −∑{Γ2𝑛+1(1 + Γ)(1 − Γ)𝑒−(2𝑛+2)𝑗𝑘𝑙}

∞

𝑛=0

  

 𝑆21 = 𝑇2 + 𝑇4 + 𝑇6 +⋯𝑇∞  

 

𝑆21 = (1 + Γ)(1 − Γ)𝑒−𝑗𝑘𝑙 + Γ2(1 + Γ)(1 − Γ)𝑒−3𝑗𝑘𝑙

+ Γ4(1 + Γ)(1 − Γ)𝑒−4𝑗𝑘𝑙 +⋯𝑇∞ 
 

 𝑆21 = ∑{Γ2𝑛(1 + Γ)(1 − Γ)𝑒−(2𝑛+1)𝑗𝑘𝑙}

∞

𝑛=0

  

In order to solve these infinite sums, the geometric series in the following form is used 

 ∑{𝑎r𝑛}

∞

𝑛=0

=
𝑎

1 − 𝑟
  

Here is the simplification of 𝑆11 

 𝑆11 = Γ −∑{Γ2𝑛+1(1 + Γ)(1 − Γ)𝑒−(2𝑛+2)𝑗𝑘𝑙}

∞

𝑛=0

  

 𝑆11 = Γ −∑{(Γ2𝑒−2𝑗𝑘𝑙)
𝑛
Γ(1 + Γ)(1 − Γ)𝑒−2𝑗𝑘𝑙}

∞

𝑛=0

  

 𝑎 =  Γ(1 + Γ)(1 − Γ)𝑒−2𝑗𝑘𝑙  

 r = Γ2𝑒−2𝑗𝑘𝑙  

 𝑆11 = Γ −
Γ(1 + Γ)(1 − Γ)𝑒−2𝑗𝑘𝑙

(1 − Γ2𝑒−2𝑗𝑘𝑙)
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 𝑆11 =
Γ(1 − Γ2𝑒−2𝑗𝑘𝑙) − Γ(1 + Γ)(1 − Γ)𝑒−2𝑗𝑘𝑙

(1 − Γ2𝑒−2𝑗𝑘𝑙)
  

 𝑆11 = Γ −
Γ(1 + Γ)(1 − Γ)𝑒−2𝑗𝑘𝑙

(1 − Γ2𝑒−2𝑗𝑘𝑙)
  

 𝑆11 =
Γ(1 − Γ2𝑒−2𝑗𝑘𝑙) − Γ(1 + Γ)(1 − Γ)𝑒−2𝑗𝑘𝑙

(1 − Γ2𝑒−2𝑗𝑘𝑙)
  

 𝑆11 =
Γ(1 − Γ2𝑒−2𝑗𝑘𝑙) − Γ(1 + Γ)(1 − Γ)𝑒−2𝑗𝑘𝑙

(1 − Γ2𝑒−2𝑗𝑘𝑙)
  

 𝑆11 =
Γ − Γ3𝑒−2𝑗𝑘𝑙 − (Γ − Γ2 + Γ2 − Γ3)𝑒−2𝑗𝑘𝑙

(1 − Γ2𝑒−2𝑗𝑘𝑙)
  

 𝑆11 =
Γ − (Γ3 + Γ − Γ2 + Γ2 − Γ3)𝑒−2𝑗𝑘𝑙

(1 − Γ2𝑒−2𝑗𝑘𝑙)
  

 𝑆11 =
Γ − (Γ)𝑒−2𝑗𝑘𝑙

(1 − Γ2𝑒−2𝑗𝑘𝑙)
  

 𝑆11 =
(1 − 𝑒−2𝑗𝑘𝑙)Γ

(1 − Γ2𝑒−2𝑗𝑘𝑙)
  

 𝑃 = 𝑒−𝑗𝑘𝑙  

 𝑆11 =
(1 − 𝑃2)Γ

1 − Γ2𝑃2
  

 

Here is the simplification of 𝑆21 

 𝑆21 = ∑{Γ2𝑛(1 + Γ)(1 − Γ)𝑒−(2𝑛+1)𝑗𝑘𝑙}

∞

𝑛=0
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 𝑆21 =∑{(Γ2𝑒−2𝑗𝑘𝑙)
𝑛
(1 + Γ)(1 − Γ)𝑒−𝑗𝑘𝑙}

∞

𝑛=0

  

 𝑎 =  (1 + Γ)(1 − Γ)𝑒−𝑗𝑘𝑙  

 r = Γ2𝑒−2𝑗𝑘𝑙  

 𝑆21 =
(1 + Γ)(1 − Γ)𝑒−𝑗𝑘𝑙

(1 − Γ2𝑒−2𝑗𝑘𝑙)
  

 𝑆21 =
(1 − Γ)2𝑒−𝑗𝑘𝑙

(1 − Γ2𝑒−2𝑗𝑘𝑙)
  

 𝑃 = 𝑒−𝑗𝑘𝑙  

 𝑆21 =
(1 − Γ2)𝑃

1 − Γ2𝑃2
  

These equations relate the measured S-parameters to the single-interface reflection 

coefficient Γ and the single-transmission propagation constant, 𝑃 = 𝑒−𝑗𝑘𝑙. These equations must 

be solved for Γ and 𝑃 in terms of 𝑆11 and 𝑆21 

 

𝑆11 =
(1 − 𝑃2)Γ

1 − Γ2𝑃2
 

 

 

 𝑆21 =
(1 − Γ2)𝑃

1 − Γ2𝑃2
  

Solution in 𝑆11 

 𝑆11(1 − Γ
2𝑃2) = (1 − 𝑃2)Γ  

 Γ𝑃2 − 𝑆11Γ
2𝑃2 = Γ − 𝑆11  
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 (Γ − 𝑆11Γ
2)𝑃2 = Γ − 𝑆11  

 𝑃2 =
Γ − 𝑆11
Γ − 𝑆11Γ2

  

 𝑃 = ±√
Γ − 𝑆11
Γ − 𝑆11Γ2

  

Solution in 𝑆21 

 𝑆21 =
(1 − Γ2)𝑃

1 − Γ2𝑃2
  

 𝑃Γ2 − 𝑆21Γ
2𝑃2 = 𝑃 − 𝑆21  

 (𝑃 − 𝑆21𝑃
2)Γ2 = 𝑃 − 𝑆21  

 Γ2 =
𝑃 − 𝑆21
𝑃 − 𝑆21𝑃2

  

Combining equations 

 Γ2 =
±√

Γ − 𝑆11
Γ − 𝑆11Γ2

− 𝑆21

±√
Γ − 𝑆11
Γ − 𝑆11Γ2

−
𝑆21Γ − 𝑆21𝑆11
Γ − 𝑆11Γ2

  

 Γ2 =

±√
(Γ − 𝑆11)(Γ − 𝑆11Γ

2)
(Γ − 𝑆11Γ2)(Γ − 𝑆11Γ2)

−
𝑆21(Γ − 𝑆11Γ

2)
(Γ − 𝑆11Γ2)

±√
(Γ − 𝑆11)(Γ − 𝑆11Γ

2)
(Γ − 𝑆11Γ2)(Γ − 𝑆11Γ2)

−
𝑆21Γ − 𝑆21𝑆11
Γ − 𝑆11Γ2
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 Γ2 =

±√(Γ − 𝑆11)(Γ − 𝑆11Γ2) − 𝑆21Γ + 𝑆21𝑆11Γ
2

Γ − 𝑆11Γ2

±√(Γ − 𝑆11)(Γ − 𝑆11Γ2) − 𝑆21Γ + 𝑆21𝑆11
Γ − 𝑆11Γ2

  

 Γ2 =
±√(Γ − 𝑆11)(Γ − 𝑆11Γ2) − 𝑆21Γ + 𝑆21𝑆11Γ

2

±√(Γ − 𝑆11)(Γ − 𝑆11Γ2) − 𝑆21Γ + 𝑆21𝑆11
  

 

Γ2

=
(±√(Γ − 𝑆11)(Γ − 𝑆11Γ2) − 𝑆21Γ + 𝑆21𝑆11Γ

2)(±√(Γ − 𝑆11)(Γ − 𝑆11Γ2) − 𝑆21Γ + 𝑆21𝑆11)

(±√(Γ − 𝑆11)(Γ − 𝑆11Γ2) − 𝑆21Γ + 𝑆21𝑆11)
2  

Γ

=
√(±√(Γ − 𝑆11)(Γ − 𝑆11Γ2) − 𝑆21Γ + 𝑆21𝑆11Γ2)(±√(Γ − 𝑆11)(Γ − 𝑆11Γ2) − 𝑆21Γ + 𝑆21𝑆11)

±√(Γ − 𝑆11)(Γ − 𝑆11Γ2) − 𝑆21Γ + 𝑆21𝑆11
 

Γ

=
√(±√Γ2 − Γ𝑆11 + 𝑆11𝑆11Γ2 + 𝑆11Γ3 − 𝑆21Γ + 𝑆21𝑆11Γ2)(±√(Γ − 𝑆11)(Γ − 𝑆11Γ2) − 𝑆21Γ + 𝑆21𝑆11)

±√(Γ − 𝑆11)(Γ − 𝑆11Γ2) − 𝑆21Γ + 𝑆21𝑆11
 

(𝑎 + 𝑏)(𝑎 + 𝑐) = 𝑎2 + 𝑎𝑏 + 𝑎𝑐 + 𝑏𝑐 

 𝜒 =
𝑆11

2 − 𝑆21
2 + 1

2𝑆11
  

 Γ = 𝜒 ± √𝜒2 − 1  

 𝑃 =
𝑆11 + 𝑆21 − Γ

1 − (𝑆11 + 𝑆21)Γ
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In reverse 

 𝜒 =
𝑆11

2 − 𝑆21
2 + 1

2𝑆11
  

 Γ = 𝜒 ± √𝜒2 − 1  

 𝑃 =
𝑆11 + 𝑆21 − Γ

1 − (𝑆11 + 𝑆21)Γ
  

Reflection coefficient 

 Γ =
𝑆11

2 − 𝑆21
2 + 1

2𝑆11
±√(

𝑆11
2 − 𝑆21

2 + 1

2𝑆11
)

2

− 1  

 Γ =
𝑆11

2 − 𝑆21
2 + 1

2𝑆11
±√

(𝑆11
2 − 𝑆21

2 + 1)
2
− (2𝑆11)2

(2𝑆11)2
  

 
Γ =

𝑆11
2 − 𝑆21

2 + 1

2𝑆11
±

√(𝑆11
2 − 𝑆21

2 + 1)
2
− 4𝑆11

2

2𝑆11
  

 
Γ =

𝑆11
2 − 𝑆21

2 + 1 ± √(𝑆11
2 − 𝑆21

2 + 1)
2
− 4𝑆11

2

2𝑆11
  

Propagation Constant 

 
𝑃 =

−𝑆11
2 + 𝑆21

2 + 1 ± √(𝑆11
2 − 𝑆21

2 + 1)
2
− 4𝑆11

2

2𝑆11
  

Solve these equations for 𝑆11 and 𝑆21 in terms of Γ and 𝑃 
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Γ =

𝑆11
2 − 𝑆21

2 + 1 ± √(𝑆11
2 − 𝑆21

2 + 1)
2
− 4𝑆11

2

2𝑆11
  

 
𝑃 =

−𝑆11
2 + 𝑆21

2 + 1 ± √(𝑆11
2 − 𝑆21

2 + 1)
2
− 4𝑆11

2

2𝑆11
  

Solutions 

 𝜒 =
𝑆11

2 − 𝑆21
2 + 1

2𝑆11
  

 Γ = 𝜒 ± √𝜒2 − 1  

 𝑃 =
𝑆11 + 𝑆21 − Γ

1 − (𝑆11 + 𝑆21)Γ
  

In order to resolve the sign ambiguity in Γ, the sign is chosen so that the magnitude of the 

reflection coefficient is less than one. Essentially, for implementation, a sign is chosen and if the 

resulting magnitude of the reflection coefficient is greater than one, the opposite sign is chosen. 

 Γ =
𝜒 + √𝜒2 − 1

𝜒 − √𝜒2 − 1
| (|Γ| ≤ 1)  

Having discovered equations for the single interface reflection coefficient Γ and the 

single-transmission propagation coefficient, 𝑃, material parameters are sought from these 

quantities. 

The definition of impedance states that 

 𝑍 = √
𝜇

𝜀
= √

𝜇0𝜇𝑟
𝜀0𝜀𝑟

= √
𝜇0
𝜀0
√
𝜇𝑟
𝜀𝑟
= 𝑍0√

𝜇𝑟
𝜀𝑟
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The definition of the single-interface reflection coefficient Γ states that 

 Γ =
𝑍 − 𝑍0
𝑍 − 𝑍0

=

𝑍0√
𝜇𝑟
𝜀𝑟
− 𝑍0

𝑍0√
𝜇𝑟
𝜀𝑟
+ 𝑍0

=
√
𝜇𝑟
𝜀𝑟
− 1

√
𝜇𝑟
𝜀𝑟
+ 1

  

Nicholson, Ross and Weir define the single-transmission propagation constant 𝑃 

differently so both definitions will be derived here; however, for rectangular waveguide, the 

Weir method is appropriate. 

The definition of the single-transmission propagation constant 𝑃 according to Nicholson-

Ross states that 

 𝑃 = 𝑒−𝑗𝑘𝑙 = 𝑒−𝑗𝜔√𝜇𝜀𝑙 = 𝑒−𝑗2𝜋𝑓√𝜇0𝜇𝑟𝜀0𝜀𝑟𝑙 = 𝑒−𝑗2𝜋𝑓√𝜇0𝜀0√𝜇𝑟𝜀𝑟𝑙 = 𝑒
−𝑗
2𝜋𝑓
𝑐0

√𝜇𝑟𝜀𝑟𝑙
  

Weir defines a different single-transmission propagation constant 𝑃. Because the 

waveguide is not a TEM transmission line, the maximum cutoff wavelength of the guide must be 

considered, 𝜆𝑐. Thus Weir defines a slightly different single-transmission propagation constant 

which takes this cutoff wavelength into account. 𝜆0 =
1

𝑓0
 and 𝑓0 is the actual measured frequency. 

 𝑓 = √
1

𝜆0
2 −

1

𝜆𝑐
2  

The guide cutoff wavelength for rectangular waveguide may be solved using this simple 

relation. 

 𝜆𝑐 =
𝑐0
2𝑎

  

 𝑃 = 𝑒−𝑗𝑘𝑙 = 𝑒−𝑗𝜔√𝜇𝜀𝑙 = 𝑒−𝑗2𝜋𝑓√𝜇0𝜇𝑟𝜀0𝜀𝑟𝑙 = 𝑒−𝑗2𝜋𝑓√𝜇0𝜀0√𝜇𝑟𝜀𝑟𝑙  
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𝑃 = 𝑒

−𝑗2𝜋√
1

𝜆0
2−

1

𝜆𝑐
2√𝜇𝑟𝜀𝑟𝑙

 
 

The Nicholson-Ross method as described by the original authors solves for material 

parameters, permittivity and permeability. The derivations of 𝜀𝑟 and 𝜇𝑟 are started using the 

Nicholson-Ross method and solve the following two equations for 𝜀𝑟 and 𝜇𝑟 in terms of 𝑃, Γ 

 Γ =
√
𝜇𝑟
𝜀𝑟
− 1

√
𝜇𝑟
𝜀𝑟
+ 1

  

 𝑃 = 𝑒
−𝑗
2𝜋𝑓
𝑐0

√𝜇𝑟𝜀𝑟𝑙
  

Solution from Γ 

 Γ =
√
𝜇𝑟
𝜀𝑟
− 1

√
𝜇𝑟
𝜀𝑟
+ 1

  

 Γ√
𝜇𝑟
𝜀𝑟
+ Γ = √

𝜇𝑟
𝜀𝑟
− 1  

 √
𝜇𝑟
𝜀𝑟
− Γ√

𝜇𝑟
𝜀𝑟
= 1 + Γ  

 √
𝜇𝑟
𝜀𝑟
(1 − Γ) = 1 + Γ  

 
𝜇𝑟
𝜀𝑟
= (

1 + Γ

1 − Γ
)
2
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1

𝜀𝑟
= (

1 + Γ

1 − Γ
)
2 1

𝜇𝑟
  

Solution from 𝑃 

 𝑃 = 𝑒
−𝑗
2𝜋𝑓
𝑐0

√𝜇𝑟𝜀𝑟𝑙
  

 
1

𝑃
= 𝑒

𝑗
2𝜋𝑓
𝑐0

√𝜇𝑟𝜀𝑟𝑙
  

 𝑙𝑛 (
1

𝑃
) = 𝑗

2𝜋𝑓

𝑐0
√𝜇𝑟𝜀𝑟𝑙  

 √𝜇𝑟𝜀𝑟 =
𝑐0

𝑗2𝜋𝑓𝑙
𝑙𝑛 (

1

𝑃
)  

 𝜇𝑟𝜀𝑟 = (
𝑐0

𝑗2𝜋𝑓𝑙
𝑙𝑛 (

1

𝑃
))

2

  

 𝜇𝑟𝜀𝑟 = (
1

𝑗
)
2

(
𝑐0

𝑗2𝜋𝑓𝑙
𝑙𝑛 (

1

𝑃
))

2

  

 𝜇𝑟 = −
1

𝜀𝑟
(
𝑐0
2𝜋𝑓𝑙

𝑙𝑛 (
1

𝑃
))

2

  

Here is the solution for 𝜇𝑟 by the Nicholson-Ross method. Note that a special solution 

exists to solve the ambiguity of 𝑙𝑛 (
1

𝑃
) because the logarithm of a complex number produces 

infinitely many possible solutions. This solution will be discussed once the equations at hand are 

solved. 

 𝜇𝑟 = (
1 + Γ

1 − Γ
)
2 1

𝜇𝑟
(

𝑐0
𝑗2𝜋𝑓𝑙

𝑙𝑛 (
1

𝑃
))

2
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 𝜇𝑟
2 = (

1 + Γ

1 − Γ
)
2

(
𝑐0

𝑗2𝜋𝑓𝑙
𝑙𝑛 (

1

𝑃
))

2

  

 𝜇𝑟 = (
1 + Γ

1 − Γ
)

𝑐0
𝑗2𝜋𝑓𝑙

𝑙𝑛 (
1

𝑃
)  

Here is the solution for 𝜀𝑟 by the Nicholson-Ross method. Note that a special solution 

exists to solve the ambiguity of 𝑙𝑛 (
1

𝑃
) because the logarithm of a complex number produces 

infinitely many possible solutions. This solution will be discussed once the equations at hand are 

solved. 

 𝜀𝑟 = (
1 + Γ

1 − Γ
)
2

𝜇𝑟  

 𝜀𝑟 = (
1 + Γ

1 − Γ
)
2 1

𝜀𝑟
(
𝑐0
2𝜋𝑓𝑙

𝑙𝑛 (
1

𝑃
))

2

  

 𝜀𝑟
2 = (

1 + Γ

1 − Γ
)
2

(
𝑐0
2𝜋𝑓𝑙

𝑙𝑛 (
1

𝑃
))

2

  

 𝜀𝑟 = (
1 − Γ

1 + Γ
)
𝑐0
2𝜋𝑓𝑙

𝑙𝑛 (
1

𝑃
)  

The Nicolson-Ross method was modified by Weir in order to solve for material 

properties when the material is in a waveguide. Recall that these solutions for 𝜀𝑟 and 𝜇𝑟 using the 

Nicholson-Ross method do not consider the cutoff wavelength of rectangular waveguide due to 

its non-TEM nature. Alternate equations are derived from the method of Weir. The two 

equations for 𝜀𝑟 and 𝜇𝑟 are solved in terms of 𝑃, Γ 
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 Γ =
√
𝜇𝑟
𝜀𝑟
− 1

√
𝜇𝑟
𝜀𝑟
+ 1

  

 

𝑃 = 𝑒

−𝑗
2𝜋√𝜇𝑟𝜀𝑟𝑙

√
1

𝜆0
2−

1

𝜆𝑐
2

 
 

Solution from Γ 

 Γ =
√
𝜇𝑟
𝜀𝑟
− 1

√
𝜇𝑟
𝜀𝑟
+ 1

  

 Γ√
𝜇𝑟
𝜀𝑟
+ Γ = √

𝜇𝑟
𝜀𝑟
− 1  

 √
𝜇𝑟
𝜀𝑟
− Γ√

𝜇𝑟
𝜀𝑟
= 1 + Γ  

 √
𝜇𝑟
𝜀𝑟
(1 − Γ) = 1 + Γ  

 
𝜇𝑟
𝜀𝑟
= (

1 + Γ

1 − Γ
)
2

  

 
1

𝜀𝑟
= (

1 + Γ

1 − Γ
)
2 1

𝜇𝑟
  

Solution from 𝑃 

 
𝑃 = 𝑒

−𝑗2𝜋√
1

𝜆0
2−

1

𝜆𝑐
2√𝜇𝑟𝜀𝑟𝑙
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 1

𝑃
= 𝑒

𝑗2𝜋√
1

𝜆0
2−

1

𝜆𝑐
2√𝜇𝑟𝜀𝑟𝑙

  

 𝑙𝑛 (
1

𝑃
) = 𝑗2𝜋√

1

𝜆0
2 −

1

𝜆𝑐
2√𝜇𝑟𝜀𝑟𝑙  

 
√𝜇𝑟𝜀𝑟 =

1

𝑗2𝜋𝑙√
1

𝜆0
2 −

1

𝜆𝑐
2

𝑙𝑛 (
1

𝑃
) 

 

 
𝜇𝑟𝜀𝑟 = (

1

𝑗
)
2 1

√
1

𝜆0
2 −

1

𝜆𝑐
2

(
1

𝑗2𝜋𝑙
𝑙𝑛 (

1

𝑃
))

2

 

 

 
𝜇𝑟 = −

1

𝜀𝑟

1

√
1

𝜆0
2 −

1

𝜆𝑐
2

(
1

2𝜋𝑙
𝑙𝑛 (

1

𝑃
))

2

 

 

Here is the solution for 𝜇𝑟 by the Weir method. Note that a special solution exists to solve 

the ambiguity of 𝑙𝑛 (
1

𝑃
) because the logarithm of a complex number produces infinitely many 

possible solutions. This solution will be discussed once the equations at hand are solved. 

 
𝜇𝑟 = −{(

1 + Γ

1 − Γ
)
2 1

𝜇𝑟
}

1

√
1

𝜆0
2 −

1

𝜆𝑐
2

(
1

2𝜋𝑙
𝑙𝑛 (

1

𝑃
))

2

 

 

 
𝜇𝑟

2 = −(
1 + Γ

1 − Γ
)
2 1

√
1

𝜆0
2 −

1

𝜆𝑐
2

(
1

2𝜋𝑙
𝑙𝑛 (

1

𝑃
))

2
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𝜇𝑟 = −(

1 + Γ

1 − Γ
)

1

√
1

𝜆0
2 −

1

𝜆𝑐
2

(
1

2𝜋𝑓𝑙
𝑙𝑛 (

1

𝑃
)) 

 

Define intermediate parameter 

 
1

Λ2
= −(

1

2𝜋𝑙
𝑙𝑛 (

1

𝑃
))

2

  

 

𝜇𝑟 = (
1 + Γ

1 − Γ
)
1

Λ

1

√
1

𝜆0
2 −

1

𝜆𝑐
2

=
1 + Γ

Λ(1 − Γ)√
1

𝜆0
2 −

1

𝜆𝑐
2

 

 

Here is the solution for 𝜀𝑟 by the Weir method. Note that a special solution exists to solve 

the ambiguity of 𝑙𝑛 (
1

𝑃
) because the logarithm of a complex number produces infinitely many 

possible solutions. This solution will be discussed once the equations at hand are solved. 

From Weir 

 (
𝜀𝑟𝜇𝑟

𝜆0
2 −

1

𝜆𝑐
2) = −(

1

2𝜋𝑙
𝑙𝑛 (

1

𝑃
))

2

  

 (
𝜀𝑟𝜇𝑟𝜆𝑐

2 − 𝜆0
2

𝜆0
2𝜆𝑐

2 ) = −(
1

2𝜋𝑙
𝑙𝑛 (

1

𝑃
))

2

  

 (
𝜀𝑟𝜇𝑟

𝜆0
2 −

1

𝜆𝑐
2) = −(

1

2𝜋𝑙
𝑙𝑛 (

1

𝑃
))

2

  

 
𝜀𝑟𝜇𝑟

𝜆0
2 = −(

1

2𝜋𝑙
𝑙𝑛 (

1

𝑃
))

2

+
1

𝜆𝑐
2  
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𝜀𝑟𝜇𝑟

𝜆0
2 =

𝜆0
2

𝜇𝑟
[(

1

2𝜋𝑙
𝑙𝑛 (

1

𝑃
))

2

−
1

𝜆𝑐
2]  

 𝜀𝑟 =
1

𝜇𝑟
((

1

2𝜋𝑙
𝑙𝑛 (

1

𝑃
))

2

𝜆0
2 +

𝜆0
2

𝜆𝑐
2)  

Define intermediate parameter 

 
1

𝛬2
= −(

1

2𝜋𝑙
𝑙𝑛 (

1

𝑃
))

2

  

 𝜀𝑟 =
1

𝜇𝑟
(
𝜆0
2

Λ2
+
𝜆0
2

𝜆𝑐
2)  

Solution of logarithm of a complex number 

 𝑙𝑛 (
1

𝑃
) = 𝑙𝑛 (𝑀𝑎𝑔 (

1

𝑃
)) + 𝑖 × 𝑃ℎ𝑎𝑠𝑒 (

1

𝑃
) + 2𝜋𝑛 = 𝑙𝑛 |

1

𝑃
| + 𝑖 [∠ (

1

𝑃
) + 2𝜋𝑛]  

According to Weir, the integer term is understood to be the integer number of 

wavelengths residing in the sample of thickness 𝑙 in the rectangular waveguide. 

 𝑛 = 𝐼𝑛𝑡𝑒𝑔𝑒𝑟 (
𝑙

𝜆𝑔
)  

Maximum cutoff wavelength in terms of the narrow dimension of the waveguide 

 𝜆𝑐 =
𝑐0
2𝑎

  

Actual measured frequency 

 𝜆0 =
1

𝑓0
  

Wavelength in the rectangular waveguide 
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𝜆𝑔 =
𝜆0

√1 − (
𝜆0
𝜆𝑐
)
2

 

 

Assume quarter-wave sample length 

 𝑙 =
1

4
𝜆𝑔  

 𝑛 = 𝐼𝑛𝑡𝑒𝑔𝑒𝑟 (
𝑙

𝜆𝑔
) = 𝐼𝑛𝑡𝑒𝑔𝑒𝑟 (

1

4
) = 0  
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Appendix G Characteristic Impedance from S-parameters 

In the Nicolson-Ross-Weir method and after solving the single-interface reflection and 

transmission coefficients, the characteristic impedance of the line must be solved using 

transmission line equations. 

 𝜒 =
𝑆11

2 − 𝑆21
2 + 1

2𝑆11
  

 Γ = 𝜒 ± √𝜒2 − 1  

 𝑃 =
𝑆11 + 𝑆21 − Γ

1 − (𝑆11 + 𝑆21)Γ
  

 Γ =

𝑍𝑐
𝑍0
− 1

𝑍𝑐
𝑍0
+ 1

  

 𝑃 = 𝑒
−𝑗
2𝑓𝑛𝑙
𝑐0   

Solution from Γ 

 Γ =

𝑍𝑐
𝑍0
− 1

𝑍𝑐
𝑍0
+ 1

  

 Γ
𝑍𝑐
𝑍0
+ Γ =

𝑍𝑐
𝑍0
− 1  

 
𝑍𝑐
𝑍0
− Γ

𝑍𝑐
𝑍0
= 1 + Γ  

 𝑍𝑐 = 𝑍0
1 + Γ

1 − Γ
  

Solution from 𝑃 
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 𝑃 = 𝑒
−𝑗
2𝜋𝑓𝑛𝑙
𝑐0   

 
1

𝑃
= 𝑒

𝑗
2𝜋𝑓𝑛𝑙
𝑐0   

 𝑙𝑛 (
1

𝑃
) = 𝑗

2𝜋𝑓𝑛𝑙

𝑐0
  

 𝑛 =
𝑐0

𝑗2𝜋𝑓𝑙
𝑙𝑛 (

1

𝑃
)  

Note that a special solution exists to solve the ambiguity of 𝑙𝑛 (
1

𝑃
) because the logarithm 

of a complex number produces infinitely many possible solutions. 

Solution of logarithm of a complex number 

 𝑙𝑛 (
1

𝑃
) = 𝑙𝑛 (𝑀𝑎𝑔 (

1

𝑃
)) + 𝑖 × 𝑃ℎ𝑎𝑠𝑒 (

1

𝑃
) + 2𝜋𝑛  

 𝑙𝑛 (
1

𝑃
) = 𝑙𝑛 |

1

𝑃
| + 𝑖 [∠ (

1

𝑃
) + 2𝜋𝑁]  

According to Weir, the integer term 𝑁 is understood to be the integer number of 

wavelengths residing in the sample of thickness 𝑙 in the rectangular waveguide. In order to 

determine N a guess is made at the effective index of refraction, 𝑛𝑔𝑢𝑒𝑠𝑠. 

 𝑁 = 𝑅𝑜𝑢𝑛𝑑 (
𝑛𝑔𝑢𝑒𝑠𝑠𝑓𝑙

𝑐0
)  

 𝑛 =
𝑐0

𝑗2𝜋𝑓𝑙
(𝑙𝑛 |

1

𝑃
| + 𝑖 [∠ (

1

𝑃
) + 2𝜋𝑁])  

Final Two Equations 
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 𝛾 = −
1

𝑙
(𝑙𝑛𝑃 + 𝑖[∠𝑃 − 2𝜋𝑁])  

 𝑍𝑐 = 𝑍0
1 + Γ

1 − Γ
  

Single Equation 

 𝛾 = −
1

𝑙
(𝑙𝑛 |

𝑆11 + 𝑆21 − Γ

1 − (𝑆11 + 𝑆21)Γ
| + 𝑖 [𝑎𝑛𝑔𝑙𝑒 [

𝑆11 + 𝑆21 − Γ

1 − (𝑆11 + 𝑆21)Γ
] − 2𝜋𝑁])  

 𝛼 = −
1

𝑙
𝑙𝑛 |

𝑆11 + 𝑆21 − Γ

1 − (𝑆11 + 𝑆21)Γ
|  

 𝛽 = −
1

𝑙
𝑎𝑛𝑔𝑙𝑒 [

𝑆11 + 𝑆21 − Γ

1 − (𝑆11 + 𝑆21)Γ
] +

2𝜋𝑁

𝑙
  

 𝑍𝑐 = 𝑍0

1 +
𝑆11

2 − 𝑆21
2 + 1

2𝑆11
±√(

𝑆11
2 − 𝑆21

2 + 1
2𝑆11

)

2

− 1

1 − (
𝑆11

2 − 𝑆21
2 + 1

2𝑆11
±√(

𝑆11
2 − 𝑆21

2 + 1
2𝑆11

)

2

− 1)
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Appendix H S-parameters from Single-Interface T and R constants 

Usual transmission line solutions produce the characteristic impedance and effective 

dielectric constant and it is frequently useful to determine from these parameters, the frequency, 

and the line length, the S-parameters which would be seen if the system were connected to a 

VNA. These equations produce the characteristic humps in an S-parameter plot over frequency 

of a length of transmission line. 

 Γ =

𝑍𝑐
𝑍0
− 1

𝑍𝑐
𝑍0
+ 1

  

 𝑛 = √𝜀𝑒  

 𝜆 =
𝑐0
𝑓𝑛

  

 𝛽 =
2𝜋

𝜆
  

 𝛾 = 𝛼 + 𝑗𝛽  

 𝑃 = 𝑒−𝛾𝑙  

 𝑆11 =
(1 − 𝑃2)Γ

1 − Γ2𝑃2
  

 𝑆21 =
(1 − Γ2)𝑃

1 − Γ2𝑃2
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Appendix I Microstrip Modeling 

Several closed-form approximations of microstrip transmission line are available. The 

first derivation here is of the method of Bahl and Trivedi [95]. For most practical transmission 

lines and all of those discussed here, the assumption 
𝑤

ℎ
≥ 1 is valid. 

 𝑍𝑐 =
120𝜋

√𝜀𝑒

1

𝑤
ℎ
+ 1.393 +

2
3
𝑙𝑛 (

𝑤
ℎ
+ 1.444)

  

 
𝜀𝑒 =

𝜀𝑟 + 1

2
+
𝜀𝑟 − 1

2
(1 + 12

ℎ

𝑤
)
−1/2

  

The more complex method which is used here is the Hammerstad method [103]. First 

several fill fraction factors are computed. For the work here, two separate computations are used 

in order to separate cases and yet still operate on entire vectors of data at once. It is more 

computationally efficient to compute both cases in parallel as arrays and then select the correct 

solution between them. 

 F2 = (1 + 12
ℎ

𝑤
)
−1/2

  

 F1 = F2 + 0.04 (1 −
𝑤

ℎ
)
2

  

 𝜀𝑒,1 =
1

2
(𝜀𝑟 + 1 + (𝜀𝑟 − 1)F1)  

 𝜀𝑒,2 =
1

2
(𝜀𝑟 + 1 + (𝜀𝑟 − 1)F2)  

 𝜀𝑒 = {
𝜀𝑒,1

𝑤

ℎ
< 1

𝜀𝑒,2
𝑤

ℎ
≥ 1

  

Effective width considering metallization thickness. 
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 𝑤𝑒𝑓𝑓 = w+ t (1 +
1

𝜀𝑟
)
1

2𝜋
𝑙𝑛

(

 
 
 
 
 

4𝑒

√(
𝑡
ℎ
)
2

+ (
1
𝜋

1
𝑤
𝑡 +

11
10

)

2

)

 
 
 
 
 

  

Compute transmission line characteristic impedance 

 

𝑍𝑐 =
Z0

2𝜋√2(1 + 𝑒𝑟)

× 𝑙𝑛

(

  
 
1 +

4ℎ

𝑤𝑒𝑓𝑓

×

(

 
 
(14 +

8

𝜀𝑟
)

4ℎ

11𝑤𝑒𝑓𝑓

+√((14 +
8

𝜀𝑟
)

4ℎ

11𝑤𝑒𝑓𝑓
)

2

+
𝜋2

2
(1 +

1

𝜀𝑟
)

)

 
 

)

  
 

 

 

Effective dielectric constant considering metallization thickness. 

 
𝜀𝑒 = 𝜀𝑒 −

(𝜀𝑟 − 1)𝑡

4.6ℎ√
𝑤
ℎ

 
 

Transmission line loss can be modeled as four separate loss mechanisms: dielectric loss, 

conductor loss, radiation loss, and reflection loss. Reflection loss is taken into consideration in 
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modeling the line’s characteristic impedance and reflection coefficient. There is no way to 

account for radiation loss in an equation-based model. Radiation loss is assumed to be zero at the 

frequencies of interest. Rigorous modeling of the radiation loss is reserved for full wave 3-D 

simulations. Here are presented approximate equations for the dielectric and conductor losses in 

microstrip lines. All losses which are computed here are given in units of Np/m. 

𝛼𝑇𝑜𝑡𝑎𝑙 = 𝛼𝑑 + 𝛼𝑐 + 𝛼𝑟 + 𝛼𝑟𝑒𝑓𝑙.  

Given here is the wavelength and wave number which will be used in following 

equations. 

 𝑘0 =
2𝜋𝑓

𝑐0
  

 𝜆0 =
𝑐0
𝑓

  

Conductor loss is due to the resistance in the conductive material and is quantified as the 

material resistivity at DC. At high frequencies, the current flows only in a thin layer near the 

surface of the conductor within a few skin depths. This effectively reduces the conductivity of 

the material and is quantified by the sheet resistivity. Dielectric loss is proportional to frequency. 

Conductor loss is proportional to the square root of frequency. 

Only one dielectric loss equation is presented by three authors; however, the equation is 

arranged differently. Each form is given here. It is easily seen that dielectric loss varies linearly 

with wave number, inversely with wavelength, and linearly with frequency. 

Dielectric loss, from Orfanidis [108] 

𝛼𝑑 =
1

2
𝛽𝑡𝑎𝑛𝛿 =

1

2

𝜔

𝑐0
𝑡𝑎𝑛𝛿  

𝛼𝑑 = 𝑞
𝜔

2𝑐0
𝑡𝑎𝑛𝛿 =

𝑓

𝑐0
𝜋𝑞√𝜀𝑒𝑡𝑎𝑛𝛿 =

1

𝜆
𝜋𝑞√𝜀𝑒𝑡𝑎𝑛𝛿 =  
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𝛼𝑑 =
1

𝜆
𝜋 (
1 − √𝜀𝑒

1 − √𝜀𝑟
)√𝜀𝑒𝑡𝑎𝑛𝛿  

𝛼𝑑 =
𝑘0𝜀𝑟(𝜀𝑒 − 1)𝑡𝑎𝑛𝛿

2√𝜀𝑒(𝜀𝑟 − 1)
  

Dielectric loss, from Pozar pg. 149 [141] 

𝛾 = 𝛼𝑑 + 𝑗 = √𝑘𝑐
2 − 𝜔2𝜇0𝜀0𝜀𝑟(1 − 𝑗𝑡𝑎𝑛𝛿)  

Lossless wave number 

𝑘 = √𝜔2𝜇0𝜀0𝜀𝑟  

Taylor series simplification 

𝛾 = √𝑘𝑐
2 − 𝑘2 + 𝑗𝑘2𝑡𝑎𝑛𝛿  

𝛾 ≅ √𝑘𝑐
2 − 𝑘2 +

𝑗𝑘2𝑡𝑎𝑛𝛿

2√𝑘𝑐
2 − 𝑘2

 
 

𝑗𝛽 = √𝑘𝑐
2 − 𝑘2  

𝛾 ≅
𝑘2𝑡𝑎𝑛𝛿

2𝛽
+ 𝑗𝛽  

For TE or TM 

𝛼𝑑 =
𝑘2𝑡𝑎𝑛𝛿

2𝛽
  

For TEM 

𝑘𝑐 = 0  
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𝛽 = 𝑘  

𝛼𝑑 =
𝑘 𝑡𝑎𝑛𝛿

2
[𝑁𝑝/𝑚]  

𝑘0 = 𝑘√𝜀𝑒  

Microwave Engineering 4th ed Pozar, Pg 149 [141] 

𝑓 =
𝜀𝑟(𝜀𝑒 − 1)

𝜀𝑒(𝜀𝑟 − 1)
  

𝛼𝑑 =
𝑘0𝑡𝑎𝑛𝛿

2√𝜀𝑒
𝑓 =

𝑘0𝜀𝑟(𝜀𝑒 − 1)𝑡𝑎𝑛𝛿

2√𝜀𝑒(𝜀𝑟 − 1)
  

𝛼𝑑 =
𝑘0𝜀𝑟(𝜀𝑒 − 1)𝑡𝑎𝑛𝛿

2√𝜀𝑒(𝜀𝑟 − 1)
  

Dielectric loss, from Pucel et al., 1968 [110] 

 𝛼𝑑 = π
𝜀𝑟

√𝜀𝑒

𝜀𝑒 − 1

𝜀𝑟 − 1

𝑡𝑎𝑛𝛿

𝜆0
 

 

Dielectric loss, from Bahl and Trivedi, 1977 [95] 

 q =
𝜀𝑒 − 1

𝜀𝑟 − 1
  

 𝜆𝑔 = 𝜆0√𝜀𝑒  

 𝛼𝑑 = πq𝜀𝑟
𝑡𝑎𝑛𝛿

𝜆𝑔
  

DC resistance is easily calculated as follows. 

𝑅𝐷𝐶 = 𝜌𝑡 
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RF resistance, however, is effected by the frequency-dependent skin depth [124] 

 𝛿𝑠 = √
𝜌

𝜋𝑓𝜇0
  

RF sheet resistivity is given as follows. 

 𝑅𝑠 = √𝜋𝑓𝜇0𝜌  

Three different approximation equations are given for conductor loss by three different 

authors. In each case, it is easily seen that conductor loss varies linearly with RF sheet resistivity 

and RF sheet resistivity varies with the square root of frequency. 

Conductor loss, from Pozar, 2012, pg. 149 [141], and Orfanidis 2004 [108] is computed 

as follows. This simple approximation is based on the exact solution of parallel plate lines 

modified slightly for microstrip. 

 𝛼𝑐 =
𝑅𝑠

𝑟𝑒(𝑍)𝑤
  

Although the textbooks of Pozar and Orfanidis give a simple approximation, a more 

accurate approximation of conductor loss is given by Pucel et al., 1968 [110]. 

 𝑤ℎ =
𝑤

ℎ
  

 𝑤ℎ,𝑒𝑓𝑓 =

{
 
 

 
 𝑤ℎ + 1.25

𝑡

𝜋ℎ
(1 + 𝑙𝑛 (

4𝜋𝑤

𝑡
)) 𝑤ℎ ≤

1

2𝜋

𝑤ℎ + 1.25
𝑡

𝜋ℎ
(1 + 𝑙𝑛 (

2ℎ

𝑡
)) 𝑤ℎ >

1

2𝜋

  



183 

 

 𝐵 = {
ℎ 𝑤ℎ ≥

1

2𝜋

2𝜋𝑤 𝑤ℎ <
1

2𝜋

  

 𝐴 = 1 +
1

𝑤ℎ,𝑒𝑓𝑓
(1 +

1

𝜋
𝑙𝑛 (

2𝐵

𝑡
))  

 𝛼𝑐 =

{
 
 

 
 

1

2π

𝐴𝑅𝑠

ℎ(𝑟𝑒(𝑍))

32 − 𝑤ℎ,𝑒𝑓𝑓
2

32 + 𝑤ℎ,𝑒𝑓𝑓2
𝑤ℎ ≤ 1

7 × 10−6𝐴𝑅𝑠𝑟𝑒(𝑍)
𝜀𝑒
ℎ
(𝑤ℎ,𝑒𝑓𝑓 +

0.667𝑤ℎ,𝑒𝑓𝑓

1.444 + 𝑤ℎ,𝑒𝑓𝑓
) 𝑤ℎ > 1

  

An even more advanced approximation is given by Bahl and Trivedi, 1977 [95]. This is 

the approximation used in this work. 

 𝑤ℎ,𝑒𝑓𝑓 = w+ {

𝑡

𝜋
𝑙𝑛 (4𝜋

𝑤

𝑡
+ 1) 𝑤ℎ ≤

1

2𝜋
𝑡

𝜋
𝑙𝑛 (2

𝑤

𝑡
+ 1) 𝑤ℎ >

1

2𝜋

  

 𝐴 = 𝑅𝑠
1 − (

𝑤ℎ,𝑒𝑓𝑓
4ℎ

)
2

2𝜋(𝑟𝑒(𝑍))ℎ
  

 𝐵 = 1 +
ℎ

𝑤ℎ,𝑒𝑓𝑓
+

ℎ

𝜋𝑤ℎ,𝑒𝑓𝑓
(𝑙𝑛 (4𝜋

𝑤

𝑡
+ 1) −

1 −
𝑡
𝑤

1 +
𝑡

4𝜋𝑤

)  

 𝐶 = 1 +
ℎ

𝑤ℎ,𝑒𝑓𝑓
+

ℎ

𝜋𝑤ℎ,𝑒𝑓𝑓
 (𝑙𝑛 (2

ℎ

𝑡
+ 1) −

1 +
𝑡
𝑤

1 +
𝑡
2ℎ

)  

 𝐷 = (
𝑤ℎ,𝑒𝑓𝑓

ℎ
+
2

𝜋
 𝑙𝑛 (2𝑙𝑛(1) (

𝑤ℎ,𝑒𝑓𝑓

2ℎ
+ 0.94)))

2
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 𝐸 =
𝑤ℎ,𝑒𝑓𝑓

ℎ
+
𝑤ℎ,𝑒𝑓𝑓

𝜋ℎ

1
𝑤ℎ,𝑒𝑓𝑓
2ℎ

+ 0.94
 

 

 𝛼𝑐 =

{
 
 

 
 𝐴𝐵 𝑤ℎ ≤

1

2𝜋

𝐴𝐶
1

2𝜋
< 𝑤ℎ ≤ 2

𝐴𝐶𝐸

𝐷
𝑤ℎ > 2
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Appendix J Splitting Microstrip Loss Contributions 

As discussed previously, loss in transmission lines results from four separate sources, two 

of which are assumed to be zero. When S-parameter data is taken of a transmission line using a 

VNA only the total loss is determined. In order to thoroughly understand loss contributions, it is 

desirable to separate from this one total loss parameter the conductor and dielectric losses. This 

is done using nonlinear regression and the fact that dielectric loss varies directly with frequency 

and conductor loss varies with the square root of frequency. 

 𝛼𝑇 = 𝛼𝑑 + 𝛼𝑐  

 𝛼𝑑 =
𝑘0𝑡𝑎𝑛𝛿

2√𝜀𝑒
𝑓 = 𝑎1𝑓  

 
𝛼𝑐 =

√2𝜋𝜇0
2𝜎

𝑟𝑒(𝑍0) × 𝑤
√𝑓 = 𝑎2√𝑓 

 

 𝛼𝑇 = 𝑎1𝑓 + 𝑎2√𝑓  

In order to solve this two-variable equation, nonlinear regression curve fitting is used. 

The initial condition is 𝑎1 = [
1 ∙ 10−12

1 ∙ 10−6
]
2×1

. 

 𝑓𝑖 = [
𝑎𝑖−1,1𝑓

𝑎𝑖−1,2√𝑓
]
2×1

  

 𝑑𝑛×1 = 𝛼𝑇𝑛×1 − 𝑓𝑖2×1  

 𝑍𝑛×2 = [𝑓𝑛×1 𝑑𝑛×1]𝑛×2  

 𝑑𝑎 = 𝑍′ × 𝑍 ∖ (𝑍′ × 𝑑)  

 𝑎𝑖 = 𝑎𝑖−1 + 𝑑𝑎  

 𝑒𝑟𝑟 = 𝑚𝑎𝑥 (
𝑑𝑎

𝑎
)  
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Appendix K Solving Microstrip Dimensions from Impedance 

In the back-calculation of impedance from S-parameter data it is sometimes desirable to 

compute what microstrip dimensions led to the returned values of characteristic impedance and 

effective permittivity. This is done by using the equations for microstrip of Bahl and Trivedi [95] 

in reverse. This is not easily done since the equations are non-separable so a numerical method is 

used. 

Assume 
𝑤

ℎ
≥ 1 

 𝑍𝑐 =
120𝜋

√𝜀𝑒

1

𝑤
ℎ
+ 1.393 +

2
3 𝑙𝑛 (

𝑤
ℎ
+ 1.44)

  

 
𝜀𝑒 =

𝜀𝑟 + 1

2
+
𝜀𝑟 − 1

2
(1 + 12

ℎ

𝑤
)
−1/2

  

 

Adjust 𝜀𝑟 to minimize 𝑒𝑟𝑟(𝑍𝑐): 

 
𝜀𝑒 =

𝜀𝑟 + 1

2
+
𝜀𝑟 − 1

2
(1 + 12

ℎ

𝑤
)
−1/2

  

 𝑍𝑐 =
120𝜋

√𝜀𝑒

1

𝑤
ℎ
+ 1.393 +

2
3 𝑙𝑛 (

𝑤
ℎ
+ 1.44)

  

 

𝑑𝑍𝑐
𝑑𝜀𝑟

=
120𝜋

𝑤
ℎ
+ 1.393 +

2
3 𝑙𝑛 (

𝑤
ℎ
+ 1.44)

{
 
 

 
 

−

[
 
 
 
(√

𝑤
ℎ

𝑤
ℎ
+ 12

+ 1)
1

√2
(√

𝑤
ℎ

𝑤
ℎ
+ 12

(𝜀𝑟 − 1) + 𝜀𝑟 + 1)

]
 
 
 
3/2

}
 
 

 
 

 

 

 ∆𝜀𝑟 =
𝑍𝑐,𝑋 − 𝑍𝑐
𝑑𝑍𝑐
𝑑𝜀𝑟

 
 

 𝜀𝑟,𝑖 = 𝜀𝑟,(𝑖−1) + ∆𝜀𝑟  

 𝑒𝑟𝑟 = |
𝑍𝑐,𝑋 − 𝑍𝑐
𝑍𝑐,𝑋

|  
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Adjust 
𝑤

ℎ
 to minimize 𝑒𝑟𝑟(𝑍𝑐) 

 
𝜀𝑒 =

𝜀𝑟 + 1

2
+
𝜀𝑟 − 1

2
(1 + 12

ℎ

𝑤
)
−1/2

  

 𝑍𝑐 =
120𝜋

√𝜀𝑒

1

𝑤
ℎ
+ 1.393 +

2
3 𝑙𝑛 (

𝑤
ℎ
+ 1.44)

  

 
𝑑𝑍𝑐

𝑑
𝑤
ℎ

=
120𝜋

√𝜀𝑒
(1 +

2
3

1.414 +
𝑤
ℎ

)
1

(
1

1.393 +
𝑤
ℎ
+
2
3 𝑙𝑛 (1.414 +

𝑤
ℎ
))

2 
 

 
∆
𝑤

ℎ
=
𝑍𝑐,𝑋 − 𝑍𝑐
𝑑𝑍𝑐

𝑑
𝑤
ℎ

 
 

 (
𝑤

ℎ
)
𝑖
= (

𝑤

ℎ
)
(𝑖−1)

+ ∆
𝑤

ℎ
  

 𝑒𝑟𝑟 = |
(
𝑤
ℎ
)
𝑋
−
𝑤
ℎ

(
𝑤
ℎ
)
𝑋

|  

 

Adjust 𝜀𝑟 to minimize (𝑒𝑟𝑟𝜀𝑒) 

 
𝜀𝑒 =

𝜀𝑟 + 1

2
+
𝜀𝑟 − 1

2
(1 + 12

ℎ

𝑤
)
−1/2

  

 𝑑𝜀𝑒
𝑑𝜀𝑟

=
1

2
+
1

2
(1 + 12

ℎ

𝑤
)
−1/2

  

 ∆𝜀𝑟 =
𝜀𝑒𝑋 − 𝜀𝑒
𝑑𝜀𝑒
𝑑𝜀𝑟

 
 

 (
𝑤

ℎ
)
𝑖
= (

𝑤

ℎ
)
(𝑖−1)

+ ∆
𝑤

ℎ
  

 𝑒𝑟𝑟 = |
(
𝑤
ℎ
)
𝑋
−
𝑤
ℎ

(
𝑤
ℎ
)
𝑋

|  
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Appendix L Stripline Modeling 

The equations for stripline are derived from Pozar. 

𝜀𝑒𝑓𝑓 = 𝜀𝑟  

𝑤𝑒
𝑏
=
𝑤

𝑏
− {

0
𝑤

𝑏
> 0.35

(0.35 −
𝑤

𝑏
)
2 𝑤

𝑏
≤ 0.35

  

𝑤𝑒 = (
𝑤𝑒
𝑏
) 𝑏  

𝑍𝑐 =
30𝜋𝑏

√𝜀𝑟(𝑤𝑒 + 0.441𝑏)
  

𝛼𝑑 =
𝜋√𝜀𝑟𝐷𝑓

𝑐0
  [
𝑁𝑝

𝑚
]  

𝜆0 =
𝑐0
𝑓

  

𝑅𝑠 = √𝜋𝑓𝜇0𝜌  

𝐴 = 1 +
2𝑤

𝑏 − 𝑡
+
1

𝜋

𝑏 + 𝑡

𝑏 − 𝑡
𝑙𝑛 (

2𝑏 − 𝑡

𝑡
)  

𝐵 = 1 +
𝑏

(0.5𝑤 + 0.7)
(0.5 +

0.414𝑡

𝑤
+
1

2𝜋
𝑙𝑛
4𝜋𝑤

𝑡
)  

𝛼𝑐 =

{
 
 

 
 2.7 × 10

−3𝑅𝑆𝜀𝑟𝑍𝑐
30𝜋(𝑏 − 𝑡)

𝐴 √𝜀𝑟𝑍𝑐 < 120

0.16𝑅𝑆
𝑍𝑐𝑏

𝐵 √𝜀𝑟𝑍𝑐 ≥ 120

  [
𝑁𝑝

𝑚
]  

Stripline parameters from impedance and dielectric constant 
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𝑥 =
30𝜋

√𝜀𝑟𝑍𝑐
− 0.441  

𝑤

𝑏
= {

𝑥 √𝜀𝑟𝑍𝑐 < 120

0.85 − √0.6 − 𝑥 √𝜀𝑟𝑍𝑐 ≥ 120
  

𝐴 = 1 +
2𝑤

𝑏 − 𝑡
+
1

𝜋

𝑏 + 𝑡

𝑏 − 𝑡
𝑙𝑛 (

2𝑏 − 𝑡

𝑡
)  

𝐵 = 1 +
𝑏

(0.5𝑤 + 0.7)
(0.5 +

0.414𝑡

𝑤
+
1

2𝜋
𝑙𝑛
4𝜋𝑤

𝑡
)  

𝑅𝑆 =

{
 

 𝛼𝑐
30𝜋(𝑏 − 𝑡)

2.7 × 10−3𝜀𝑟𝑍𝑐𝐴
√𝜀𝑟𝑍𝑐 < 120

𝛼𝑐
𝑍𝑐𝑏

0.16𝐵
√𝜀𝑟𝑍𝑐 ≥ 120

  [
𝑁𝑝

𝑚
]  

𝜌 =
𝑅𝑠

2

𝜋𝑓𝜇0
  

𝐷 =
1

𝜋
𝛼𝑑𝜆0

(𝜀𝑟 − 1)

𝜀𝑟

√𝜀𝑒

𝜀𝑒 − 1
 [𝑁𝑝/𝑚]  
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Appendix M Transmission Line Parameter Conversions 

The following equations are used to convert RLGC parameters to impedance, 

propagation constant, and loss [224]. 

 𝜔 = 2𝜋𝑓  

 𝑍 = 𝑅 + 𝑗𝜔𝐿  

 𝑌 = 𝐺 + 𝑗𝜔𝐶  

 
𝑍𝑐 = √

𝑍

𝑌
  

 𝛾 = √𝑍𝑌  

 𝛾 = 𝛼 + 𝑗𝛽  

 𝑣 =
𝜔

𝛽
  

 𝜀𝑒 = 𝑛
2  

 𝛼𝑑 =
𝐺 × 𝑟𝑒𝑎𝑙(𝑍𝑐)

2
  

 𝛼𝑐 =
𝑅

2 × 𝑟𝑒𝑎𝑙(𝑍𝑐)
  

Impedance and propagation constant to RLGC. This may be used for any amount of loss. 

 𝑍 = 𝛾𝑍𝑐  

 𝑌 =
𝛾

𝑍𝑐
  

 𝑅 = 𝑟𝑒𝑎𝑙(𝑍)  

 𝐿 =
𝑖𝑚𝑎𝑔(𝑍)

2𝜋𝑓
  

 𝐺 = 𝑟𝑒𝑎𝑙(𝑌)  
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 𝐶 =
𝑖𝑚𝑎𝑔(𝑌)

2𝜋𝑓
  

The following equations are used to convert characteristic impedance and propagation 

constant to RLGC parameters. The low loss assumption 
𝑖𝑚𝑎𝑔(𝑍𝑐)

𝑟𝑒𝑎𝑙(𝑍𝑐)
< 0.05 is taken to be true. 

 𝑅 = 2𝛼𝑐𝑍𝑐  

 𝐿 = √𝜀𝑒
𝑍𝑐
𝑐0

  

 𝐺 =
2𝛼𝑑
𝑍𝑐

  

 𝐶 =
√𝜀𝑒

𝑍𝑐𝑐0
  

The following equation is used to convert S-parameters to T-Parameters 

 𝑇 =

[
 
 
 −

𝑑

𝑠21

𝑠11
𝑠21

−
𝑠22
𝑠21

1

𝑠21]
 
 
 

  

The following equation is used to convert T-Parameters to S-parameters 

 𝑆 =

[
 
 
 
𝑡12
𝑡22

1

𝑡22
𝑑

𝑠22
−
𝑡21
𝑡22]
 
 
 

  

The following equation is used to convert S-parameters to Z-Parameters 

 𝑍0 = 50  

 𝑑𝑠 = (1 − 𝑠11)(1 − 𝑠22) − 𝑠12𝑠21  
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 𝑍 =

[
 
 
 [(1 + 𝑠11)(1 − 𝑠22) + 𝑠12𝑠21]

𝑍0
𝑑𝑠

2𝑠12
𝑍0
𝑑𝑠

2𝑠21
𝑍0
𝑑𝑠

[(1 − 𝑠11)(1 + 𝑠22) + 𝑠12𝑠21]
𝑍0
𝑑𝑠]
 
 
 

  

The following equation is used to convert Z-Parameters to S-parameters 

 𝑍0 = 50  

 𝑑𝑠 = (𝑧11 + 𝑍0)(𝑧22 − 𝑍0) − 𝑧12𝑧21  

 𝑆 =

[
 
 
 [(1 − 𝑧11)(𝑧22 + 𝑍0) − 𝑧12𝑧21]

1

𝑑𝑠
2𝑧12

𝑍0
𝑑𝑠

2𝑧21
𝑍0
𝑑𝑠

[(1 + 𝑧11)(𝑧22 − 𝑍0) − 𝑧12𝑧21]
1

𝑑𝑠]
 
 
 

  

The following equation is used to convert Z-Parameters to Y-Parameters 

[y11,y21,y12,y22] = z2y(z11,z21,z12,z22) 

 𝑑 = 𝑧11𝑧22 − 𝑧12𝑧21  

 𝑌 = [

𝑧22
𝑑

−
𝑧12
𝑑

−
𝑧21
𝑑

𝑧11
𝑑

]  

The following equation is used to convert Y-Parameters to Z-Parameters 

[z11,z21,z12,z22] = y2z(y11,y21,y12,y22) 

 𝑑 = 𝑦11𝑦22 − 𝑦12𝑦21  

 𝑌 = [

𝑦22
𝑑

−
𝑦12
𝑑

−
𝑦21
𝑑

𝑦11
𝑑

]  

The following equations are used to convert S-parameters to ABCD-Parameters 
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[A,B,C,D] = s2abcd(s11,s21,s12,s22) 

 𝑍01 = 50  

 𝑍02 = 50  

 𝑅01 = 𝑟𝑒𝑎𝑙(𝑍01)  

 𝑅02 = 𝑟𝑒𝑎𝑙(𝑍02)  

 𝑑 = 2𝑠21√𝑅01𝑅02  

 𝐴 =
(𝑍01

∗ + 𝑠11𝑍01)(1 − 𝑠22) + 𝑠12𝑠21𝑍01
𝑑

  

 𝐵 =
(𝑍01

∗ + 𝑠11𝑍01)(𝑍02
∗ + 𝑠22𝑍01) − 𝑠12𝑠21𝑍01𝑍02
𝑑

  

 𝐶 =
(1 − 𝑠11)(1 − 𝑠22) − 𝑠12𝑠21

𝑑
  

 𝐷 =
(1 − 𝑠11)(𝑍02

∗ + 𝑠22𝑍02) + 𝑠12𝑠21𝑍02
𝑑

  

 𝐴𝐵𝐶𝐷 = [
𝐴 𝐵
𝐶 𝐷

]  

The following equation is used to convert ABCD-Parameters to S-parameters 

 𝑍0 = 50  

 𝑑 = 𝐴 +
𝐵

𝑍0
+ 𝐶𝑍0 + 𝐷  

 𝑆 =

[
 
 
 
 
 𝐴 +

𝐵
𝑍0
− 𝐶𝑍0 − 𝐷

𝑑

2(𝐴𝐷 − 𝐵𝐶)

𝑑

2

𝑑

−𝐴 +
𝐵
𝑍0
− 𝐶𝑍0 + 𝐷

𝑑 ]
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Appendix N Resistivity Conversions 

Several units are commonly used in specifying a resistivity or conductivity. In particular, 

a differentiation must be made between bulk resistivity and sheet resistivity. Sheet resistivity is 

commonly given when the thickness of the conductor on a surface is not known but the 

resistance, length, and width are known. If the conductor is printed twice as thick, the sheet 

resistivity would indicate a lower resistance. Units of sheet resistivity are commonly Ω/□ or 

“ohms per square”. Bulk resistivity takes into consideration thickness and is a constant unit of 

measure versus dimensions and may be used to compare one material against another. If the 

thickness of the conductor can be determined, sheet resistivity can be converted to the more 

general bulk resistivity by multiplication. 

𝜌 = 𝑅𝑆𝑡  
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Table 29 Loss conversions 

Variable Unit Formula 

Resistivity 

𝜌 
Ω ∙ 𝑚 

1𝑒8[𝜇Ω ∙ 𝑐𝑚] = [Ω ∙ 𝑚] 
100[Ω ∙ 𝑐𝑚] = [Ω ∙ 𝑚] 

1

[S/m]
= [Ω ∙ 𝑚] 

Resistivity 

𝜌 
𝜇Ω ∙ 𝑐𝑚 

2.54[mΩ/□/mil] = [𝜇Ω ∙ 𝑐𝑚] 

1e8
1

[S/m]
= [𝜇Ω ∙ 𝑐𝑚] 

Resistivity 

𝜌 
mΩ/□/mil 

0.3937[𝜇Ω ∙ 𝑐𝑚] = [mΩ/□/mil] 

3.937e7
1

[S/m]
= [mΩ/□/mil] 

Conductivity 

𝜎 
[S/m] 

3.937e7
1

[mΩ/□/mil]
= [S/m] 

1e8
1

[𝜇Ω ∙ 𝑐𝑚]
= [S/m] 

Table 30  Example Conductor Loss Values 

Unit Silver 

(Solid) 

Copper 

(Solid) 

ESL 9912-F 

(800ºC) 

DuPont CB028 

(160ºC) 

EPO-TEK 

H20e (100ºC) 

Ω ∙ 𝑚 1.59e-8 1.72e-8 2.249e7 2.54e-7 4e-6 

𝜇Ω ∙ 𝑐𝑚 1.59 1.72 4.45 25.4 400 

mΩ/□/mil 0.63 0.68 1.750 10 157 

[S/m] 6.29e7 5.80e7 2.249e7 3.94e6 2.50e5 

Relative 105% 100%  7.75% 0.42% 

Table 31 Example loss tangent values 

Material Advantage Technology Loss tangent 

Alumina  Raw 0.0003 

PTFE  Raw 0.0003 

ABS Cheap, avail. @ USF FDM 0.003 

Ultem Space-rated, high temp FDM 0.004 

PC Cheap, easy to print FDM 0.005 

NanoTool High temp. SL 0.022 

Watershed High res. SL 0.032 

Prototherm High temp. & high res. SL 0.038 

When loss is discussed in relation to a transmission line the natural units Nepers (Np) or 

decibels (dB) are used. If the line is to be compared to other lines of different lengths, the units 

Np/m or dB/m are commonly used. The following equations allow conversion between Nepers 

and decibels. 
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 [𝑑𝐵] =
20

𝑙𝑛(10)
[𝑁𝑝]  

 8.6859 =
[𝑑𝐵]

[𝑁𝑝]
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Appendix O Modeling Verification 

Five modeling methods are used in analyzing the performance characteristics of 

microstrip transmission line. The methods are as follows. 

 Designers’ equations (MATLAB) 

 Ansoft Designer 

 Agilent ADS 

 Ansoft Q2D 

 Ansys HFSS 

Each method produces results in a different format and typically comparisons between 

microwave components are made using overlaid S-parameters. In order to more clearly 

distinguish the characteristics of each component, the analysis which is presented here will use 

the Nicholson-Ross-Weir approach modified for conversion from S-parameters to impedance. 

The following parameters are solved for: characteristic impedance (Zc), effective permittivity 

(ee), and the propagation constant (gamma) which is composed of the loss coefficient (alpha) 

and the phase constant (beta). These frequency-dependent parameters are plotted and compared. 

The designers’ equations are simple algebraic approximations of microstrip transmission 

line and produce characteristic impedance and effective dielectric constant. 

Ansoft Designer models microwave networks as lumped blocks connected together and 

produces as output S-parameters. This method uses the same underlying designers’ equations but 

provides an easy-to-use GUI. 

Agilent ADS (advanced design studio) models microwave networks as lumped blocks 

connected together and produces as output S-parameters. This method uses the same underlying 

designers’ equations but provides an easy-to-use GUI. 

Ansoft Q2D models 2D cross-sections of arbitrary transmission lines and typically 

outputs RLGC parameters. An option is available in the software to export S-parameters. The 
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conversion from RLGC parameters to S-parameters is elementary. RLGC parameters offer one 

additional advantage over S-parameters in that they offer the ability to separate dielectric and 

conductor losses directly. 

Ansys HFSS models 3D devices and produces only S-parameters for the device as a 

whole. For the 2D cross-section at the ports, characteristic impedance, effective permittivity, and 

propagation constant are also available; however, these parameters do not necessarily reflect the 

device as a whole. 

The following basic parameters will be used in all cases except as specified otherwise. 

Table 32 Basic parameters 

Parameter Variable Value 

Width w 1.75 

Height h 0.8 mm 

Permittivity er 3 

Thickness th 25 µm 

Loss tangent tand 0.03 

Length l 50 mm 

Resistivity rho 21.59 µΩcm @ DC 

Conductivity sigma 4631774 S/m @ DC 

Frequency f 10 GHz 

Substrate width sub_w 30 mm 

In order to validate each modeling method, the methods are compared. Two data sets are 

compiled, the first with the basic parameters and the second with the same parameters but 200 

mm long. Data marked with an asterisk (*) are given directly from the software and are not 

derived from the NRW S-parameter back-solve. Matches between data marked with an asterisk 

and unmarked data validate the NRW back-solve algorithms. 
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Table 33 Comparison, 50 mm length 

 MATLAB Designer ADS Q2D Q2D* HFSS HFSS* 

Zc @ 1 GHz 53.73 53.94 54.04 53.87 54.27 66.49 N/A 

Zc @ 10 GHz 53.73 54.34 55.47 54.74 55.07 69.33 N/A 

ee @ 1 GHz 2.383 2.39 2.4 2.45 2.42 2.45 2.40 

ee @ 10 GHz 2.383 2.44 2.35 2.34 2.31 2.38 2.36 

alpha @ 1 GHz 0.73 0.61 0.54 0.60 0.59 0.69 0.58 

alpha @ 10 GHz 5.21 4.95 4.84 4.56 4.53 4.94 4.88 

tand @ 1 GHz 0.030 0.031 0.032 0.031 N/A 0.028 N/A 

tand @ 10 GHz 0.030 0.031 0.033 0.031 N/A 0.028 N/A 

rho @ 1 GHz 65.11 18 4.33 28.76 N/A 73.59 N/A 

rho @ 10 GHz 65.11 17.34 4.38 30.35 N/A 73.90 N/A 

Table 34 Comparison, 200 mm length 

 MATLAB Designer ADS Q2D Q2D* HFSS HFSS* 

Zc @ 1 GHz 53.73 53.94 54.04 53.87 54.27  N/A 

Zc @ 10 GHz 53.73 54.34 55.47 54.74 55.07  N/A 

ee @ 1 GHz 2.383 2.39 2.40 2.45 2.42   

ee @ 10 GHz 2.383 2.44 2.35 2.34 2.31   

alpha @ 1 GHz 0.83 0.61 0.54 0.60 0.59   

alpha @ 10 GHz 7.09 4.95 4.84 4.56 4.53   

tand @ 1 GHz 0.030 0.031 0.032 0.031 N/A  N/A 

tand @ 10 GHz 0.030 0.031 0.033 0.031 N/A  N/A 

rho @ 1 GHz 65.11 18 4.33 28.76 N/A  N/A 

rho @ 10 GHz 65.11 17.34 4.38 30.35 N/A  N/A 

The suspended microstrip is modeled using MATLAB, ANSYS Designer, ANSYS Q2D, 

and ANSYS HFSS. Each method is benchmarked against one another for three structures (as 

available), a solid substrate (standard microstrip), an air-filled substrate (fully-suspended), and a 

pole-supported substrate (realistic suspended). It can be seen that the methods are in agreement. 

Table 35 Suspended microstrip modeling results 

Method Structure Freq (GHz) Z (ohms) beta alpha ee 

MATLAB Solid 10 80.13 316.64 N/A 2.28 

Designer Solid 10 82.44 323.89 4.24 2.39 

Q2D Solid 10 79.88 310.24 3.89 2.19 

HFSS Solid 10 86.32 319.66 4.29 2.33 

Q2D Air-Filled 10 106.02 235.22 0.63 1.26 

HFSS Air-Filled 10 110.12 227.87 0.40 1.18 

HFSS Poles 10 109.28 229.30 0.45 1.20 
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Appendix P Microstrip Width Convergence 

The necessary substrate width to accurately determine microstrip parameters is important 

and a convergence of impedance with increasing substrate width is performed here. The 

characteristic impedance at 1 GHz and 10 GHz is plotted as the substrate width is varied from 1 

mm to 30 mm. It is graphically determined that 15 mm provides a sufficiently wide substrate. 

 

Error in S-parameter data is magnified when the Nicholson-Ross-Weir method is used to 

solve for characteristic impedance. Longer transmission lines reduce this error as shown in the 

following data sets. HFSS is used to model lines 10 mm, 50 mm, and 100 mm long and the NRW 

method is used to solve for the characteristic impedance. It can be clearly seen that the 100 mm 

line exhibits the least error. 
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Figure 135 Microstrip length variations 

Additional length sweeps are conducted on suspended microstrip. Improved agreement 

between methods is achieved when the length of the structure is increased. Table 36 shows data 

extracted from S-parameters generated by HFSS and processed using custom MATLAB 

functions which determine characteristic impedance, effective permittivity, and loss. The data are 

compared between methods amongst different model lengths. 

Table 36 Loss modeling 

Method Length Alpha (Np/m) @ 30 

GHz 

Alpha (dB/m) @ 30 

GHz 

Q2D port solver 2D 10.83 Np/m 94.21 dB/m 

Q2D s2p extract 50 mm 10.83 Np/m 94.07 dB/m 

Q2D s2p extract 100 mm 10.83 Np/m 94.07 dB/m 

HFSS port solver 10 mm 13.88 Np/m 120.56 dB/m 

HFSS s2p extract 10 mm 16.30 Np/m 141.60 dB/m 

HFSS port solver 50 mm 13.88 Np/m 120.56 dB/m 

HFSS s2p extract 50 mm 13.99 Np/m 121.51 dB/m 

HFSS port solver 100 mm 13.85 Np/m 120.30 dB/m 

HFSS s2p extract 100 mm 13.85 Np/m 120.30 dB/m 
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Appendix Q Modeling Parameters 

Figure 136 shows a conceptual view of the mathematic models which are implemented 

using MATLAB for this work. Ovals represents a way of representing transmission line data. 

The text near the directional connecting arrows show the type of conversion which must be used 

to convert from one data representation to another. 

 
Figure 136 MATLAB modeling overview 
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HFSS is used in several situations in this work to model transmission lines and antennas. 

The typical modeling parameters which are used are shown here. 

Table 37 HFSS Settings 

Parameter Value 

Solution Type Driven Modal 

Solution Type Network Analysis 

Port Wave Port 

Port Renormalization Renormalize All Modes 

Solution Frequency Max frequency 

Maximum Number of Passes 25 

Maximum Delta S 0.02 

Do Lambda Refinement Yes 

Lambda Target 0.3333 

Use Default Value Yes 

Maximum Refinement Per Pass 20 % 

Minimum Number of Passes 5 

Minimum Converged Passes 3 

Order of Basis Functions First Order 

Max Refinement 1,000,000 

Enable Iterative Solver Yes, 0.001 

Enable Use of Solver Domains No 

Maximum Delta Zo: 2 % 

Sweep Type Interpolating 

Max Solutions 250 

Error Tolerance 0.5 % 
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Appendix R Printing Parameters 

A short study is conducted on the relation between printing parameters such as tip size 

and number of passes and the actual line dimensions. This is important for printing many types 

of transmission lines where the conductor width affects the characteristic impedance and must be 

well controlled. Excess material at the start of lines is to be minimized so as to avoid shorting or 

impedance discontinuities. Table 38 shows the printing parameters which are used throughout 

this study. Parameters are adjusted for reliable printing. 

Table 38 Printing parameters 

Parameter Tip 75/125 (ID/OD) Tip 125/175 (ID/OD) 

Resulting width 215 μm 340 μm 

Slump amount 90 μm 170 μm 

Start size 500 μm 830 μm 

Required gap 30-75 μm 50-200 μm 

Speed 20 mm/s 20 mm/s 

Pressure 10 psi 4 psi 

Opening 0.4 mm @ 5 mm/s 0.4 mm @ 5 mm/s 

Trig wait 0.08 s 0.08 s 

Comments Narrower lines allows 

higher resolution on 

smooth/level surfaces. 

Broader gap requirement 

allows printing on more 

surfaces. 

Figure 137 and Figure 138 show a selection of the printed lines. Table 39 compares 

repeatability for each tip size. Each line is identified by its sample identification number (SID) 

and its width averaged over three measurements and a mean is computed for the set. When using 

a 75/125 tip the printed line is 90 µm wider than the outer diameter (OD) of the tip. When using 

a 125/175 tip the printed line is 170 µm wider than the tip OD. 
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Figure 137 75/125 tip size 

 

Table 39 Line width 

SID Line width (um) with 75/125 Line width (um) with 125/175 

1 192.9   362.8  

2 205.0   341.5  

3 207.2   325.9  

4 358.9   337.7  

5 273.9   345.4  

6 201.8   333.9  

7 191.1   

8 172.0   

9 160.6   

10 187.3   

MEAN 215.1  

 

Minimum line spacing is determined from the size of the beginning of the line which is 

simply called the “start” and is shown in Figure 138. Start timing can be adjusted; however, 

adjusting it too tightly diminishes the reliability since minor variations in the valve mechanism 

can cause the start to be delayed. Start parameters are adjusted conservatively and the size of the 

start is measured and a mean is computed for each tip size. 
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Figure 138 125/175 tip size 

 

Table 40 Start size for 75/125 tip 

Tip Size SID  Start Size  

75/125 1  458.7  

75/125 2  492.2  

75/125 3  493.3  

75/125 4  585.0  

75/125 5  493.1  

75/125 6  485.5  

75/125 7  496.9  

MEAN 500.7  

Table 41 Start size for 125/175 tip 

Tip Size SID  Start Size  

125/175 16 704.3  

125/175 17 789.9  

125/175 18 747.0  

125/175 19 747.3  

125/175 27 560.4  

125/175 28 606.4  

125/175 29 729.2  

MEAN 832.9  

Making additional passes improves the error in the start size since start size is fixed as 

shown in Figure 139. Table 42 and Table 43 show the measurement of the start error. Printing 4 

to 6 passes produces lines 10% wider than the 200 um pitch would predict. Starts of lines are 
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64% wider than line width for single lines. Starts of lines are 23-42% wider than line width for 2-

6 passes. 

 
Figure 139 Improvement in start error with more passes 

Table 42 Line width vs. number of passes 

Tip Size 

(ID/OD µm) 

SID Pitch 

(µm) 

Passes Theoretical 

Width (µm) 

Width 

(µm) 

Spillage 

(µm) 

Error 

125/175 11 200 1 200 350 150 75 % 

125/175 12 200 2 400 666 266 67 % 

125/175 13 200 4 800 867 67 8 % 

125/175 14 200 6 1200 1328 128 11 % 

Table 43 Start width vs. number of passes 

Tip Size 

(ID/OD µm) 

SID Pitch 

(µm) 

Passes Actual  

Width (µm) 

Start Width 

(µm) 

Spillage 

(µm) 

Error 

125/175 11 200 1 350 575 225 64 % 

125/175 12 200 2 666 843 177 27 % 

125/175 13 200 4 867 1228 360 42 % 

125/175 14 200 6 1328 1630 302 23 % 
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