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Abstract — 3D printing has the potential to enable next 

generation manufacturing of RF and microwave circuits but little 

work has been done to demonstrate the true potential of this 

approach. This study shows that transmission lines fabricated 

using 3D printing equipment are comparable in performance to 

similar transmission lines fabricated using traditional methods, 

but opening the door to extreme design flexibility. 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 types of 

transmission lines at frequencies up to 10 GHz. Data is given for 

use in future 3D printed RF designs. 

 
Index Terms—3D printing, direct-digital manufacturing, 

microstrip, printed electronics, transmission line 

I. INTRODUCTION 

D printing has garnered immense attention from many fields 

including in-office rapid prototyping of mechanical parts, 

outer-space satellite replication [1], garage functional firearm 

manufacture [2], and NASA rocket engine component 

fabrication [3]. 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 [4]–[6]. The core 

advantages of 3D printing RF/microwave components include 

rapid prototyping 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 [4]. High frequency 

characterization at several levels is important. Measurement of 

the raw materials involved and microwave circuit analysis are 

important to capture the real-world performance of high 

frequency analog and digital signals. Recently, it has been 

demonstrated that the loss tangent of printed materials is 

acceptable for their incorporation in RF/microwave designs [6]. 

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 [6]. No work has been done to 
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date which uses thick film silver paste or 3D printed SL material 

in a microwave application without copper plating. Also 

demonstrated here for the first time is a process of depositing 

thick film silver paste in printed ABS material in one machine. 

This study models and measures the performance of SL and 

FDM substrate materials and a conductive thick film paste at 

DC and microwave frequencies in t-line structures. The SL 

resin ProtoTherm is seen to have a loss tangent of 0.03 and the 

FDM thermoplastic ABS is seen to have a loss tangent of 0.007. 

DuPont CB028 conductive paste is seen to have a DC resistivity 

of 21 µΩ•cm and an effective RF resistivity of 40 to 500 µΩ•cm 

depending on the type of t-line. Although these values are 

higher than high performance microwave circuit materials, 3D 

printing brings extreme flexibility in design and circuit layout 

which cannot be realized in a planar stack-up and it is these 

advantages which should attract microwave designers to 3D 

printing. 

II. FABRICATION 

Seven different samples are fabricated, a non-printed 

microstrip, four microstrips, a stripline, and a suspended 

microstrip (Fig. 1-4). CB028 squares are printed to measure DC 

resistivity and ABS squares are printed to measure dielectric 

properties. 

A. Stereolithography 

SL parts (figures 1, 2, 7, 8) are fabricated using a 3D Systems 

Viper si2 with a layer thickness of 50.8 μm and 76.2 μm laser 

beam. Samples are printed on polycarbonate in order to 

eliminate support marks and preserve a smooth bottom surface. 

The ProtoTherm 12120 microstrip is 50 x 30 x 0.8 mm and has 

Tg = 111 °C increasing reducing CB028 conductivity. The 

suspended microstrip is 50 x 10 x 1.6 mm includes a 1 mm air 

gap suspending the conductor on 300 µm dia. pillars and 

WaterShed maximizes resolution (Tg = 41 °C). 

B. Full 3D Printing 

The nScrypt SmartPump precisely lays down screen-

printable thick film silver paste in a mask-less, screen-less, 

arbitrary and rapidly reconfigurable fashion. The thermoplastic 

pump works similarly and allows printing of molten 
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thermoplastic. Pump switching on an nScrypt 3Dn-600 allows 

each of the six layers is laid down one after the other thus 

forming the multi-material (CB028/ABS) part from the bottom 

up. Paste curing occurs automatically on the 90 °C heated build 

plate. The process of printing conductive paste and dielectric in 

one process is termed “full 3D printing” (figure 3). 

ABS is printed in 100 μm layers and CB028 is printed in 40 

µm layers; the stripline is 50 x 30 x 0.8 mm. A partial lattice 

ground demonstrates paste savings while maintaining 

performance. 

C. Comparison Sample Preparation 

Microstrip comparison samples are fabricated on 50 x 30 x 

0.762 mm Rogers RT/Duroid 5870 laminate (figure 3). A 

sample is fabricated using traditional masking and etching 

techniques. A sample is prepared by etching off all of the copper 

cladding and printing thick film silver paste (figure 4). A 

sample of copper on 1.6 mm FR-4 is measured (not shown). 

GigaLane SMA launches are soldered or bonded using EPO-

TEK H20e conductive epoxy. 

 

 
 CB028 on ProtoTherm 

 
 CB028 on Rogers 

 
 Stripline Layers 

 
 Suspended microstrip 

III. MODELING 

Ansys HFSS is used to model the SMA transition for the 

purpose of connector removal in the MATLAB analysis and to 

model the overall S-parameters of the microstrip lines. 

Extraction equations effectively remove the effects of the 

transitions from the measured data. Stripline samples are 

measured after SOLT probe calibration so no model calibration 

is required. 

The Nicholson-Ross-Weir method [8] – [9] is used to obtain 

propagation coefficient (𝑃) from measured S-parameters. The 

overall line loss (𝛼𝑇) and effective permittivity (𝜀𝑒) are 

determined using (1) and (2). Overall loss is considered to 

follow (3). Nonlinear regression is used to determine the 

coefficients A and B in order to separate the dielectric loss (𝛼𝑑) 

and conductor loss (𝛼𝑐) which lead to loss tangent and resistivity 

[10] or [11]. 

 𝛾 = −
1

𝑙
(𝑙𝑛𝑃 + 𝑖[∠𝑃 − 2𝜋𝑁]) 𝑁 ∈ ℕ (1) 

 
𝛾 = 𝛼𝑇 + 𝑗

2𝜋𝑓√𝜀𝑒

𝑐0
 

(2) 

 𝛼𝑇 = 𝛼𝑑 + 𝛼𝑐 = 𝐴𝑓 + 𝐵√𝑓 (3) 

 

Errors are magnified when the electrical length of the line is 

a multiple of ½ wavelength [9] therefore errors are minimized 

by using linear interpolation when the phase of S21 is {0, 90, 

180, 270} ± 30 °. 

IV. MEASUREMENT 

The resistivity of 8x8 mm samples of printed paste are 

measured using an Ecopia HMS-5000 Hall Effect Measurement 

and an AlphaStep Profilometer, Data sheet min and max values 

are included in figure 9 along with the value for copper tape. 

CB028 achieves close it its minimum value at a cure 

temperature of only 100 °C. 

 

 
 Conductor Properties 

 
 Dielectric Properties 

 

The dielectric constant and loss tangent of the printed ABS 

is measured using a Damaskos 125HC (0.5 to 4.5 GHz) and a 

Damaskos 015 (4.5 GHz to 15 GHz) cavity. Figure 6 shows 

average values 2.6 and 0.007. 

An HP 8720ES 20 GHz VNA obtains S-parameter data. 

Microstrip samples are measured using full two-port SOLT 

calibration performed using an Agilent 85033D 3.5 mm 

calibration kit. Picoprobes and a calibration wafer are used with 

the striplines. Figures 7-12 show the measured S-parameters 

(thick lines) and HFSS model data (thin lines). 

 

 
 Cu on Rogers 5870 

Microstrip 

 
 CB028 on Rogers 5870 

Microstrip 

 
 Cu on ProtoTherm 

Microstrip 

 
 Fully 3D Printed 

Microstrip 

 
 Fully 3D Printed Stripline 

 
 Fully 3D Printed 

Suspended Microstrip 

S11 and S21 measured S11 and S21 HFSS model 

 

Parameter extractions for CB028 on ProtoTherm are shown 
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in figure 17. The properties of ProtoTherm are around r = 3 and 

tanδ = 0.03 which match literature [7]. 

 

Legend:  Measured,  Least squares,  Model 

 Fully 3D Printed Microstrip 

Figure 14 shows the loss in each type of transmission line. 

Rojas has fabricated coplanar waveguide samples and the loss 

is reproduced here (black). Solid ProtoTherm microstrips 

(CB028: blue, Cu: blue-dash) have the highest loss due to the 

resin’s loss tangent. The solid ABS stripline (green) comes in 

next due to the high loss of printable silver paste. The suspended 

microstrip (gray) is seen to have lower loss than the FR4 sample 

(red). The lowest loss lines are fabricated from Rogers 5870 

(CB028: orange, Cu: orange -dash). Note that the absolute error 

in the measurement of the loss is worse with Rogers 5870 since 

the magnitude of the error is smaller. 

 
 Loss Comparison by Material Stack-up, see text for legend 

V. CONCLUSION 

Table I shows a summary of the material and model data. The 

DC loss in CB028 is close to the data sheet specification of 7-

10 mΩ/□/mil (about 22 µΩ•cm). CB028 paste works by 

deposition in a polymer carrier which is subsequently cured to 

drive off solvents and cause shrinkage and tightening of the 

flakes to form a highly conductive material. This process may 

affect the RF conductivity differently than if the material was a 

solid metal as in the case of copper. 

The RF effective resistivity computed from S-parameters is 

44 to 500 µΩ•cm depending on the type of transmission line. 

Each transmission line type has a different current transport 

profile across the cross-section. The RF characteristics of silver 

flake lines is not fully understood and further study is merited 

in this area. 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 now possible to design 

a transmission line with predictable loss using the information 

here. Based on the measurements which are performed, 3D 

printed materials are viable options for future RF and 

microwave devices. It is suggested that more elaborate 

RF/microwave components should be made which take 

advantage of the design flexibility, compactness, and rapidity 

of manufacture which 3D printing offers. 
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TABLE I 

DESIGN GUIDE FOR 3D PRINTED STACK-UPS 

Sample Type 𝑡𝑎𝑛𝛿 𝜌 𝛼𝑑  𝛼𝑐  𝛼𝑇 𝛼𝑇 

CPW by Rojas 0.054 314.7 4.10 2.19 6.29 (7.04) 

Cu/Rogers 0.0012 1.68 0.08 0.11 0.19 (0.36) 

CB028/Rogers 0.0012 500 0.08 1.91 1.99 (1.08) 

Cu/ProtoTherm 0.030 1.68 2.11 0.11 2.22 (2.76) 

CB028/ProtoTherm 0.030 500 2.11 1.91 4.02 (4.22) 

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) 

Suspend. Microstrip 0.030 100 0.51 0.51 1.03 (1.20) 

Notes: Model/measurement-fitted data is given. Values in parenthesis are 

measured data. The data is given at 5 GHz. Units are µΩ·cm and Np/m. 


