
IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL., NO., 1

Parameters Characterization of Dielectric Materials

Samples in Microwave and Millimeter-Wave Bands
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Abstract—In this work, an optimized broadband method
using multilayer transmission lines to characterize dielectric
permittivity and loss tangent of material samples is presented.
For this purpose, a microstrip line loaded with a piece of the
selected dielectric to be characterized is used. From two-port
measurements, and using different length lines, the propagation
constant can be obtained. To minimize random errors and to
improve the accuracy, an over determination of the method
increasing the number of lines measured and a criteria to choose
the optimal line lengths is considered. Firstly, the measurement
method itself is applied to uncovered microstrip lines and an
accurate model of the substrate is obtained. Secondly, the lines
are covered with several materials, made by FDM additive man-
ufacturing technique, such as Acrylonitrile Butadiene Styrene
(ABS), Polylactic Acid (PLA), High Impact Polystyrene (HIPS),
Thermoplastic Polyurethane (TPU), Copolyester (CPE), FLEX,
Polyethylene Terephthalate Glycol (PETG) and Nylon. A model
of the transmission line considering the cover is developed and
an electromagnetic simulator is used to indirectly determine
the cover material electrical parameters. Results show excellent
agreement with electromagnetic simulations in the 0.1- to 67-
GHz frequency band, so they assess the suitability of the proposed
method.

Index Terms—broadband measurements, dielectric materials,
EM material characterization, propagation constant, transmis-
sion line measurements

I. INTRODUCTION

NOWADAYS, the number of materials and manufacturing

techniques are available on the market is increasing

rapidly. Concretely, additive manufacturing technologies have

become one of the most researched topic in many scientific

fields. Their main advantages includes the low cost, the

possibility of great customization, the rapid prototyping, the

design flexibility or the possibility of combining materials.

Concretely, in microwave area, several designs have been

proposed for different purposes [1]–[4]. Mechanical properties

are usually available from manufacturers. However, despite

the large amount of materials available, there is not much

information about the electromagnetic properties of these

materials. Furthermore, the wide variety of manufacturers

and materials available make it very necessary to achieve

characterization techniques as simple as possible, so that they

can be accessible to all designers who want to use this kind of
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materials. Manufacturers of additive manufacturing materials

from time to time change the formulation of materials or

even different batches can produce different electromagnetic

properties. For those reasons and considering the advantages

and growth of this manufacturing technology, investigations on

printed electromagnetic material properties have grown in the

last few years [5]. Dissipation factor and dielectric permitivitty

is determined in an extraordinary band width, for 100 MHz

up to the limit of the vector network analyzer available, 67

GHz.

Over time, numerous papers have been proposed in the liter-

ature to characterize the propagation constant of planar trans-

mission lines. They can be grouped mainly in two different

categories. On the one hand, resonant methods [6], [7] allow

to obtain very accurate results and good losses estimation,

apart from showing greater independence to the effects caused

by transitions. However, they just provide values at the reso-

nant frequencies, so they can not be useful when broadband

characterization is required. Several of these methods have

been proposed for the characterization of printed materials [8],

[9]. On the other hand, broadband methods [10], [11] provide

continuous results within the whole frequency band, because

they rely on the propagation of the transmission line modes.

Nevertheless, their accuracy depends on the precision of the

experiments and they show a worst behavior precisely at

resonances. In general, broadband techniques extract the prop-

agation constant from the measurements of parameter matrices

of transmission lines with different lengths. They have a signif-

icant drawback when losses in the transmission medium under

test are low, because the attenuation constant can be hidden

by noise and random errors. Several broadband methods have

been used in microwave [12] and millimeter bands [13] to

characterize printed materials. Another novel strategy for the

characterization of materials is the one proposed in [14],

based on microstrip lines of variable width. It is noteworthy

that most of these methods need calibrated S parameters.

On the other hand, in this paper the method used do not

require calibration due to it is based in mathematical invariant.

Some others method, such as those based on Nicolson-Ross-

Wier method, do require calibration of the S-parameters to

eliminate systematic errors [15], [16]. In order to increase the

performance of measurement methods, the overdetermination

of samples needed is usually considered [17]–[19].

It is important to mention that these materials under con-

sideration in this paper do not replace conventional low loss

materials necessary especially an millimeter band as substrate

for microstrip antenna for instance. However, these materials

can be used to generate structures in prototyping stages and fi-
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Fig. 1. (a) Measurement setup using two microstrip lines. (b) Signal-flow of the model including error two-port circuits.

nal products, as cases or structural parts for support for several

devices as radars or sensors at microwave or millimeter-wave

band. The dielectric parameters should be known accurately

to be considered properly in electromagnetic simulator before

fabrication. These materials can also play a functional role

as ABS in [20], [21] or HIPS in [22]. Particularly, HIPS

as a polystyrene variant has demonstrate to be a candidate

for millimeter wave material. Other material with flexibility

mechanical properties could be useful in microwave band for

wearable and conformable circuitry.

In this article, a method to find electromagnetic properties

of material samples, made by additive manufacturing FDM, is

proposed. It is based on two-port measurements of microstrip

transmission lines. For this purpose, it is required the use of

a two-port vector network analyzer (VNA) with no need of

calibration. The broadband measurement method is described

in Section II. In order to achieve a better accuracy of the

method, several line length differences are considered and a

previous microstrip characterization is carried out. A piece of

the material to be characterized is placed over the microstrip

line. The extraction of material parameters of a multilayer

microstrip is based on the one in [23]. This procedure is shown

in Section III. Section IV includes experimental and simulated

results for the dielectric permittivity and the loss tangent of

the used material samples. Finally, conclusions are provided

in Section V.

II. BROADBAND MEASUREMENT METHOD

A. Bianco and Parodi two lines method

The method addressed in this work is based on the one

in [10]. This method was then use in the estimation of the

propagation constant in TRL calibration for six port transmis-

sion measurements and vector network analyzers [24]–[27].

The measurement setup and the signal flow is depicted in

Fig. 1. Firstly, it is necessary to take the S-parameters of two

lines under test (LUT) with different lengths. It is noteworthy

that the error two-port circuits PA and PB are the same

throughout the whole set of measurements. The S-parameters

have to be transform into T-parameters, that will be called T1

and T2. These matrices can be rewritten as T1 = PAL1PB and

T2 = PAL2PB , being L1 and L2 the transmission matrices

of the lines excluding the effect provoked by the transitions

between the LUT and the ports, whose effects are considered

in PA and PB respectively. On the one hand, Li are diagonal

matrices, given by

Li =

[

e−γli 0
0 e+γli

]

, (1)

being L = L1L
−1
2 and li the length of the line i.

On the other hand, the transmission matrices can be com-

bined as

T = T1T
−1
2 = PAL1L

−1
2 P−1

A = PALP
−1
A . (2)

At this point, it is important to highlight that both T and

L are similar matrices [28], which means that their traces and

determinants coincide, and their value is given by

trace(T ) = trace(L) = e−γ∆l + e+γ∆l, (3)

where ∆l = l2 − l1. From (3), the propagation constant can

be obtained as

γ =
1

∆l
cosh−1

(

trace(T )

2

)

. (4)

Considering Eq. (2), the use of calibrated or raw S-

parameters do not affect the results. The inclusion of a new

two-port error box cascaded with PA and PB , do not affect

similarity between the new T and L matrices. Therefore, it

is not necessary to eliminate systematic errors calibrating the

vector network analyzer before the measurement of transmis-

sion lines.

B. Problems due to the existence of multiple solutions

A problem associated with Eq. (4) is that the inverse

hyperbolic cosine has an ambiguity when β∆l > π/2, and

phase shifts appear. This is due to the infinite solutions of the

function cosh−1 zg when zg is a complex number. The inverse

hyperbolic cosine of a complex number is calculated as

cosh−1(zg) = ln

(

zg +
√

(zg + 1)(zg − 1)

)

(5)

As the natural logarithm of a complex number has infinite

solutions,

ln(zp) = ln |zp|+ j (arg(zp) + 2kπ) k = 0, 1, ..., (6)

infinite number of propagation constants are obtained from

Eq. (4).
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Fig. 2. Phase constants using different line combinations.

In order to fix this problem, Eq. (4) is solved using an

iterative technique such as Newton’s method to find the

complex zero of

γ − 1

∆l
cosh−1

(

trace(T )

2

)

= 0. (7)

Nevertheless, this has an inconvenience: to achieve a good

method performance, it is necessary to have good starting

values, and it is not always possible to get the values that

allow to find the correct solution. Starting from the solution

of the propagation constant at the lower frequency point, this

value is used to initialize the second frequency point and so to

the last frequency points. This way, the iterative process starts

from a very close point to the correct solution.

C. Over determination of the method

Despite the problems associated with multiple solutions of

Eq. (4), random errors introduced during the measurements

of the S parameters must be taken into account. Systematic

errors could be removed by calibration, although it is not

strictly necessary, because port effects are being considered

in 4, by considering that they are going to be the same in all

the measurements. For this reason, all experiments performed

in this work have been carried out without calibration, i.e.

using raw data from the vector network analyzer.

Random errors, however, affect all the measurements and

are not predictable or removable by calibration. They can

be produced, in part, by the network analyzer. Nevertheless,

the most important sources of random errors in the proposed

method are the repeatability of the transitions and the esti-

mation of the line lengths used. These errors mean that it is

not possible to determine the exact value of the propagation

constant, so the objective is to achieve the best estimation from

the available measurements.

To improve the accuracy of the method, it is proposed

to increase the number of lines to be measured and use a

least squares approximation. Thereby, the effects produced by

random errors of measurements repeatability are minimized.

The propagation constant is obtained by solving the equation

min
α,β

1

2

N
∑

n=1

∣

∣trace(T )−
(

e+γ∆l + e−γ∆l
)∣

∣

2
, (8)

where N is the number of possible combinations between all

the k lines, taken two by two. Increasing k is a good way to

reduce uncertainty, but this increment should be accompanied

by different ∆l values, in order to achieve better results.

Optimal line lengths selection will be explained in the next

section.

Finally, it should be borne in mind that attenuation and

phase constants will have very different order of magnitude.

For this reason, errors in numerical optimization will penalize

α much more than β. To avoid this, the transformation

εr,eff = (cβ/ω)
2

is applied in order to make both variables

have the same order of magnitude, and Eq. (8) is expressed

as

min
α,εr,eff

1

2

N
∑

n=1

∣

∣trace(T )−
(

e+γt∆l + e−γt∆l
)∣

∣

2
, (9)

being γt = α+ j ω
√
εr,eff/c.

In order to demonstrate how the method works, Fig. 2

shows the phase constant obtained from measurements of

7 lines with HIPS as the top substrate. The measurement

setup will be explained in the next sections, but what is

important to note at this point is that phase shifts [29], [30]

occur at higher frequencies as the difference in line lengths is

greater. From 4 lines the bandwidth of the method reaches the

measurement bandwidth. Furthermore, random errors decrease

as the number of lines increases.

D. Optimal line lengths

Random errors are inherent to any estimation problem based

on measurements made by real instruments. Considering equa-

tion (4) the attenuation and phase constant are obtained from

the measurement of different lengths ∆lk and the uncalibrated

S parameters measured using a vector network analyzer. In

order to minimize the effect of these random errors, special

care must be taken in connections repeatability, similarity of

connectors and length of lines measurement.

Over determination of the method proposed using more

than two lines will help to minimize errors significantly. The

measurements of S parameters of N lines, N > 2, get to M

simultaneous non-linear complex equation. The value of M

is given by the combinations of N lines taken 2 at a time:

M = 1/2 · N(N − 1). Increasing slightly the number of

lines, the total number of combinations increase rapidly and

so, the number of estimations of the propagation constant is

also increased. In the experiment that has been carried out a

number of seven lines provides 21 combinations of two lines.

Apart from a very good statistical data processing and the

repeatability of the connections some other considerations

must be taken into account to get good estimations of the

propagation constant. One of those is the choice of the lengths

of the lines employed. The length distribution must be chosen

so that the differences between the increments in the length

of the lines should be as small as possible. In addition, these

increments must be the bigger the better. In this way, the

experiments to determine the propagation constant are more

insensitive to the relative errors in the determination of the

lengths.

Constant increments in length between different transmis-

sion lines concentrates resonances in discrete number of

points. Small deviations from that pattern spread the reso-

nances through the band of interest. The selected lengths



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL., NO., 4

0 10 20 30 40 50 60 70

0

10

20

30

40

50

60

70

0 10 20 30 40 50 60

0

5

10

15

20

25

0 10 20 30 40 50 60

0

5

10

15

20

25

li (mm)

l
(q)
1

l
(q)
N

l1 lN

l(
q
)

i
(m

m
)

q = 1
q = 1.2
q = 1.4
q = 1.6
q = 1.8
q = 2

∆l1

∆l2

∆l3

∆l4

∆l5

∆l6

∆l
(q)
1

∆l
(q)
2

∆l
(q)
3

∆l
(q)
4

∆l
(q)
5

∆l
(q)
6

q = 1 q = 1.2

(a)

(b)

q = 1

q = 1.2

f n
sa

m
p
le

s
f n

sa
m

p
le

s

f (GHz)
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different values of factor q.

follow a quasi-linear distribution as shown in the following

equation

li = l0 + (lN − l0)

(

i− 1

N − 1

)q

, i = 1, 2, ...N, (10)

where l0 is the shortest line length and lN is the longest. The

quasi-linear factor q just need to be adjust to a value different

of 1, q = 1.2 has empirically demonstrated that the distribution

of resonances spread enough from a practical point of view.

The frequencies where the phase difference of measured S21

is zero can be easily obtained as

fn =
n · c

(lb − la)
√
εr,eff

. (11)

Figure 3 shows the difference in the increment ∆lij for

different strategies. Fig. 3.b compares histograms where the

aggregation of frequencies where the phase difference between

measured S21 appears. For q = 1.2 the distribution is homo-

geneous through the frequency band.

E. Microstrip characterization

Once the method has been presented, it is evaluated

through experimental validation and electromagnetic simula-

tion. For this, 7 microstrip lines are manufactured over Rogers

4350B LoPro substrate, with 30 mil thickness, εr = 3.66,

tan δ = 0.0031, and 17.5 µm thick copper metallization. The

length of the lines, shown in Fig. 4 caption, is calculated

following the procedure explained in the previous section.

The line width is set to 1.65 mm, in order to get a 50 Ω
characteristic impedance.

The characterization method consists of measuring the S-

parameters of the 7 lines. Later, Eq. (9) is applied, in order

to obtain α and εr,eff , from which the estimated nominal

εr of the substrate, including dispersion, is extracted using

the Kirschning and Jansen model [31]. Finally, the obtained

εr is imported in the commercial full-wave finite-element

electromagnetic simulator ANSYS HFSS and one of the 7

microstrip lines is simulated, getting its propagation constant.

Figure 4 shows the measured and simulated effective per-

mittivity and the attenuation constant obtained through the

method application to the set of 7 lines. In addition, the in-

formation about the substrate dispersion given by the material

manufacturer [32] up to 50 GHz is also depicted. As seen,

there is an excellent agreement between the measured effective

relative permittivity and the one obtained by simulation using

manufacturer data. In this sense, it must be highlighted that

the relative permittivity, obtained from the one in Fig. 4.b

using the Kirschning and Jansen model and plotted in Fig. 4.c,

is quite similar to the one given by Rogers, showing how

good is the proposed method for estimating this parameter.

For this reason, the obtained εr of the Rogers 4350B LoPro

substrate will be used in the next section for the simulation of

the proposed structure in order to characterize more precisely,

including lower substrate dispersion, the material samples.

III. ESTIMATION OF MATERIAL PARAMETERS

The setup proposed for the estimation of the dielectric

parameters consists of a microstrip line loaded with a dielectric

overlay, made of the material that will be characterized. The

measurement scheme is shown in Fig. 5. As shown, microstrip

dielectric has a known permittivity εr1, estimated in the

previous section, and a height h1, whereas the overlay has

an unknown permittivity εr2 and a height h2.

The procedure consists of the determination of the propaga-

tion constant of the loaded microstrip, and then, the extraction

of the attenuation and phase constant of the dielectric overlay.

Several numerical models has been proposed to estimate

the effective relative permittivity of this structure, highlight-

ing [23], [33]. Both models are based on numerical methods,

and come from [34].

The problem with these methods is that the estimated

relative permittivity is calculated using a quasi-static model.

For that reason, they do not take into account the material’s

own dispersion. As seen in Fig. 4, relative permittivity has a

slight downward trend with frequency, and this trend will also

appear in printing materials. For that reason, a mathematical

model that characterizes this decreasing curve between the

minimum and the maximum frequencies that our analyzer

allows us to measure will be raised. This curve model will

be defined as

εri = εr1 − (εr67 − εr1)

(

i− 1

N − 1

)p

, i = 1, N, (12)
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where εr1 and εr67 are the estimated relative permittivity at 1

GHz and 67 GHz respectively, and p is a quasi-linear factor.

This value can be p = 1 for a linear model, p = 2 for a

quadratic model or a value between these values, that will

suppose a quasi-linear model. After comparing measurements

and simulations, the value p = 1.5 shows that minimal

differences are achieved, and, therefore, it is selected for this

model.

To determine losses, the process will consist of two parts.

On the one hand, it will be necessary to determine losses in

conductors. For this process, the analytical model presented

in [34] and improved in [35], which includes the effect of

surface roughness, will be used. Once these losses have been

h1

h2

εr1, tan δ1

εr2, tan δ2

Fig. 5. Covered microstrip lines using nylon screws for layers bonding.

Fig. 6. Photograph of microstrip lines covered by orange ABS and the mea-
surement setup using vector network analyser for S-parameters measurement.

considered, it is necessary to determine losses in dielectrics.

This process is based on finding the tan δeq of both dielectrics.

This equivalent model was defined in [36]. From it, knowing

the loss tangent of the lower substrate tan δ1, it is possible to

obtain the loss tangent of the upper substrate tan δ2.

IV. RESULTS

To validate the developed method, a sample of RO4350B

has been made in order to use it as top substrate. As it is

a material whose permittivity is known, it will be used to

assess the method performance. In addition, pieces of HIPS, 2

different ABS, TPU, CPE, NYLON, FLEX, PLA and PETG

have been manufactured and measured. In the printing process,

a 100% infill has been used, in order to estimate the pure

material characteristics. If a smaller infill had been used,

lower permittivities and losses would have been obtained [12],

because there would be air inside the substrate. However,

in this point it is important to remark that not all printers

manufacture in the same way or following the same patterns

a 100% infill, and probably there will always be a small

amount of air between the sheets of the substrate. For that

reason, printer and printing setup should be specified when

characterizing materials.

A photograph of the manufactured structure is shown in

Fig. 6. In that Figure, it is possible to see the uncalibrated

measured data on the VNA screen. The junction between the
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TABLE I
COMPARISON BETWEEN THE ANALYZED MATERIALS

Material εr@1GHz εr@10GHz εr@25GHz εr@67GHz tan δ α@1GHz [dB/m] ∆1 ∆2

Rogers 4350B LoPro 3.638 3.611 3.592 3.578 0.0039 0.67 12.1× 10−3 6.4× 10−3

HIPS 2.45 2.438 2.424 2.4 0.004 0.57 5.2× 10−3 3.2× 10−3

ABS* 2.67 2.655 2.638 2.61 0.009 1.34 6.9× 10−3 2.1× 10−3

TPU 2.67 2.645 2.618 2.57 0.032 4.75 16.7× 10−3 6.4× 10−3

CPE 2.8 2.788 2.774 2.75 0.013 1.98 4.9× 10−3 2.2× 10−3

NYLON 2.95 2.94 2.929 2.91 0.019 2.97 11.6× 10−3 5.6× 10−3

ABS2* 2.7 2.683 2.663 2.63 0.009 1.35 6.9× 10−3 2.1× 10−3

FLEX 2.65 2.633 2.613 2.58 0.036 5.33 5.2× 10−3 3.2× 10−3

PLA 2.5 2.483 2.463 2.43 0.013 1.87 5.3× 10−3 2.4× 10−3

PETG 2.85 2.83 2.808 2.77 0.022 3.38 7.2× 10−3 3.1× 10−3

TABLE II
PRINTING SETUP OF EACH MATERIAL

Material Manufacturer Printer Filament Size (mm) Infill (%) Extrusion temperature (ºC) Bed temperature (ºC)

HIPS Orbi-Tech Ultimaker 3 2.85 100 235 100
ABS* Ultimaker Ultimaker 3 2.85 100 250 90
TPU Ultimaker Ultimaker 3 2.85 100 225 70
CPE Ultimaker Ultimaker 3 2.85 100 245 75

NYLON Ultimaker Ultimaker 3 2.85 100 240 70
ABS2* Smartmaterials3D Prusa i3 MK3 1.75 100 240 100
FLEX Smartmaterials3D Prusa i3 MK3 1.75 100 240 50
PLA Smartmaterials3D Prusa i3 MK3 1.75 100 215 50

PETG Smartmaterials3D Prusa i3 MK3 1.75 100 235 75
ABS* and ABS2*: These materials were manufactured with the printer fully covered to avoid air flows that could cause delaminations.

substrate and the manufactured piece is made with screws.

In order to ensure the repeatability of the transitions and

minimize errors in cable movement, the same 2 connectors

were used for measuring all the lines, changing them for

each measurement. Furthermore, a torque wrench was used

to ensure that all connectors are equally tight, and a visual in-

spection with microscope was made before each measurement.

Lastly, a rigid plate was placed under the substrate to ensure

that it remains completely straight during every measurement.

The microstrip line, as well as the length of the lines, are the

same that the one used during the microstrip characterization

in section II.E. S-parameters of the 7 lines are taken by using

the network analyzer Agilent PNA-X (N5247A), between

0.1 and 67 GHz, that is the maximum capability of that

analyzer. Using the electromagnetic simulator ANSYS HFSS,

a structure as shown in Fig. 5 has been simulated for every

material. A 0.4 µm surface roughness [37], considering the

Groisse model [38], has been used for the simulations. The

heights of the substrates are h1 = 0.762 mm and h2 = 3 mm,

respectively. The gap between the substrates will cause the

obtained relative permittivity to vary slightly. For this reason,

some simulations have been carried out in order to assess

this variation, using the maximum gap, which is the height

of the metallization (17 µm), and the minimum gap (0 µm).

The gap works as a bias in the relative permitivitty. However,

the maximum difference between εr2 values obtained with the

aforementioned gaps is 0.35%, which means that the error

made by the separation between substrates is very small.

The dielectric permittivity of the Rogers 4350B LoPro lower

substrate, used in the simulation (εr1) is the one shown in

Fig. 4.c, that was calculated by using the proposed method.

The dielectric permittivity of the printed material (εr2) for the

simulation is calculated from the measured results, considering

the dispersion model raised in Eq.(12). Specifically, the values

of εr of the Rogers top substrate and the material samples

at 1, 10, 25 and 67 GHz, as well as the tan δ used for

the simulations and the attenuation constant at 1 GHz for

a plane wave are depicted in Table I. As seen, results for

the Rogers material are quite near to the one given by the

manufacturer, shown in Fig. 4.c. Small differences, that are

less than 1%, are probably due to the small gap between both

substrates or permittivity temperature dependence. Regarding

printed materials, results are also similar to those found in

other works [39]–[41], even considering that printing materials

are not completely pure materials. Despite the variety of the

materials studied, they all show a relative permittivity between

2.45 and 2.95. This fact is because they are all plastic materials

and manufactured with the same manufacturing process. How-

ever, there are significant differences in terms of loss tangent,

which makes some materials clearly candidates for use for

microwave circuits (i.e., HIPS or ABS), while others are not

as suitable (i.e., flexible materials such as TPU or FLEX).

In order to guarantee the repeatability of the process, the

printing setup, including the manufacturer of each material,

the printer used, the filament size, the infill, the extrusion

temperature and the bed temperature are shown in Table II.

In order to validate the performance of the dispersion model

in Eq.(12), the operator ∆ is defined as

∆ =
1

N

N
∑

i=1

∣

∣

∣
εsim.
r,effi

− εmeas.
r,effi

∣

∣

∣

2

, (13)

where N is the number of points of the measurement and

simulation. In Table I, ∆1 is obtained by using a simulation

where dispersion is not considered, while ∆2 is obtained by

using the raised dispersion model. As seen, lower differences



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL., NO., 7

0 10 20 30 40 50 60
-1

0

1

2

3

4

5

6

7

0 10 20 30 40 50 60
3.1

3.15

3.2

3.25

3.3

3.35

3.4

3.45

3.5

0 10 20 30 40 50 60
3.1

3.15

3.2

3.25

3.3

3.35

3.4

3.45

3.5

0 10 20 30 40 50 60
-1

0

1

2

3

4

5

6

7

0 10 20 30 40 50 60
0

1

2

3

4

5

6

7

8

9

0 10 20 30 40 50 60
3.2

3.25

3.3

3.35

3.4

3.45

3.5

0 10 20 30 40 50 60
-1

0

1

2

3

4

5

6

7

8

9

0 10 20 30 40 50 60
3.2

3.25

3.3

3.35

3.4

3.45

3.5

(a) (b)

(c) (d)

(e) (f)

(g) (h)
Frequency [GHz]Frequency [GHz]

Frequency [GHz]Frequency [GHz]

Frequency [GHz]Frequency [GHz]

Frequency [GHz]Frequency [GHz]

MeasurementMeasurement

Measurement
Measurement

Measurement

MeasurementMeasurement

Measurement

SimulationSimulation

Simulation
Simulation

Simulation

SimulationSimulation

Simulation

α
[N

p
/m

]
α

[N
p
/m

]
α

[N
p
/m

]
α

[N
p
/m

]

ε r
,e
ff

ε r
,e
ff

ε r
,e
ff

ε r
,e
ff

Fig. 7. Experimental results of the propagation constant using the proposed method with 7 line lengths in comparison with electromagnetic simulation results
using: (a),(b) HIPS, (c),(d) ABS, (e),(f) TPU, (g),(h) CPE.

between measurements and simulations are achieved by using

the developed model.

Figures 7 and 8 show the measured and simulated propaga-

tion constants in terms of attenuation constant and effective

dielectric permittivity. For simplicity, considering that both

pieces of ABS have similar results, only the one made

by Ultimaker 3 has been depicted. As seen, an excellent

agreement between measurements and simulation is achieved,

highlighting the good accuracy in the phase constant and

a good estimation of the loss tangent. Uncertainty in the

measurement of the attenuation constant at high frequencies

is due to the high values of the phase constant. Therefore, the

errors are located in the attenuation constant, whose order of

magnitude is much smaller.

Losses play a very important role in the design of structures

for high frequency applications. Although these methods are
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Fig. 8. Experimental results of the propagation constant using the proposed method with 7 line lengths in comparison with electromagnetic simulation results
using: (i),(j) NYLON, (k),(l) FLEX, (m),(n) PLA, (o),(p) PETG.

not suitable for loss characterization, the proposed overesti-

mation and the technique to select the most appropriate line

lengths allow to obtain coherent results up to 40 GHz, where

fluctuations of the attenuation constant limit the available

frequency range of this method. However, this frequency range

is quite wider and the obtained attenuation constant is more

accurate than other in the state-of-the-art [11]. As it can be

seen in Table I, HIPS has a low loss tangent, tan δ = 0.005,

and a low relative permittivity, εr = 2.45, if it is compared

to the rest of substrates under test in this paper. HIPS is

used in numerous applications because of its easy processing,

performance and low cost [42]. The values of parameters

estimated in this paper strongly agree with published data by

manufacturers [43]. This fact makes HIPS a very good material
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to build support structures for circuits and antennas [22].

V. CONCLUSION

In this work, a simple technique to determine the broadband

electromagnetic characteristics of material samples has been

developed. It is very useful because of its simplicity and can

be applied to both microstrip lines and lines covered with

printing materials. No calibration is needed, and just several

the repeatability of the transitions will strongly influence the

results. Furthermore, the method allows to obtain very accurate

results in terms of attenuation constant and effective dielectric

permittivity by using only a few lines, whose length is op-

timized in order to minimize errors provoked by resonances.

The achieved results show an excellent agreement between

measurements and simulations, which is the reason why the

proposed procedure can be considered as a good alternative

to those of the state-of-the-art, due to its simplicity and

the accuracy of the obtained results. HIPS has demonstrated

excellent losses and can be established as a candidate for

fabrication of electromagnetic structures due to its loss tangent

close to 0.004.

The proposed method can be used for any problem with

transmission lines or waveguides. Despite having used in

this article an indirect characterization process based on the

measurement of the S-parameters of a multilayer structure, it

has been possible to achieve models that include the substrate’s

dispersion or metal surface roughness. However, it is important

to mention that one has to be careful with the gap between

both substrates, to ensure that the error made is very small

in the relative permittivity obtained. In addition, it must be

considered that the characterization carried out will take into

account the characteristics of the printed material as it is, with

its infill, its possible printing defects, or its manufacturing tem-

peratures. Therefore, if any of these parameters are changed,

it would be convenient to carry out a new characterization.
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[33] M. Barbuto, A. Alù, F. Bilotti, and A. Toscano, “Characteristic
impedance of a microstrip line with a dielectric overlay,” COMPEL:

Int J for Computation and Maths. in Electrical and Electronic Eng.,
vol. 32, 11 2013.

[34] E. Hammerstad and O. Jensen, “Accurate models for microstrip
computer-aided design,” in 1980 IEEE MTT-S International Microwave

symposium Digest, May 1980, pp. 407–409.
[35] E. Y. Terán-Bahena, S. C. Sejas-Garcı́a, and R. Torres-Torres, “Per-

mittivity determination considering the metal surface roughness effect
on the microstrip line series inductance and shunt capacitance,” IEEE

Transactions on Microwave Theory and Techniques, vol. 68, no. 6, pp.
2428–2434, 2020.

[36] A. K. Verma, Nasimuddin, and E. K. Sharma, “Analysis and circuit
model of a multilayer semiconductor slow-wave microstrip line,” IEE

Proceedings - Microwaves, Antennas and Propagation, vol. 151, no. 5,
pp. 441–449, 2004.

[37] “Copper foils for high frequency materials,”
www.rogerscorp.cn/documents/749/acs/Copper-Foils-for-High-
Frequency-Circuit-Materials.pdf.

[38] S. Groiss, I. Bardi, O. Biro, K. Preis, and K. R. Richter, “Parameters of
lossy cavity resonators calculated by the finite element method,” IEEE

Transactions on Magnetics, vol. 32, no. 3, pp. 894–897, 1996.
[39] S. Kim and J. Baker-Jarvis, “An approximate approach to determining

the permittivity and permeability near λ/2 resonances in transmis-
sion/reflection measurements,” Progress In Electromagnetics Research

B, vol. 58, pp. 95–109, 01 2014.
[40] N. Abdul Malek, A. Mohd Ramly, A. Sidek, and S. Mohamad, “Char-

acterization of acrylonitrile butadiene styrene for 3d printed patch
antenna,” Indonesian Journal of Electrical Engineering and Computer

Science, vol. 6, p. 116, 04 2017.
[41] C. Dichtl, P. Sippel, and S. Krohns, “Dielectric properties of 3d printed

polylactic acid,” Advances in Materials Science and Engineering, vol.
2017, pp. 1–10, 07 2017.

[42] M. Gauthier, Modern Styrenic Polymers: Polystyrenes and Styrenic

Copolymers. ASM International, 1995.
[43] J. Scheirs and D. Priddy, Modern Styrenic Polymers: Polystyrenes and

Styrenic Copolymers. John Wiley and Sons, 2003.
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