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ABSTRACT In recent years, advances in material science for high-frequency electronics have generated
novel materials that offer superior performance. Additive manufacturing (AM) has expanded the frontiers
of microwave material manufacturing going beyond flat geometries and unique properties such as graded
permittivity materials. Accurate electromagnetic (EM) material characterization for AM materials remains
challenging given the printing volume constraints for manufacturing processes, as traditional EM property ex-
traction techniques often require electrically large samples. Furthermore, loss extraction techniques typically
cannot differentiate dielectric and conductor losses in waveguides. This paper presents a novel conformal
mapping-based characterization technique using coplanar waveguides (CPW) with air pockets that allows
for dielectric permittivity and dielectric loss extraction. The underlying principle of the techniques is to use
a set of CPWs with different air slot depths to extract the loss behavior as a function of the slot depth.
A new loss-slot rate metric is introduced to decouple the dielectric and conductor losses in the structure.
The theoretical foundation of the technique is used to develop a physical-mathematical model for dielectric
property extraction that is verified with simulations and experiments for materials with permittivity in the
range 2.33-29, and loss tangents of 0.02—0.055. The average error for the equivalent capacitance of the CPW
with air pockets (CPW-AP) between the presented model and simulated or measured data is 2.4% for all
the studied cases. The experimental confirmation is performed with traditionally manufactured FR-4 and
additively manufactured yttria-stabilized zirconia (YSZ) dielectrics up to 10 GHz.

INDEX TERMS Additive manufacturing, laser machining, material characterization, dielectric loss, loss
tangent, coplanar waveguide, conformal mapping, partial capacitance approximation.

I. INTRODUCTION

With the evolution of additive manufacturing (AM) of mi-
crowave packaging in recent years [1], [2], [3], [4], methods
of extracting material properties that may be integrated in
the AM-oriented design flow have been studied [5], [6], [7],
[8], [9], [10], [11]. AM is revolutionizing the field of mi-
crowave circuits and antennas by enabling novel geometries
and materials that are not practical to achieve by traditional
techniques. However, as manufacturing processes and ma-
terials continue to evolve, there are often variations in the

dielectric properties among devices manufactured with the
same machines and raw materials. Furthermore, traditional
material characterization techniques require larger samples
than what can be printed with state-of-the-art AM tech-
nologies for microwave circuit packaging [12], for a given
frequency of operation. Hence, a low-cost and dielectric
characterization technique that can be implemented using
sub-wavelength-long transmission lines to extract both, elec-
tric permittivity and loss tangent, and can be performed
on each batch of printed parts allows for better quality
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control, and more accurate material properties for design
purposes.

In [5], dielectric relative permittivities of direct digital
manufactured (DDM) materials are extracted by a character-
ization method solely based on S-parameters measurements
of a traditional coplanar waveguide (CPW). As shown in [5],
the propagation characteristics may be extracted using two
methods described in [13], [14]. Once the attenuation and
phase constants are calculated, one may determine the relative
permittivity of the samples under test by finding the filling
factors of the equivalent multilayer CPW structure. The tech-
nique described in [5] was applied to additive manufactured
materials [15], and extraction of the permittivity was achieved
over a broadband frequency range. However, there are limita-
tions for the techniques used in [5], including that attenuation
constant includes all the loss mechanisms, namely: dissipative
losses, dielectric losses, and radiation; and discerning among
the different losses is not possible without adding other types
of measurements such as electric conductivity of the conduc-
tive layers. Even if DC conductivity is measured, it does not
translate to RF conductivity due to material inhomogeneity
and considerable surface roughness for conductors.

Another well-known dielectric characterization technique
is based on the behavior of resonant cavities. In these tech-
niques, both the permittivity and loss tangent can be accu-
rately extracted by measuring the behavior of the resonator
at its resonance frequencies [16], [17], [18]. However, this
technique also has limitations, including: (a) the samples to
be characterized require a specific shape and dimension to al-
low insertion in the resonator and accurate measurements and
additive manufacturing techniques often are unable to achieve
the required dimensions [16]. (b) The extraction technique is
only accurate for a range of permittivities and loss tangent
values, often for the low-loss (tan§ < 0.01) and low permit-
tivity (e, < 20) [17], or otherwise the resonator behavior does
not yield accurate results. (c) The material parameters are
extracted at discrete frequencies [18].

In this article, a novel conformal mapping-based dielectric
permittivity and loss tangent measurement technique is pre-
sented. The technique is based on S-parameters measurements
of CPW with air pockets (CPW-AP). In typical AM design
flow, process control samples are fabricated to characterize the
fabrication process and materials to tune the process parame-
ters. This paper proposes fabricating a set of CPW-APs as part
of the process control samples on a DDM platform that can
be used to extract the electric permittivity and loss tangent of
the material, as shown in Fig. 1. Conductive ink is dispensed
onto additively manufactured dielectric substrates and a laser
machining process is used to create the air pockets. The un-
derlying theoretical base of the technique is studied by first
approximating the capacitance. The approximation transforms
the structure into the traditional CPW structure and confor-
mal mapping techniques can be applied. Conformal mapping
techniques have been recently applied in the additive man-
ufacturing context to model non-uniform conductors due to
laser machining processing [1] and meshed ground CPW [2].
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FIGURE 1. Overall dielectric property extraction process using direct
digital manufacturing (DDM) platform.

Then, a single-layer reduction approach in [19] is applied to
model dielectric losses for such a structure. The goal is to
incorporate this material characterization technique in rapid
system prototyping design flow such as laser-enhanced direct
print additive manufacturing (LE-DPAM), highlighted in [1],
[31, [4], to quickly extract unknown microwave material prop-
erties.

The physical-mathematical model developed is applied to
a wide range of materials ranging in relative permittivity
values of 2.33-29 and loss tangents of 0.02-0.055 verified
with FEM simulators both at static (Ansys Maxwell.R2) and
broadband (Ansys HFSS.R2) conditions. The average error
between the presented model and simulated data is 2.4% for
all studied cases. A new loss-slot rate metric is introduced
to decouple conductor loss from dielectric loss, enabling the
extraction of dielectric loss tangent of the material under
test. The CPW-AP-based extraction technique is then applied
commercial FR-4 laminates and an additively manufactured
yttria-stabilized zirconia (YSZ) substrate measuring loss tan-
gents of 0.02 and 0.055 respectively.

1I. QUASI-STATIC ANALYSIS OF COPLANAR WAVEGUIDES
WITH AIR POCKET SLOTS

A. GENERAL APPROACH AND STRUCTURE GEOMETRY

The propagation characteristics of the coplanar waveguide
(CPW) with non-magnetic substrates can be fully character-
ized by the effective electric permittivity of the structure.
Well-known equations [20] for characteristic impedance

1

Zy = ——— (D
Cy/€effla
and dielectric loss
T € Eoff — 1
ay T~ tans ©)

B Ao /€ctf € — 1

is dependent on the effective permittivity of the structure
where
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FIGURE 2. Coplanar waveguide with air pocket slots geometry and
dimensions.

¢ = speed of light in vacuum,

€cfr = effective permittivity of traveling wave,

C, = in-vacuo capacitance per unit length of the structure,

o, = attenuation constant due to dielectric losses,

Ao = free-space wavelength,

€, = relative permittivity of CPW substrate,

tan § = loss tangent of CPW dielectric substrate.

The CPW with air pocket slots, as shown in Fig. 2 , is
analyzed in this section.

The underlying principle used in the technique is that the
contribution of the dielectric losses to the overall losses is a
function of the depth of the air pocket slots. When having a set
of CPW-AP with different air pockets slots sizes, it is possible
to extract the contribution of the dielectric loss tangent to the
overall CPW-AP loss, hence, extract its loss tangent.

In addition to having the typical CPW geometry parameters
W, S, and h, the structure now includes d, the depth of the slot
for the air pockets. Therefore, the study of slot depth’s effect
on the effective permittivity would result in fully knowing the
propagation characteristics of the structure of interest. Here,
the study without the effect of conductor losses is presented.

B. PARTIAL CAPACITANCE APPROXIMATION OF CPW WITH
AIR POCKET SLOTS

Traditional conformal mapping techniques [20] that are ap-
plied to traditional CPW geometries are not compatible with
CPW-AP. Partial capacitance approximation (PCA) of tra-
ditional CPWs is typically calculated by transforming the
CPW geometry into a parallel-plate configuration to model
the capacitance per unit length of the structure [20] using
Schwarz-Christoffel (SC) mapping [21], [22]. SC mapping of
the lower-half plane in Fig. 2 to a rectangle would result in
the air pocket slots’ vertices being mapped within the rect-
angle, as shown in Fig. 3. Here, the vertices A, B, ...,1,J
are mapped to A,’B,”...,1,/J’, where points G, H,' I, and
J' is anywhere within the rectangle A’B'C’'D’ depending on
the value of slot depth d. The resulting capacitor structure
is no longer a homogeneous dielectric medium where the

capacitance can be conveniently calculated. Furthermore, nu-
merical analysis would be needed to find the vertices of the
mapped structure. The resulting conformal map directly from
the CPW-AP geometry does not lead to a geometry with field
lines that follow the traditional parallel plate field distribution.
However, it is possible to approximate the capacitance per unit
length of Fig. 2 by splitting the structure into three different
regions and analyzing the structure as a multilayer CPW as
shown in Fig. 4. Using [20] to find the total capacitance of a
multilayer CPW yields

Cepw = 2C1 + G — Gyt (3)

where C; is the capacitance in air (Fig. 4a), C; is the ca-
pacitance in dielectric €, — 1 (Fig. 4b), and Cyj is the slot
capacitance with permittivity €, (Fig. 4 c). Cyo has dimen-
sions of depth d and slot width S. Since Cyj is the capacitance
of the slot, the total capacitance in (3) can be approximated by
subtracting Cgjor from the conventional single layer CPW with
capacitance 2C; + C».

As discussed earlier, the electric fields do not retain the
property of harmonic functions if transformed using conven-
tional SC mapping. However, by simulation-based experimen-
tation and inspection, it was found that the permittivity of the
geometry shown in Fig. 4(c) can be modeled by a homoge-
neous medium with

€rslot = €y — \/5 “)

The converted structure is shown in Fig. 5.

Using the converted structure in Fig. 5 and from Schwarz-
Christoffel mapping of the half-plane into a rectangle to find
the partial capacitances yields

. K(k)
C = 2€0K(k{)’ )
e — e Kk2)
G = 2(er I)EOK(ké)’ (6)
and
K (kg
Cslot =2 (Er - «/é_r) 60K§k§; @)
where
ki =a/b (8a)
ky = sinh(;ra/2 h)/ sinh(wb/2 h) (8b)
ks = sinh(ra/2 d)/ sinh(zwb/2 d). (8c)

In (8), a/b = W/(W + 25) is the aspect ratio of the CPW and
h is the height of the dielectric substrate. K (k;) is the complete
elliptic integral of the first kind,

/2 4o
K(ki)Z/ —_—,
0 /1 —k?sin’0
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FIGURE 3. Conformal mapping of CPW-AP structure directly using traditional CPW mapping function.
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FIGURE 4. Splitting the CPW with air pocket slots structure into three
distinguished layers. (a) CPW in air (C;). (b) CPW on substrate height h (C,).
(c) CPW with only slot capacitance (C;jot)-
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FIGURE 5. Transformation of Fig. 4(c) into a CPW on homogeneous
medium with height d.

andk = /1 — kl.z. Therefore, the effective permittivity can be
expressed as
Cepw € — 1 K(kp) K (k)

Cair 2 K(ky) K(k1)

& — /& K(ky) K(k))
2 K(kl)K(k)

Eeff =

(10)

where the capacitance Cyj, is simply 2Cy = 4€oK (k1)/K (ki ),
containing both the upper and bottom halves of the complex
plane. One should note when there are no air pocket slots in
the CPW, Cyor — 0 since (8c) approaches zero as d — 0:

K (ks)
K (kg)

Cotor(d = 0) = lim, [2 (€ — Ver) €0 ] =0 (D

when

lim K (ky) = K { lim
d—0 d—0

[sinh(na/Z d):| iy

. == (12)
sinh(wb/2 d) 2
0

and

inh(a/2 d)\?
lim K =K | | lim |1 — (Sohera/2d) = 00
d—0 d—0 sinh(wb/2 d)

1

(13)
fora/b < 1. The effective permittivity is then equal to the case
of the CPW with substrate height 4, as studied in [20]:
€ — 1 K(kp) K(k})

2 Ky Kk’

€eff = 1 (14)
C. SINGLE-LAYER REDUCTION (SLR) PROCESS

An expression as in (2) is required to show the relationship
between the attenuation losses and the relative permittivity
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FIGURE 6. Transformation of CPW-AP into equivalent CPW structure on a
substrate of infinite height.
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FIGURE 7. Comparison of effective permittivity PCA calculations and FEM
simulation.

and loss tangent for CPW-AP. The effective permittivity of
the traditional CPW structure in Fig. 2 can be conveniently
calculated with (10). (2) cannot be used to directly calculate
the attenuation due to dielectric loss since the CPW is not
supported on a homogeneous medium such as in Fig. 4(b).
Previously, the structure in Fig. 2 was transformed into a mul-
tilayer configuration in Fig. 4 with Ccpw = 2C| + Cy — Cyy-
In [19], it is shown that for multilayer CPW configurations,
one can calculate the overall dielectric loss by effectively
reducing the CPW in a homogeneous medium with com-
plex permittivity € into a CPW suspended on homogeneous
medium equivalent permittivity €, ¢q and equivalent loss tan-
gent tandeq. This transformation is graphically shown in
Fig. 6.

The transformation can be carried out by considering the
expression for the effective complex permittivity of a CPW
suspended on an infinitely thick substrate with €% =1+
q(€eq — 1) [19], where g is the CPW partial filling factor and
€/ ¢q is the complex equivalent permittivity. Letting ¢ = 1/2

6
FR4
AlLO,
5r RT/duroid 5870 | |
GaAs
—~4r b
2
S
&gl |
<
@
o
o)
o 2 4
1+
0 . Y . .
0 100 200 300 400 500 600

Slot depth (um)

FIGURE 8. Error between PCA calculations and FEM simulation.

for the transformation into the desired structure (a CPW sus-
pended on an infinitely thick substrate) yields

e;ﬂ’eq - 2E:ff - 1. (15)

With the expression complex equivalent relative permittivity
in (15), the equivalent loss tangent can be calculated with the
ratio of the real and imaginary parts of e;"eq:

Im (ej"eq)
Re (e;k’eq)

Finally, substituting the equivalent relative permittivity and
equivalent loss tangent back into (2) yields

tan deq = (16)

T €req €eff — 1

Qg =——"F"———

A0 A/€ctt €req — 1
D. DERIVATIVES OF EXTRACTED PROPAGATION
CHARACTERISTICS AND EXTRACTION METHODOLOGY
To quantify dielectric loss without the effects of conductor
loss with increasing slot depth, it is useful to consider the
loss-slot rate (a partial derivative)

oo
ad

tan §eq. (17)

8o = (18)

where « is the total measured loss of the CPW (including
effects of conductor loss) and d is the slot depth. Since the
slot depth only affects the fields in the dielectric-air interface,
it is possible to use (18) to compare measured samples to ideal
simulation models to extract the tan § of the dielectric. As long
84 1s equal for both measurements and simulations, the loss
tangent of the material can be extracted using (18) as a metric.

For a CPW line with no air pockets, the measured and simu-
lated attenuation constants contain losses from the conductor
and dielectrics. Computing the loss-slot rate (8,) decouples
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the dielectric effects from the conductor losses, hence provid-
ing a way to accurately extract the contribution to losses by
the dielectric (tan §).

For example, hypothetical loss-slot rate (8, vs. d) curves
for different loss tangents are generated using EM simulation.
Since §, decouples the conductor loss from the total losses,
the measured 8, will closely match of one the generated EM
simulated curves. The matching of the measured and simu-
lated §, allows the extraction of tan§. This process is later
demonstrated in Section V.

IIl. VALIDATION OF MATHEMETICAL MODELS USING EM
SIMULATIONS

A. COMPARISON OF PCA MODEL AND FEM EM
SIMULATIONS

To verify the partial capacitance approximation shown pre-
viously, theoretical PCA calculations are compared to FEM
simulations of the structures with varying slot depth d. The
FEM simulator used is Ansys Maxwell 2021.R2, where the
capacitance of the CPW in Fig. 2 is extracted and divided
by the capacitance of the CPW with the same aspect ratio
suspended in air, as in Fig. 4(a). In the calculations and sim-
ulations, the CPW has the geometry of W = 1 mm, S = 0.5
mm, and 2 = 0.813 mm where the slot depth d is the variable
being swept. To ensure that the approximation is valid for
materials with varying dielectric constants, a wide variety of
dielectrics were considered in this comparison.

As shown in Fig. 7, the dielectrics used in the comparison
were FR-4, alumina (Al,O3), RT/duroid 5870, and gallium ar-
senide (GaAs) with €, of 4.4, 9.8, 2.33, and 12.9 respectively.
In all cases, the effective permittivity reduces as the slot depth
is increased, this is expected since the air pockets effectively
reduce the area of the dielectric. It is especially prevalent with
materials of higher permittivity, as in the case of alumina and
gallium arsenide.

Accompanied by the comparison, an error plot Fig. 8 is
generated to monitor the deviation that the approximation may
have caused. As seen, the error is less than 5.5% in all cases,
up to etching - with a slot depth down to 75% of the substrate
height.

To verify the mathematical model for a wide range of
CPW aspect ratios, where a/b = W/(W + 25), Fig. 9 shows
the simulated relative permittivities while Fig. 10 shows the
calculated values using the described mathematical model. As
shown in Fig. 11, the error is less than 5% for 0.3 < a/b < 0.7
and up to 10% for more extreme a/b values in the range of
0.2 <a/b<0.28.

Furthermore, the phase constant 8 is expected to change
since B = 27 /Ay where Ay = ¢/( /€ctif) is the guided wave-
length and c is the speed of light in vacuum. This will cause
the phase response zero-crossings of S»; to shift toward the
right when the slot depth d is increased. A FEM simulation is
created to verify this as shown in Fig. 12. The CPW structure
is simulated in Ansys HFSS 2021.R2 with the same dimen-
sions as the case in Fig. 7 with FR-4 (¢, = 4.4) selected as the
material with a physical length of L = 20 mm. It is seen that
6
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FIGURE 9. Simulation of CPW effective permittivity for various slot depths
and a/b ratios on FR-4.
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FIGURE 10. Mathematical model of CPW effective permittivity for various
slot depths and a/b ratios on FR-4.
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FIGURE 11. Error between PCA calculations and FEM simulation.

the phase zero-crossings shift right in both cases as the slot
depth increases, verifying the hypothesis.

B. COMPARISON OF SLR PROCESS ON CPW-AP AND FEM
EM SIMULATIONS

To verify the analytical approach using PCA and SLR, a com-
parison of the calculated parameters is done against a FEM
simulation on FR-4 material with ¢, = 4.4 and tan§ = 0.02.
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FIGURE 12. Comparison of calculated and simulated S,; phase of CPW at
various depth d.
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FIGURE 13. Comparison of calculated and simulated dielectric loss of CPW
at various depth d.

Ansys HFSS 2021.R2 is used to find the attenuation constant
purely from dielectric loss by letting the conductor be a sheet
of perfect electrical conductor (PEC). For the theoretical and
simulated CPW structure, the parameters are W = 1 mm, S =
0.5 mm, L = 20 mm, and 2 = 0.813 mm. A frequency sweep
of the attenuation constant « is generated ford =0 umtod =
200 pm in steps of 50 wm up to 18 GHz. This comparison is
shown in Fig. 13.

As seen in Fig. 13, the calculated and simulated attenuation
due to dielectric loss is comparable in magnitude, especially at
high frequencies. In HFSS simulations, the complex propaga-
tion constant y is calculated by the simulator on the wave port
that it is excited, and the attenuation constant « can be found
by taking the real part of y since y = o + jB. As expected,
the loss is reduced by increasing slot depth. This is because
€ofr dictates the loss in (17).
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FIGURE 14. Profile height measurements of fabricated CPW samples on
FR-4 substrate. The labeled depths shown exclude the thickness of copper.
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FIGURE 15. Profile height measurements of fabricated CPW samples on
YSZ substrate. The labeled depths shown exclude the thickness of
deposited CB028.

IV. EXPERIMENTAL VERIFICATION OF THE CPW-AP
TECHNIQUE

A. FABRICATION

Samples of the CPW with air pockets slots are fabricated on
FR-4 since the dielectric loss is comparably high for mea-
surement convenience. The CPW geometrical parameters are
W=1mm, S =0.5 mm, L =20 mm, and # = 0.813 mm.
The samples were fabricated using the LPKF ProtoMat S103
milling machine. To etch out material for the air pockets, a
2.5D process was added into the fabrication process where it
is possible to remove material up to 300 um deep from the
surface.

Furthermore, a set of additively manufactured dielectric
substrate with unknown dielectric loss was used to demon-
strate the methodology. These samples were fabricated on a
yttria-stabilized zirconia (YSZ) substrate, additively manufac-
tured using digital light processing (DLP) technology. The
CPW has the geometrical parameters of W = 0.3 mm, S =
0.1 mm, L = 3 mm, and 2 = 1.81 mm. The slurry AdmaPrint
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He'lghl W‘m

FIGURE 16. 3-D profile height measurements of an array of laser
machined slots. The substrate is not entirely flat due to production errors.

7130 was used to create the substrates. After printing and sin-
tering, the substrate is measured to have a height of 1.81 mm.
Then, DuPont CB028 was micro-dispensed using the nScrypt
3Dn Tabletop on the YSZ surface to create the CPW conduc-
tors. Finally, the CPW slots and air pockets are etched by a
Spark Lasers DIADEM 1064-10 compact high-energy fem-
tosecond laser with a Thorlabs LMH-20X-1064 high-power
focusing 20x objective. The laser machining process uses a
peak power of 1 MW, laser path speed of 50 mm/s, repetition
rate of 10 kHz, and pulse width of 360 fs. To create the
different slot depths, the number of passes of the laser path
is varied accordingly, at 5, 10, 15, and 20 for a total of four
samples.

The height profiles of the fabricated FR-4 samples are
shown in Fig. 14. Surface profiles are measured with a Fil-
metrics Profilm3D profilometer. As shown, the air pocket slots
have depths of 35.4 um, 254.4 um, 269.92 um, and 332.5 um
respectively, obtained by subtracting the thickness of copper
of 17.5 pum. Similarly, the YSZ samples are shown in Fig. 15.
Here, the air pocket slots have depths of 35 pum, 76 pm,
119 pum, and 134 pm respectively, obtained by subtracting
the thickness of cured CB028 ink of 30 um. A 3-D profile is
shown in Fig. 16 for an array of slots used to characterize the
laser machining parameters for the YSZ substrate. In Fig. 16,
the leftmost cut is 5 passes while the rightmost cut has only
1 pass. In this array, the laser machining process uses a peak
power of 1 MW, laser path speed of 50 mm/s, repetition rate
of 10 kHz, and pulse width of 360 fs.

B. MEASUREMENTS OF SAMPLES

S-parameters measurements of the FR-4 samples were then
taken on the Keysight N5227B PNA Network Analyzer with
GGB 40A-GSG-1250-DP Picoprobes and SOLT calibration
was performed with the CS-10 calibration kit. To verify that
the effective permittivity is changing with air pocket slots, the
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FIGURE 17. Comparison of simulated and measured S,; phase of
fabricated samples.

0.025 T T T

Meas. - 34.4 ym = = =S8im. - 34.4 um

Meas. - 154.4 ym = = =S8im. - 154.4 um .

Meas. - 269.92 pm = = =Sim. - 269.92 um -,
0.02 Meas. - 332.5 um = = =Sim. - 332.5 um 4

0.015

« (dB/mm)

0.01

0.005

1 2 3 4 5 6 7 8 9 10
Frequency (GHz)

FIGURE 18. Comparison of simulated and measured attenuation constant
of fabricated FR-4 samples.

phase of S»; is measured and compared to the simulation as
shown in Fig. 17. As discussed previously, it is expected that
the zero-crossings of the transmission phase to shift to higher
frequencies, due to the decrease in effective permittivity. The
measurements are in agreement with this hypothesized behav-
ior.

Furthermore, the extracted attenuation constant « through
the methodology in [5] is compared to the FEM simulations.
Howeyver, the effects of conductor loss are considered in this
comparison with copper thickness r = 18 um and electrical
conductivity o = 5.8 x 107 S/m. This is shown in Fig. 18
where « is extracted up to 10 GHz. It is shown that the overall
loss is decreased as slot depth is increased, which confirms the
hypothesis presented at the start. Due to the dynamic range of
the network analyzer, the effects from measurements are only
noticeable at higher frequencies.

A similar approach was taken for the YSZ samples. Since
the samples are smaller and due to the high permittivity
of YSZ (¢, =29), a TRL calibration was performed on
the Keysight N5227B PNA Network Analyzer with GGB
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FIGURE 19. (a) Optical image of probed YSZ sample. (b) Measurement
equipment and setup for YSZ samples.

40A-GSG-600-DP Picoprobes and calibrated with the CS-9
calibration kit to achieve more stable S>; phase responses
across the YSZ CPW samples. Hence, the calibration for
the YSZ samples is performed in the range 6 GHz-10 GHz,
the measurement setup is shown in Fig. 19. In Fig. 20, the
attenuation constant is extracted and compared with the FEM
simulation with silver thickness r = 30 um and electrical con-
ductivity 0 = 2 x 107 S/m.

V. RESULTS AND DISCUSSION

Based on the proposed tan § extraction technique, it is possible
to plot the attenuation constant « at any frequency and fit
the curve through an exponential curve as shown in Fig. 21.

0.22 T T T
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Meas. - 76 ym = = =Sim.-76 pm
0.2r Meas. - 119 yum = = =Sim.- 119 um
.- 134 ym = = =Sim. -
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Frequency (GHz)

FIGURE 20. Comparison of simulated and measured attenuation constant
of fabricated YSZ samples.
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FIGURE 21. Attenuation constant versus slot depth curves for FR-4 at
6 GHz. The curves are fitted with an exponential curve of the form y = ae®*.

Fig. 7 suggests that €.¢ reduces approximately exponentially
as slot depth d increases, thus an exponential function is used
for curve fitting. Besides the measurements, FEM simulations
are obtained for various loss tangents. In Fig. 21, several o
versus d curves for hypothetical loss tangent values of FR-4,
namely 0.01, 0.02, and 0.03, are generated with €, = 4.4 and
o =5.8x 10" S/m.

It is also seen that in Fig. 21, the measurements do not
line up with any of the loss tangent curves. As stated before
the total losses in the measurements contains unknown effects
such as conductor loss, surface roughness, radiation, etc. By
evaluating (18) for the different loss tangent values and the
curve-fitted measurements, it is seen that the measurements
are most aligned with the 8, for when tan § = 0.02, as shown
in Fig. 23.

Similarly, the same process was applied to the unknown
YSZ samples. First, the o versus d curves for hypothetical
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FIGURE 22. Attenuation constant versus slot depth curves for YSZ at

10 GHz. The curves are fitted with an exponential curve of the form
bx

y = ae’™.
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FIGURE 23. §, curves generated from simulation and measurements for
FR-4 at 6 GHz.

loss tangents of 0.045, 0.05, 0.055, 0.06, and 0.065 are gener-
ated in HESS with ¢, = 29 and o = 2 x 107 S/m. Then, the
numerical derivative is computed and shown in Fig. 24. Here,
the measured §,, curve lies closest to the tan § = 0.055 curve,
suggesting that the fabricated YSZ sample has a loss tangent
of 0.055. Additionally, the PCA/SLR model is included in
Fig. 21 and Fig. 22 to further support the mathematical mod-
eling of CPW-AP in the previous section. Alternative methods
using the PCA model may be used, but it is still advised to use
accurate FEM EM simulations to avoid large discrepancies
in calculated results, as errors up to 10% may be incurred
as shown in Fig. 11 depending on structure geometry and
material used.

With this characterization methodology, it is possible to
extract the loss tangent of materials by creating CPW samples
with varying air pocket slots. As shown in Fig. 23, evaluating
10
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11 : ‘
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FIGURE 24. §, curves generated from simulation and measurements for
YSZ at 10 GHz.

(18) is sufficient since the effects of surface roughness or
conductor loss is negligible with the partial derivative.

VI. CONCLUSION

It is shown that for CPW structures with air pocket slots,
the effective permittivity is decreased as the slot depth is
increased. This causes characteristic impedance and propaga-
tion constant changes for an over-etched CPW. The phenom-
ena are analyzed using a partial capacitance approximation
technique, this allowed a quick and also accurate method to
model its propagation characteristics. Errors between simu-
lated and measured results are less than 10% across all the
studied material and geometries. To describe its effect on
the dielectric loss, the single layer reduction (SLR) method
proposed by [19] is used to calculate the dielectric loss. Again,
the approximations and calculations agree with FEM simu-
lations. Experimental data is also used to verify the effect
of the air pocket slots on propagation characteristics. The
discussion included its effect on both the effective permittivity
and dielectric loss. Finally, it is shown that the structure can
be utilized to extract the loss tangent of unknown materials by
introducing a new loss-slot rate (§,) metric in the form of (18).
It is shown that in an example the loss tangent for FR-4 is ex-
tracted to be 0.02, which agrees with manufacturer data [23].
The methodology is also applied to an additive-manufactured
YSZ sample with unknown RF characteristics and was shown
to have a tan§ of 0.055. This extraction methodology and
the combination of [5] can be integrated to an additive man-
ufacturing design process to quickly characterize unknown
materials in an additive manufacturing design flow.

The methodology presented in this article is shown to be
convenient in AM processes, in that samples can be created
as part of the control process and that material properties
can be determined on a batch-by-batch basis. However, it has
still room for improvement. For example, dielectric losses
can currently only be determined by having a set of loss-slot
rate (64 vs d) curves through EM simulation, which may be
an inconvenience when attempting to characterize a material.
A potential recommendation is to leverage machine learning
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(ML) and artificial intelligence (AI) models to improve this
aspect of the methodology. ML/AI methods may be used
to develop a process where the user can directly feed the
measured loss-slot rate curves and the model can accurately
determine the material properties based on the set of data it is
fed, eliminating the need of generating these curves a priori.
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