DesignCon 2016

PCB-Substrate Characterization
at Multigigahertz Frequencies
hrough SIW Measurements

Gabriela Méndez-Jeronimo, INAOE

Svetlana C. Sejas-Garcia~
Chudy Nwachukwu
Isola

Reydezel Torres-Torres, INAOE



Abstract

Substrate integrated waveguides (SIWs) mimic the behavior of rectangular waveguides
(RWGs) and can be implemented with standard PCB technology. In fact, when the
diameter and the spacing between the plated-through holes forming the sidewalls is much
smaller than the wavelength of the signals launched into the SIW, the theory used to
analyze RWGs can be applied to analyze the electrical properties of these structures.
Therefore, it is reasonable to assume that a SIW maintains the electromagnetic (EM)
fields confined within its structure much like a RWG. This implies that the properties of
the materials forming these waveguides can be obtained from S-parameter measurements.
Moreover, since most of the energy is guided through the dielectric, the metal losses are
substantially lower than in conventional microstrip and stripline-based test vehicles used
for characterization purposes. Actually, full-wave simulations and experimental data
presented here verify this fact at microwave frequencies. Thus, SIWs are candidates for
implementing prototypes to characterize dielectrics at frequencies within the capacity of
vector network analyzers available in most microwave laboratories.

Previous proposals have taken advantage of the properties of the SIWs to characterize
PCB dielectrics, but in order to keep the analysis simple, the effect of the metal losses are
typically neglected. Even though these losses are significantly smaller than those
associated with the dielectric, significant overestimation can be introduced in the
determined dissipation factor when the effect of the currents flowing through the
metallization is ignored. Other approaches account for dielectric and metal losses, but
parameter optimization is applied to correlate simulated and experimental curves, which
may Yyield unphysical results to the obtained figures of merit. Alternatively, resonators
based on SIWs can be implemented to reduce the uncertainty of the model-experiment
correlations. In this case, however, the bandwidth of the parameter extraction is very
limited.

To overcome the disadvantages of previously reported approaches, a systematic and
analytical parameter extraction methodology to obtain the frequency dependent
permittivity (Dk) and loss tangent (Df ) at tens of gigahertz and within a wide band (also
of tens of gigahertz) is proposed here. These data can either be used for material
assessment or for interconnect modeling considering the corresponding structure.

The proposed methodology is based on the experimental determination of the
propagation constant. For this purpose, different signal launches are used to observe the
optimal transition to excite the SIW within a given frequency band. Afterwards, the data
corresponding to the total attenuation is processed so that data regressions can be used to
obtain the associated parameters without neglecting any significant contribution.
Moreover, SIWs with different widths and heights are used to systematically analyze the
impact of scaling their size on the corresponding losses. This provides insight about the
advantages and disadvantages of narrowing the SIW to extend the frequency at which Dk
and Df can be obtained. In this regard, the importance of processing data corresponding
to higher order modes propagated in the SIW instead of shrinking its size is also
illustrated.
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1 Introduction

Characterizing the dielectric properties of materials is one of the main topics studied in
R&D laboratories of the PCB industry. This is due to the fact that the interaction of EM
waves with the dielectric environment surrounding the PCB interconnects yields loss of
power and delay. In fact, this is especially important at multi-gigahertz frequencies at
which the dielectric losses significantly contribute to the total signal attenuation. Thus,
accurate characterization techniques and methodologies allow material engineers to get
insight about the properties of a given material during its development, but also provide
information to the circuit designer on how to implement reliable circuit models when
designing a product.

Thus, many methodologies and hundreds of papers have been published reporting a wide
variety of methods for determining the dielectric constant (Dk) and dissipation factor (Df)
of the dielectric materials [1]. These methods can be grouped into different categories in
accordance to the test structure used to experimentally obtain the dielectric properties;
three of the most widely used are those employing: resonators, transmission lines, and
capacitors. A brief description of the main advantages and disadvantages of these
methods are summarized in Table 1.

With the advent of new PCB fabrication process technologies, it has been possible to
manufacture materials with ultra-low losses when compared with traditional FR4
laminates. Evidently, the application of these advanced materials is intended for high-
speed applications where data transfer rates beyond 20+ Gbps required. In this case,
knowledge of the characteristics of the dielectric at tens of gigahertz is needed within a
wide range of frequencies. As can be seen in Table 1, however, current techniques

Transmission lines

RESOEILDE (microstrips and striplines).

Capacitors

* Broadband.

. - .
* Accurate extraction of Dk protoEt?/Z)és implementation - of * Quick and simple

Advantages and Df at microwave ' measurements.
frequencies.

Disadvantages

* Results for a single point of
frequency (ie. the
dimensions of the resonator
determines the frequency of
application).

* A sample for calibration is
required [2].

* Many structures are
required to obtain dielectric
properties within a wide
frequency range [3].

* Accurate determination of
frequency-dependent
characteristic  impedance is
required (not easy due to the
effect of signal launchers).

* Dependent on PCB stack-up
(e.g., the dielectric on top of a
stripline is not exactly the
same as that on bottom).

* Accuracy is affected
by air gaps.

* Limited in frequency
due to test fixture
parasitics.

Table 1: Brief review for some of the most used methods for characterizing dielectrics.




present limitations to carry out this task; thus, a combination of methodologies to perform
parameter extractions at the frequencies of interest are commonly applied. For instance,
focusing on transmission line-based techniques, which theoretically allow for the
determination of Dk and Df at the frequencies at which S-parameter measurements are
performed, one of the main drawbacks is the considerable signal attenuation at
frequencies of tens of gigahertz for current technologies. This is mainly due to the
significant conductor losses associated with the finite conductance of the metal traces, an
effect that is accentuated as the width of the interconnects is reduced to achieve 50 Q of
impedance in advanced thin dielectric substrates. Moreover, additional effects such as
that related with the filling factor in microstrip lines and considerable vertical parasitics
to access striplines make difficult the accurate characterization of dielectrics.

Alternatively, appropriately designed rectangular waveguides (RWGs) can be used as
characterization test vehicles at frequencies of tens of gigahertz because they present
substantially less conductor losses than conventional quasi-TEM transmission lines (e.g.,
striplines and microstrip lines). Fortunately, this kind of structure can be easily emulated
using the substrate-integrated-waveguide (SIW) concept [4, 5]. Thus, a SIW can be
implemented on PCB, allowing to accurately obtain the characteristics of the dielectric
enclosed by the conductor boundaries of its structure. In fact, this is the topic of study in
this paper; Dk and Df are determined here as function of frequency using simple but
rigorous waveguide theory. Furthermore, the analysis presented here also allows to
experimentally identifying the variation of the attenuation characteristics of a SIW with
geometry. This provides insight about the optimal dimensions of the test vehicle for
application within a certain frequency range.

Description of a SIW

A SIW was formerly known as ‘synthetic rectangular waveguide’ since it is a structure
fabricated in PCB technology which mimics the behavior of a RWG. Fig. 1 shows a
simplified sketch illustrating the geometry of a SIW. As can be seen, it consists of two
parallel metal plates (top and bottom) separated by a dielectric substrate with thickness t
and two side walls formed by metal vias.
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Figure 1: Sketch of a substrate integrated waveguide (SIW) detailing its dimensions.
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Figure 2: Comparison between the propagation constant [real (¢) and imaginary () parts] obtained from
full-wave simulations of RWG and SIW structures.

Notice in Fig. 1 that a SIW is not a perfect RWG since the side walls are formed with
closely spaced metallic posts (e.g. vias) instead of solid metallic planes. Nonetheless, if
the wavelength (1) of the highest frequency harmonic of the signal propagated through
the SIW is large when compared to the distance between the posts, then the leakage of
energy through the synthetic walls is small. In this case, for practical purposes the SIW
can be accurately represented using RWG theory. More specifically, according to [6, 7],
for this assumption to be valid the diameter (d) and the maximum separation (s) of the
posts are respectively defined as:

d< %g L)
s <2d (2)

Where /4 is the smallest wavelength of a signal component traveling through the SIW. At
this point, it is also necessary to mention that the effective width of the SIW can be
obtained from [8, 9]:

. )
Werf =W 0955

which means that the SIW can be treated as a RWG presenting a width weg. Bear in mind
that (3) is only valid when conditions (1) and (2) are met [10].

Now, it is well known that a SIW behaves like a high-pass filter with a cutoff frequency
that can be calculated based on its geometry and dielectric properties. Assuming that the
TE,, fundamental mode is excited through a stimulus at the middle of the SIW width, the
corresponding cutoff frequency for this mode can be calculated as:
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Figure 3: Experimental insertion loss for a SIW designed to operate in the TE;, mode.

c

fo= e (4)

For the sake of illustrating how accurately the behavior of a RWG is emulated by a SIW,
full-wave simulations of one structure of each kind were performed considering
equivalent widths and the same material properties. This means that both structures were
designed to present the same cutoff frequency (27 GHz). Fig. 2 shows the confrontation
of the simulated results for the complex propagation constant obtained in both cases,
which points out the fact that the SIW can be seen as a RWG.

Regarding the implementation of SIWs as test vehicles for dielectric material
characterization, the useful bandwidth is determined based on the frequency range where
single mode propagation occurs. This is defined from the cutoff frequency of the
fundamental mode up to the cutoff frequency of the first higher order mode excited in the
guide. However, due to the high attenuation at frequencies slightly above the cutoff
frequency, an empirical criterion defines the lower limit of the bandwidth of operation as
1.25 f. [11]. Fig. 3 details the frequency ranges corresponding to the different operation
regions for a SIW. The reason why single mode propagation is preferred versus
multimode propagation is because of two facts: it is much simpler to process data
corresponding to only one mode of propagation, and the applied power is not split
between modes (which would reduce the signal-to-noise ratio for each mode).

Another aspect that should be considered when selecting SIWs over quasi-TEM
transmission lines for dielectric characterization is the attenuation suffered by the signal
at the frequencies of interest. Fig. 4 shows that this attenuation is considerably smaller for
a SIW operated in the monomode region than for the case of a stripline with a similar
cross section. In fact, this is one of the reasons why SIWSs are good candidates to perform
PCB material characterization at tens of gigahertz.

;
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Figure 4: Comparison between the attenuation obtained from full-wave simulations of a SIW and
stripline with similar cross section of a SIW.

2 Quantification of Losses through Full-Wave
Simulations

The total attenuation that a signal suffers while traveling along a SIW within the
frequency range of operation is approximately the result of the dielectric and conductor
losses. Thus, the attenuation can be expressed as:

Qtotal = Ag T Q¢ (5)

where ay4 and o, represent the contributions of the dielectric and conductor losses,
respectively. Thus, when characterizing the losses associated with the dielectric substrate
where the SIW is formed, aq must be obtained from the experimentally obtained aiota).
Hence, quantifying the contribution of each type of loss in the total attenuation is
necessary. For this purpose, modeling the loss mechanisms occurring in a SIW based on
RWG theory can be applied. This methodology is shown in greater detail later in this

paper.

Dielectric Losses

The electric properties of dielectric media are analyzed using a representation of electric
dipoles. Thus, when EM waves travel through dielectric materials, the time-varying fields
make these dipoles oscillate causing that part of the EM energy is absorbed by the
material, which results in signal attenuation. In order to evaluate this effect, the so-called
dissipation factor (Df) is defined (also known as the loss tangent), which is
mathematically expressed as:

Df = (6)



where &, and &; represent the real and imaginary parts of the complex relative
permittivity, respectively given by [12]:
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where wes was defined in (3), and uo and ¢, are the free-space permeability and
permittivity, respectively.

In this case, according to [13], the attenuation due to the dielectric (ag4) can be represented
by means of:

k
ag = Elfz 9
where
k= anuoeosr Df (10)

In order to verify the validity of (9) for representing the dielectric losses considering the
structure and dimensions of the SIWs that will be used in the experimental part of this
research, the SIW described in Fig. 5 was simulated in HFSS assuming Dk = 2.2 and
Df = 0.0009 for the substrate, and perfect conductors. As can be seen in Fig. 6, excellent
agreement is observed between the attenuation obtained from the simulations and that
calculated using (9). This indicates the adequateness of the analytical model for the
dielectric attenuation.

Conductor Losses

The conductor losses, associated with the finite conductance of the metals defining the
structure of a SIW are quantified through a.. This attenuation component can be obtained
from a ratio involving the power loss per unit length in the conductor material (P;) and
the power flow down the SIW assuming no losses occurring in the dielectric (Py). The
corresponding expression is [13]:

Py
@ =7 P; (11)
where P; depends on the width and the thickness of the waveguide, whereas P, includes
the contribution of the losses occurring on the top and bottom planes (which depend on
Wer), and the losses in the side walls (which are dependent on t). In fact, the total
conductor attenuation can be expressed as the sum of the attenuation components

9
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Figure 5: Structure simulated using a full-wave solver to verify the validity of the loss models (units are
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Figure 6: Comparison between a4 obtained from simulations and applying (9).

associated with the losses in the top and bottom planes (ay) and those in the side walls

(aw):
Qe = Agp + Ay (12)
Each term of this mathematical expression is promptly explained.
Attenuation Due to Losses on Top and Bottom Metal Layers
The expression that represents this attenuation component for the mode TE is [13]:
2nR g5
Aty = Tor (13)

where Ry is the surface resistance of the metal layer; due to the skin effect, this resistance

depends on frequency and can be expressed as follows:
(14)

Ry = CS\/]—C

10
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Figure 7: Comparison between ay, obtained from simulations and applying (15).

where C; is a proportionality constant. Thus, (13) can be rewritten as:

1.5
= ( kol )ﬁ‘l (15)

t

with:
k, =2nCseye, (16)

In contrast with the coefficient k; in (9) for the dielectric attenuation, which is only
related to the properties of the dielectric, the factors relating the conductor attenuation
components with frequency are affected by the geometry of the SIW [i.e. kJ/t in (15)]. For
instance, notice that according to (15) the product oy,p is inversely proportional to t and is
not affected by weg. This independence of ay,f to the SIW width occurs because a change
in Wer changes P, and Ps (i.e., the losses increase in the top and bottom layers but also the
capacity of the guide to handle power). Conversely, when the SIW thickness changes,
only Ps is affected. Thus, thinning the SIW considering a constant width would reduce P¢
while P, remains constant, which increases o,/ as predicted by (11).

In order to verify the model accuracy, the SIW described in Fig. 5 was simulated using
HFSS considering perfect non-lossy dielectric and perfect conductor for the side walls.
For the top and bottom planes, copper was defined. Fig. 7 shows the confrontation of the
attenuation curves obtained from the simulation and by applying the model given by (15).
Excellent correlation is observed.

Impact of Surface Roughness on Conductor Losses

Although (15) shows accuracy, the results in Fig. 7 correspond to perfectly smooth metal
layers. Nonetheless, due to the rough metal foils used in current PCB manufacturing
technology, validating the model for oy, considering this imperfect condition is necessary.

11
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Figure 8: Attenuation due to the top and bottom metallic layers for different h,,,s values.

In this regard, the metal surface roughness is typically quantified using the mean-square-
root of the protuberances (hyys), which takes values in the order of a few micrometers
[14]. It is worthwhile pointing out that the importance of taking the effect of the surface
roughness into account relies on the fact that, the skin depth () is comparable with hypys
at microwave frequencies. This causes an increment in the attenuation attributed to the
conductor losses. In fact, typical approaches consider this effect for quasi-TEM
transmission lines by assuming that a trace with rough surface profile presents the
resistance as if smooth metal is used but multiplied by a frequency-dependent coefficient
(Kp) explained in [15]. We have experimentally observed that the same concept applies
for SIWs when considering that R, as defined in (14), is the resistance affected by this
same term.

Once again, the structure of Fig. 5 was simulated. Now, perfect dielectric for the substrate
and perfect conductor for the side walls were defined; this time, however, in addition to
considering that the top and bottom layers are made of copper, different values of hyps
were defined for the inner faces of these layers in the course of several simulations. Fig. 8
shows the results corresponding to ay, for six different values of hys; as can be observed,
a considerable increase in the attenuation is exhibited by the SIW presenting
hims = 0.25 um when compared with that assuming smooth metal layers. In fact, the
increase in the attenuation remains gradual as hyys rises, although it is barely noticeable
within the considered frequency range for h.,s > 1.5. In fact, it is possible to see that oy,
for the extreme considered case (hyns = 10 um) approximately doubles that corresponding
to the SIW with the smooth layers beyond 50 GHz, which is analyzed below.

Now, it is time to incorporate the effect of the surface roughness into the SIW model for
aw; the straightforward way modifies (15) to yield:

k 1.5
Otp :KH< 2]: >.3_1 (17)

12



where Ky is defined as in [15] and requires previous knowledge of h,s for a particular
prototype. Bear in mind, however, that from an experimental point of view, it is desirable
to implement the model directly from S-parameters without involving additional
measurements. In this case, implementing (17) would be complicated considering that Ky
is frequency dependent and also the experimental data would include other effects. For
this reason, an alternative model is proposed here for accurately representing the metal
losses including the effect of the surface roughness; this is expressed as:

k2f1'5
Aep =

where k, and ks are parameters that depend on h,,s but not on frequency. Fig. 9 shows the
good agreement between (18) and full-wave simulations. Moreover, k, shows an
interesting trend when plotted versus h,,s. Notice in Fig. 10 that the value for this
parameter for rough metal layers doubles that corresponding to smooth ones. On the other

hand, at this stage, ks is only used for fitting purposes.
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Figure 9: Comparison between ay, obtained from simulations and applying (18) considering different h,,s
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Figure 10: Values of k, for different roughness.
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Attenuation Due to Losses on the Side Walls

The conductor losses on the side walls also introduce attenuation. According to [13], the
attenuation related to these losses (asy) can be calculated as:

ka -0.5
Aoy = - ' 19
ﬁf (19)
where:
21 C
ky=—— (20)
HoWerr

It is interesting to observe that considering (19), (20) and the mode of propagation TEj
(for which £ depends on weg) the product ag,f depends on wes and is not influenced by t.
This dependence is explained in the same way as the relation between ayf and t. In this
case, considering a fixed SIW thickness, reducing weg causes that Ps is lowered while P,
remains constant. Therefore, as dictated by (11), g, increases as the width of the
waveguide is reduced. On the other hand, changing the thickness of the SIW while
maintaining constant the width modifies Psand P, in the same proportion, which yields no
change inthe value of ag,.

With the purpose of verifying the validity of (19) for the SIWs used in this work, the
structure shown in Fig. 5 was simulated in HFSS, but now assuming that the vias forming
the side walls are made of copper. To analyze this particular effect, perfect dielectric for
the substrate and perfect conductor for the top and bottom planes were defined. Fig. 11
shows the confrontation of ag, obtained using (19) with the simulated results. An
excellent correlation is observed, where ag, monotonically decreases with frequency.

Experimental results shown later in this paper point out that the effect of ag, is small for
SIWs in standard PCB technology [16]. Thus, for practical purposes o, can be
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Figure 11: Comparison between g, obtained from simulations and applying (19).
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Figure 12: Contribution of top and bottom layers attenuation and side walls attenuation in the total
conductor attenuation.

approximated to ay,. Fig. 12 shows the percentage of the separate contribution of ag, and
aw to the total conductor attenuation. As the reader infers, this assumption has to be
checked for particular geometries when the research interest is on the characterization of
the metal properties. In fact, it is shown latter that an additional reason for assuming as,
as negligible is because agy < ay, + og.

Model for the Total Attenuation

In previous sections, the models for dielectric and conductor attenuation components
have been described and verified through full-wave simulations. In order to identify the
contribution of every type of loss to the total attenuation for the structure defined in Fig.
5, the corresponding curves are plotted in Fig. 13. As can be seen, more than 50% of the
losses are related to the dielectric, while the attenuation related to the side walls accounts
for less than 10% for frequencies higher than 30 GHz. Thus, neglecting ag,, We can
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Figure 13: Contribution of the different types of loss to the total SIW attenuation. Smooth metal planes
are considered
15
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Figure 15: Experimental insertion loss for SIWSs presenting different signal launchers.

combine the models for ag and ay, in order to obtain an expression that represents the total
attenuation ina SIW:

k
Xiotal = (k1f2 + Tzfl's + k3 )ﬁ_l (21)

In the following sections, this model is used to represent the attenuation obtained from
measurements of SIWs presenting different geometries.

3 Experimental Results

In order to experimentally verify the model discussed in previous sections, SIWs were
fabricated on PCB in a dielectric substrate with nominal Dk and Df of 2.2 and 0.0017,
respectively. Metal layers of 1 oz of copper and presenting VLP surface were used. The
dimensions and spacing between the vias forming the side walls correspond to those
shown in Fig. 5. The SIWs were fabricated for different widths (w = 4.1 mm, 2.3 mm,
and 1.8 mm), lengths (I = 76 mm and 254 mm), and in substrates with two different
thicknesses (t = 0.127 mm and 1.4 mm). Fig. 14 shows two of the fabricated SIWs and
the detail of the pads for probing.

16
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Figure 16: Experimental insertion loss for SIWs with different width and fixed length (I = 76 mm).

S-parameter measurements were performed to these SIWs at frequencies up to 110 GHz
by using a vector network analyzer (VNA) and coplanar RF microprobes. For this
purpose, the VNA setup was calibrated up to the probe tips by using an LRRM algorithm
and an impedance-standard-substrate (ISS). After S-parameters were measured, the
propagation constant (y = a + j) was determined using a line-line method so that the total
attenuation per-unit-length could be obtained [17]. In this case, two SIWs varying only in
length were used to obtain y for every combination of width and substrate thickness.

In order to experimentally determine the most appropriate transition to excite the SIWSs,
different types of launch structures were implemented and measured. Fig. 15 presents the
insertion loss for three types of launchers: 1) tapered microstrip, 2) monopole, and 3)
simple microstrip. Due to diminished reflections and better transmission properties, the
selected SIWs for performing our analysis were those presenting the tapered microstrip
launchers. The experimental insertion loss for three SIWs presenting this transition are
plotted in Fig. 16. Detailed rules for designing the taper can be found in the literature
[18].

Model-Experiment Correlations

This section is dedicated to show the implementation of the model given by (21) to
represent the characteristics of the fabricated SIWs. As mentioned when detailing the
fabricated prototypes, different widths and dielectric thicknesses are studied in order to
observe how the different components of the total attenuation change. Thus, in order to
keep the explanation corresponding to each structure organized, the main characteristics
of the SIWs modeled are summarized in Table 2, where reference numbers are assigned
to each case.

Number of SIW Width Cutoff frequency Thickness
(reference) (mm) (GH2) (mm)
SIW-1 4.1 27 14
SIW-2 4.1 27 0.127
SIW-3 2.3 47 14
SIW-4 1.8 62 0.127

Table 2: Characteristics of the fabricated SIW.




Number of SIW
(reference) ks ko't
SIW-1 8.78x10™" 459x10™"*
SIW-2 8.78x10™" 5.05x10™
SIW-3 8.68x107" 4.41x107"*
SIW-4 8.71x10™" 5.3x107"

Table 3: Values for the model parameters for the considered SIWs.

Equation (21) was implemented through parameter optimization to represent the
attenuation for every case detailed in Table 2, which yields the values listed in Table 3.
As expected, constant values for these parameters allow a proper representation of the
experimental data as verified in Fig. 17, which shows the experimental and modeled total
attenuation obtained for every waveguide analyzed. Notice the excellent model-
experiment correlation observed in every case, even for the noisy data corresponding to

1404 SIW-1 1 140+ SIW-2 1
120 g 120 g
100 g 100 g
T t=14mm = 1\ 't=0.127 mm |
5 80 4 £ 80 w=4.1mm .
=) w=4.1mm % i
3 60 . =
40 -| y
20 20 g
0 T T T T T O T T T T T
30 40 50 60 70 80 30 40 50 60 70 80
Frequency (GHz) Frequency (GHz)
140 SIW-3 1 140 SIW-4 1
120 - q ——t=0.127 mm _
ete  w=18mm T i
100§ l t 3
T . | i
= 80 -\l l i
= 1 #
3 60 - ﬁ l 4
40"
ﬁ 1
, ‘] 20
0 T T T 0 T T T T
50 60 70 80 65 70 75 80
Frequency (GHz) Frequency (GHz)

—e— Experiment

Analytical model given by equation (21)

Figure 17: Comparison between the experimental attenuation and the proposed model. Notice that the
fluctuations observed in the curve corresponding to the model for the case (4) are due to the fact that the
experimental £ is used in (21), which is noisy for the SIW with the smallest cross section. 18
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Figure 18: Simulated total, dielectric, and conductor attenuation of two SIWs with different dielectric
thickness. The curves are obtained after correlating (21) with experimental data.

the narrowest SIW [SIW-4 in Fig. 17], which presents the smallest cross section and
consequently is capable of handling less power. Unfortunately, this diminished power
capability introduces a high uncertainty in the determination of o and g from the
experimental S-parameters.

The model-experiment correlations shown in Fig. 17 also allow to observe that, as
theoretically expected, the attenuation in a SIW is inversely proportional to both the
width (e.g. compare SIW-1 and SIW-3), and the dielectric thickness (compare SIW-1 and
SIW-2). While comparing the curves, however, consider the different cutoff frequencies.

An important point to be remarked is the physically-expected variation of k,/t listed in
Table 3: from Table 2, it can be noticed that the thickness of SIW-1 is eleven times larger
than the thickness of SIW-2 and both present the same geometric width. Accordingly, ky/t
is eleven times larger for SIW-2 than for SIW-1. This points out the validity of the model
proposed for ay,, which predicts that the attenuation related with the top and bottom
planes of the SIW even when incorporating the effect of the metal surface roughness.
Moreover, for structures presenting the same thickness and only changing in width, the
value of ky/t is very similar because as we know, k, does not depend on Weg.

In order to analyze the importance of the substrate thickness in the losses of the SIW, the
attenuation curves for two SIWs with fixed w and different t are plotted in Fig. 18. Since
both SIWs present the same cutoff frequency and propagate in the TEiy mode, both
exhibit the same f versus frequency curves and thus, the same level for the dielectric
attenuation. Therefore, the increment in the total attenuation of the SIW as reducing t is
due to an increment of the losses associated with the conductor. This effect can be
inferred when comparing the curves shown in Fig. 18: the curves corresponding to a4 for
both structures are approximately the same while «. is substantially different. In fact, a.
increases as t is reduced because of the corresponding increase in attenuation due to the
top and bottom layers. This is the reason why the total attenuation curve in the plot at the
right-hand of Fig. 18 is much higher than for the other case.
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The discussion in the previous paragraph is fundamental when selecting the optimum
prototype for characterizing the dielectric characteristics of a PCB substrate from
measurements performed to SIWSs: selecting a thick and wide SIW allows for minimizing
the conductor losses in order to achieve a better extraction of the dielectric characteristics
from the experimental attenuation. In any case, provided that the appropriate model is
considered to represent the SIW, Dk and Df can be obtained as long as the signal-to-noise
ratio of the measurements do not considerably penalize the parameter extraction
certainty.

Determination of Dielectric Parameters

In order to obtain the characteristics of the PCB dielectric, knowing the separate
contribution of the conductor and dielectric losses is required. For this purpose, equation
(21) is written for SIWs with different geometries (e.g. SIW-1 and SIW-2). Afterwards,
the resulting equations are simultaneously solved to determine the parameters for the
conductor attenuation model: k, (which remains constant with geometry) and ks (which is
dependent on the SIW’s width and thickness). At this point, a. is known for the two SIWs
used in the described parameter extraction; thus, aq can be obtained as a function of
frequency by performing a subtraction ay = o — a involving the experimental data
corresponding to any of these SIWs. It is worthwhile to mention that, in order to
experimentally obtain Dk and Df, measurements performed on SIW-1 (w = 4.1 mm, t =
1.4 mm) were used at this stage since the conductor losses are low (see Fig. 18) and
potential errors in the modeled curve for a. hardly impact a4. However, during our
analysis, even processing data corresponding to other of the fabricated structures (e.g.
SIW-2) allowed to obtain the dielectric parameters in a consistent manner.

To finalize the parameter extraction, Dk was obtained by means of equation (7), which is
straightforward since all the required parameters are known. Afterwards, the imaginary
part of the permittivity was obtained from (8) and considering only the dielectric
attenuation; therein lies the utility of the model for the attenuation. With the real and
imaginary part of the permittivity defined, Df could be obtained by using (6). The results
are shown in Fig. 19.
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Figure 19: Experimentally obtained Dk and Df.
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Advantages of Exciting Higher-Order TE,, Mode

Nowadays, the knowledge of dielectric properties of substrates in-situ is required at high
frequencies even within the W-band. In this regard, the method proposed here can be
applied with this purpose, and the obvious solution to achieve higher frequencies is
building prototype SIWs with higher cutoff frequencies. However, the increment in the
cutoff frequency implies a reduction in the size of the waveguide. Unfortunately, as we
discussed in previous sections, shrinking the waveguides makes the conductor losses
considerably much larger than the dielectric losses. Therefore, the uncertainty of the
characterization technique increases accordingly. In order to be more specific, notice that
the SIW presenting the smallest cross section in Fig. 17 (i.e. SIW-4) is capable of
handling less power than any other among the implemented prototypes. The main
inconvenience of this structure is that the diminished cross section required to extend the
monomode operation to higher frequencies is also accompanied by a less power flow
while the attenuation increases (compare SIW-1 and SIW-3 in Fig. 17). In this section, an
alternative to be explored to enable the proposed method for application at higher
frequencies without reducing the size of the SIWs is discussed.

Let us start by emphasizing that SIWs can transmit different propagation modes, but only
the excited mode with smallest cutoff frequency allows the propagation of EM waves in
single mode. For instance, if TE;; mode is excited by applying the stimulus right in the
middle of the SIW, monomode operation occurs until the cutoff frequency of the TEy is
reached; beyond this frequency both modes will be propagated until the cutoff frequency
of the TEs, mode is also reached (this process continues for higher-order odd modes).
Notice in this case, that the TE,, mode is not excited due to the point where the stimulus
was applied. In fact, to excite the TEy mode it is necessary to apply the stimulus at two
different points with a difference in phase of 180°. Why exciting this mode would be
interesting? This is explained afterwards.

First, we establish that there exists a relation between the cutoff frequency of the TEy
and TE,, modes given by f. (TEy) = 2f. (TEy). Therefore, when the stimulus of a SIW
makes the TE,, mode the fundamental operation mode, monomode operation can be
extended to higher frequencies for any SIW of a given width. See for instance in Fig. 20,
a SIW operating in the TEy mode is twice as wide and presents lower attenuation than a
SIW designed to operate in the TE, within the same frequency range. According to this,
the characterization of dielectrics using SIWs operating in the TEy, offers significant
advantages. However, the challenge in this case is designing the appropriate excitation
configuration for the SIW. Four-port VNA setups can be used, but placing either the
connector or probing interfaces is more complicated. Alternatively, different structures
that allow the propagation of the TE,y mode in SIWs have been reported using one point
of stimulus application [19]. These structures are based on the concept of stimulus
application at both sides of the SIW [20], and this work will comprise the topic of our
follow-up investigations which are currently ongoing.
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Figure 20: Comparison between SIWs with the same f. and different mode of propagation (TE,, and
TE;0).

Conclusions

The potential of SIWs to accurately characterize dielectric properties was presented. The
critical importance of representing losses associated with the conductors forming the
structure (since their impact is substantial at tens of gigahertz) was also addressed. To
implement this robust characterization, an accurate model that even considers the effect
of the metal surface roughness was proposed and verified through intensive simulations
and model-experiment data correlations. In order to show the scalability of the proposed
model, our analysis included the processing of data corresponding to SIWs configured
with varying dimensions and operating at different frequencies, thereby showing
consistency and expected geometry-dependent trends of the associated parameters.
Ultimately, using this model, obtaining Dk and Df of PCB materials at millimeter-wave
frequencies was shown using a simple extraction procedure.
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