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Modeling Resonances in Transmission Lines
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Abstract—This paper models transmission lines (TLs) fabri-
cated over a printed circuit board substrate made of woven fiber
fabric that causes resonances in the insertion and return loss. The
modeling relies on the fact that these lines can be analyzed as pe-
riodically loaded TLs. Here, a method to determine the associated
equivalent propagation constant and characteristic impedance is
proposed. This allows to accurately reproduce the S-parameters
for a TL of arbitrary length and for any periodicity of the fiber
weave pattern along the line requiring neither multi-staged equiv-
alent circuits, nor full-wave simulations.

Index Terms—Fiber weave, interconnect, printed circuit board
(PCB), resonances.

I. INTRODUCTION

RINTED circuit board (PCB) laminates are manufactured

by impregnating and strengthening a woven fiberglass
fabric with epoxy resin [1], a material that is anisotropic [2],
[3]. In fact, when an interconnect fabricated on PCB is oper-
ated at a frequency (f) at which the wavelength (A) of the
propagating signal is comparable to the spacing between fibers,
it can be treated as a periodically loaded transmission line
(TL) [4]. In this case, these TLs exhibit stopband and passband
characteristics. More precisely, at frequencies at which multi-
ples of A/2 equal the period of the fiber weave along the TL,
resonances become apparent in the corresponding transmission
and reflection responses. We proposed in recent publications
full-wave models for representing this effect with success [5],
[6], which allowed to understand the corresponding impact
on the transmission and reflection properties of the lines. For
circuit design, however, compact and equivalent-circuit models
are preferred to ease and speed up simulations [7]. For this pur-
pose, modeling the characteristics exhibited by a periodically
loaded TL can be achieved using cascaded ABCD matrices
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representing a single cell associated with each period of the
TL [8]. Nevertheless, a considerable number of stages of this
type might be required for representing the relatively long TLs
used in packaging technologies even at operation frequencies
of a few gigahertz, and the same constraint applies to directly
using equivalent-circuit representations [9]. In addition, even
though there are some attempts in the literature to obtain the
equivalent propagation constant and characteristic impedance
for a periodic TL around the frequency at which resonances
occur [10], [11], until now there is no way to obtain these pa-
rameters directly from experimental data while simultaneously
considering the inherent TL losses.

In [12], a hybrid approach combining the representation of
a single cell using a 3D-model as in [5] and [6] and a single
ABCD matrix is presented to model periodically loaded PCB
TLs. In this case, however, precise determination of the vari-
ations in the complex propagation constant and characteristic
impedance along a period of TL is needed, which still involves
discretional data correlation using a full-wave solver.

Here, a simple methodology to obtain the fundamental pa-
rameters of periodically loaded TLs directly from .S-parameter
measurements without requiring full-wave simulations is pre-
sented and demonstrated. Moreover, the methodology allows
to model the resonances occurring at microwave frequencies in
TLs fabricated in a commercially available PCB process when
the metal traces are routed at different angles. This enables cir-
cuit designers to assess the impact of this undesired effect on
the performance of practical PCB interconnects by a simple pro-
cessing of experimental data.

II. PROBLEM STATEMENT

Fig. 1 shows a typical configuration in two dimensions of the
fiberglass pattern for a PCB substrate. In this figure, the vertical
and horizontal fiberglass bundles were denoted as the warp and
weft yarns respectively, whereas the angle at which the metal
trace runs over the substrate is measured from the latter. These
definitions are used throughout this paper. It is well known that
this type of anisotropic substrate results in a dependency of the
electrical properties of the TLs running over it with respect to
the angle @ and position. This effect introduces a variation on
the characteristic impedance (Z,.) and per-unit-length propaga-
tion constant () from line to line [13]. A more serious problem,
however, is that introduced by the glass-wave periodic loading
of the line, which originates resonances that seriously affect the
transmission and reflection characteristics of the TL. In [5], it
was experimentally demonstrated that an accurate way to pre-
dict the lowest frequency at which a resonance due to the fiber-
glass pattern occurs ( fyes) is by using a very simple trigono-
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Fig. 1. Sketch showing a metal trace over a woven fiber substrate including the
definition of some parameters used for the corresponding analysis.

metric derived expression. This expression involves the geo-
metric parameters defined in Fig. 1, and was simplified here to

csin d
2py/Eott

where c is the speed of light, e.¢ is the effective relative permit-
tivity of the TL environment, ® is the trace angle, and p is the
pitch of the fibers that yield the larger period along the TL (i.e.,
either Pwarp OF Pwest ). Thus, from (1), it is possible to predict fies
with an error of less than 5% when pyarp OF Pwer;, are measured
between the middle point of the corresponding fiberglass bun-
dles [5]. These periods (i.e., either kwarp OF kwest ), depending
on ®, are in the order of some millimeters in current PCB tech-
nology, originating resonances at gigahertz frequencies.

In order to explain the way a periodically loaded TL is repre-
sented in circuit simulators, some concepts are reviewed here-
after.

A homogeneous TL can be represented by means of the corre-
sponding per-unit-length RLGC' elements. From the theory in
[14], for a specific length (1), the minimum number of RLGC
blocks (n) for accurately considering the distributed nature of
the TL can be determined from

fres = (1)

n = Ally| ~ AlS. 2)
where A is an arbitrary constant typically set to 4 on PCB tech-
nologies, whereas for the sake of illustrating how many RLGC
blocks might be required to represent a TL on PCB, |y| =~
was assumed. It is not uncommon to find that 3 presents values
of hundreds of radians per meter in this type of interconnects
when operating at some tens of gigahertz (reaching even more
than 1000 rad/m beyond 40 GHz). Thus, in accordance with (2),
hundreds of blocks are needed to represent each meter of TL,
or tens of blocks per centimeter, being the latter an appropriate
dimension to measure a TL on PCB. Unfortunately, including
tens of RLGC blocks in a circuit simulator might considerably
increase the simulation time due to the large amount of inter-
connects included in a circuit design. Besides, the RLGC pa-
rameters are dependent on f, making it necessary to implement
sub-circuits for each element [15]. For this reason, alternatively,
in some simulators it is possible to represent the TL directly
using the A BC D-parameter equivalent representation given by

A 13] _ {cosh(wl) Z. sinh (1)

ABCD = inh(~
[C D WIZJ cosh(y!) 3)
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Fig. 2. Representation of a periodically loaded TL using two-port network
blocks. Each ABC'D parameter block can be represented by means of RLGC
elements.
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Thus, independently of the length of the TL, (3) allows the deter-
mination of the corresponding transmission and reflection char-
acteristics from a single matrix computation.

Analogously, the previous discussion can be extended to a pe-
riodically loaded TL. In this case, the TL depicted in Fig. 1 can
be seen as the periodically loaded TL shown at the top of Fig. 2.
In accordance to [8], each one of the periodic loads experienced
by the TL can be modeled by means of a shunt admittance 7 - b
(where j? = —1), and the line can be divided into IV cells,
where /V is the number of loads present along the line. In fact,
since the periodically loaded TL behaves basically as a homo-
geneous TL, except around the frequencies at which resonance
occurs, each unit cell in Fig. 2 is composed of a shunt load ad-
mittance embedded between two sections of homogeneous TL.
These sections equal | = k/2 since each cell represents a period
of length k. Notice that using this approach would require tens
of cells for a TL of some centimeters fabricated on PCB.

Continuing the analysis, by applying two-port network
theory, the ABC'D matrix of each unit cell in Fig. 2 can be
obtained as [8]

ABCD..
— |:A(;ell Bcell :|
Ccell Dcell
ﬂMWJ%}ww%

. bZ2 [cosh(~vk)1]
2
bZ ilnh("k)

(,Obh(’}/lﬂ)"'jw Z, b]nh(’yk)
siniyh) _ jbleoshl cosh(yk)+j

e

“

Observe that (4) represents a unit cell and still the cascade
connection of N stages for modeling a complete TL line is re-
quired. Furthermore, in case that an equivalent-circuit model is
required for the periodically loaded TL, the number of RLGC
stages within the unit cell has to be determined by substituting
! in (2) for the period of the loads considering (3 for the max-
imum f of operation of the line. In this case, hundreds of RLGC'
stages would be required in total for a line of a few centime-
ters. Thus, in the following section, a matrix for representing a
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periodically loaded TL of arbitrary periodicity of the load and
featuring any length is presented.

III. MODEL PARAMETER DETERMINATION

This paper is dedicated to finding the equivalent complex
propagation constant (-, ) and characteristic impedance (Z,,) as
a function of f for a periodically loaded TL. For this purpose,
the following analysis is carried out. Similarly to the case of a
homogeneous TL, it is possible to define the following matrix
for a periodically loaded TL

A, By C9511(”Ypl) Zy sinh(p!)
ABCDP = |:Cp Dp:| = |: sth(:v'Pl) COSh(’ypl) (5)

where v, = v+ jv and Z, = R, + jI,. Notice that, in contrast
to (4), (5) represents a TL of any length / containing an arbitrary
number of periodical loads.

The real and imaginary parts of A, in (5) can be written,
respectively, as

Re(A,) = cosh(ul) cos(vl)
Im(A,) = sinh(wl)sin(vl).

(6)
(7

Since the unit cell depicted in Fig. 2 can be represented by (5)
provided that { = k, for this particular case, A, can be written
interms of v = o« + j3, Z. = R. + j1., and b when equating
(5) to (4). This yields the following alternative expressions for
the real and imaginary parts of A,:

Re(4;)
=cosh(ak) cos(8k)
_ b[I.sinh(ak) cos(Bk)+ IR cosh{ak) sin(Bk)] ®)
2
Im(A4,)
=sinh(wk) sin(Sk)
- bR, sinh(ak) cos(ﬂk); 1. cosh(ak) sin( k)] )

At the moment, assume that vy, Z., b, and & are known within
the f-bandwidth of interest. In this case, the complex value of
A, can be obtained from (8) and (9), and for simplicity, the
results are defined as Re(4,) = R4 andIm(A,) = I4. Thus,
using these results and assuming [ = k, it is possible to equate
IR 4 to (6) and I 4 to (7), which yields

R4 = cosh(u k) cos(v k)
I4 = sinh(u k) sin(v k).

(10)
(11)

Attempting to directly solve the previous system of nonlinear
equations yields complicated results with multiple roots that are
difficult to discriminate to obtain % and ». Thus, additional anal-
ysis is required as shown hereafter.

Using trigonometric identities, it is possible to rewrite (10)
and (11) as

Ry =(1+x)(1-y)
I3 =xy

(12)
(13)
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Fig. 3. Photographs showing: (a) the fiberglass pattern of the substrate used to
implement the prototype and (b) partial view of the PCB prototype showing the
termination of a microstrip line on top.

where # = sinh®(uk) and y = sin®(vk). In this system of
equations, y can be found by solving

v+ (RA+13-1)y—I3=0. (14)
Only one of the two roots for (14) yields a positive value for y
that results in the form of a sine-squared function when plotted
versus f. This root corresponds to sin”(vk), from where v can
be easily obtained. Once v is known, « can be found from (11),
which completes the determination of ~y,,.

For the case of Z,,, the corresponding complex value can be
obtained from B, after substituting [ = & and the determined
values for y, in (5); mathematically,

B b

Zn = sinh(y, k)" (15)
Notice that the procedure proposed in this section, unlike the
simplified approach studied in textbooks [8], takes into account
the losses occurring along the periodically loaded TL. This is
achieved by simultaneously considering the complex « and Z..
values without significantly increasing the complexity of the re-

sulting equations.

IV. PROTOTYPES AND EXPERIMENTS

For verifying the proposal, it is convenient to analyze ex-
perimental data corresponding to periodically loaded TLs im-
plemented on a PCB substrate in which the fiberglass pattern
is comparable with the wavelength of the propagated signal.
Moreover, to show that the proposal is useful in current applica-
tions, the substrate in these experiments meets the specifications
of the IS680 material that uses a type-1080 glass style manu-
factured by the Isola Group. This material presents small rela-
tive permittivity and dissipation factor, which makes it a suitable
substrate for high-frequency PCBs.

The substrate was carefully constructed with one ply of
glass fabric as that shown in Fig. 3(a), where the weft and
warp yarns are made of the same material presenting nominal
relative permittivity and loss tangent of 4.8 and 0.003, respec-
tively. The nominal dimensions of the resulting pattern are
Pwete = 600 pm, wWyery = 350 pm, Pywarp, = 400 pm, and
Wyarp = 200 pm. This fabric was impregnated with a specific
resin content to ensure an adequate amount of buttercoat (i.e.,
un-reinforced resin) after press lamination. This is important
because insufficient buttercoat might lead to severe glass stop
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/=102 mm

Fig. 4. Photograph showing the microstrip lines at different angles (increasing
® from top to bottom). Notice that two lines of different lengths are fabricated
for each angle.

where the conductor traces press up directly against the weave
fabric. Otherwise, the glass stop can significantly affect the
trace impedance and ultimately the electrical performance of
the laminate material. This is not desirable for the experiments
here since it is important that the fabricated lines present the
same cross-sectional dimensions along the signal propagation
direction to ensure that the periodic loading is only due to
variations on the dielectric properties of the substrate.

Regarding the metal layers, these are made of copper
deposited by means of an industry standard electroplating
process. In this case, the thickness of the resulting layers is
18 pum, whereas the metal—dielectric interface presents a root
mean square roughness of 670 nm.

The substrate is thus a composite of one ply of weave fabric
impregnated with 72% resin content to obtain a thickness of
100 p«m. However, the thickness of the prepreg material is re-
duced to approximately 86 pm after etched areas of copper are
filled by flowing resin during lamination. In this substrate, mi-
crostrip lines designed to present Z. a= 50 2 were etched at
different ¢ angles, as defined in Fig. 1, so that kyer is dif-
ferent in each case and the corresponding resonances occur at
different frequencies. These lines present wiace = 240 pm,
and experience an approximate effective permittivity and loss
tangent of 2.45 and 0.002, respectively. These parameters were
experimentally determined from S-parameter measurements at
10 GHz and present variations of less than £ 1% for the different
considered @ angles.

Moreover, in order to obtain v and Z. from experimental
S-parameters using a line-line procedure, TLs of two different
lengths (i.e., / = 102 mm and 204 mm) at each one of the con-
sidered angles are fabricated. Fig. 4 shows a photograph of the
finished prototype. For these lines, k.p; and the corresponding
fres» as calculated from (1), are summarized in Table 1. This
table also includes the number of periods (i.e., the number of
admittance loads) present in the fabricated microstrip lines with
[ = 102 mm. The later information is useful to determine the
number of unit cells required for the corresponding equivalent
circuit model that will be used for comparison of results. Notice
that for the TL with ® = 0°, no resonance is considered since
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TABLE I
CALCULATED WEFT PERIOD, NUMBER OF PERIODS FOR A LINE
WiTH I = 102 mm, AND RESONANCE FREQUENCY
FOR THE FABRICATED MICROSTRIP LINES

o kweft = Pwes/sin(P) N Jres
(mm) (/=102 mm) (GHz)
15° 2.3 44 41.3
10° 3.5 29 27.7
7° 4.9 21 19.5
0° - - -

the trace runs in parallel with the weft yarn, whereas the weft
period is too small to originate resonances within the range of
frequencies of interest in this paper.

The fabricated microstrip lines were terminated with
ground-signal-ground configured pads so that S-parameters
are measured using coplanar RF probes with a pitch of 250 ym
[see Fig. 3(b)]. For this purpose, a vector network analyzer
(VNA) was used by defining a measurement span for f from
10 MHz to 50 GHz. The measurement setup was calibrated
up to the probe tips by using a line-reflect-match (LRM)
algorithm and an impedance standard substrate (ISS) provided
by the probe manufacturer, which also allowed to establish a
reference impedance of 50 2. Afterwards, v was determined
from the experimental data of every pair of TLs with common
® by applying a line—line procedure that removes the effect of
the parasitics associated with the pads [16]. For the case of Z..,
the experimental determination is carried out from -y using the
procedure described in [17].

V. RESULTS AND DISCUSSION

The most common way to experimentally obtain v and Z,
is using line—line algorithms [16] requiring the .S-parameter
measurements of two lines presenting identical measurement
terminations, different lengths, and the same cross section
along the direction of propagation. This method, however, also
requires that single-mode propagation occurs in the lines within
the f-range where the extraction is performed. Note that this
condition is not satisfied in a periodically loaded TL at fre-
quencies around fi.s due to the presence of evanecent waves.
Thus, when this method is applied to periodically loaded TLs,
some fluctuations are expected in v and Z, near the resonance
frequencies. This fact has been previously verified through
full-wave simulations of TLs in woven fiber substrates [5],
also showing that an electromagnetic bandgap is observed in
a dispersion diagram, corresponding to the frequency range of
evanescent modes [6].

Fig. 5 shows v and Z, obtained from experimental data to
the fabricated lines. Notice that these curves do not significantly
change for the fabricated TLs when varying ®, except around
the frequencies at which resonances are expected to occur as
predicted by (1). In fact, the results for the lines with ¢ # 0
are particularly noisy around f,.. since, as mentioned above,
the line—line algorithm fails when evanescent waves are present.
For the case of Z.., the extraction was carried out from a calcula-
tion involving +, the capacitance of the lines at a low f, and the
effective loss tangent [17]. Thus, the error in the determination
of +y using the line—line procedure around f, is also reflected in
the data obtained for Z.. For this reason, for periodically loaded
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Fig. 5. Propagation constant and characteristic impedance determined from ex-
perimental data. For the lines with @ # 0, the line-line method fails and yields
large fluctuations in the extracted data around fies.

TLs, applying the parameter extraction described in Section II1
is preferable in order to obtain the corresponding effective prop-
agation constant and characteristic impedance.

In order to apply and verify the proposed method, I 4 and 7 4
need to be determined from (8) and (9) in the frequency range
and for the lines of interest. These equations require «, 3, I2.., I,
k, and b. From these parameters, v, 3, IZ.., and .., represent the
homogeneous sections of TL composing the unit cell in Fig. 2.
They can be obtained from « and Z,. corresponding to the TL
with & = 0° (i.e., in this TL, no resonances are present within
the measured frequency range). Furthermore, & corresponds to
kwett in the fabricated lines since the longest period, which orig-
inates the lowest fg, is associated with the crossing of the metal
trace with the weft yarn (see Fig. 1). Thus, £ = kye; can be
obtained as in Table I once pyer; is known. Note that this pa-
rameter defines the frequency at which the resonance occurs. In
case that a visual inspection of the sample is not possible, pyest
can be found by solving (1) for a specific value of f,.s (e.g.,
observed in the experimental |Sa1 | versus f data). At this point,
the only unknown parameter for applying (8) and (9) is b, which
presents the form of a capacitive susceptance wC}, [9], [18],
where w = 27 f and C}, is determined through the model-ex-
periment correlation explained hereafter.

Cp determines the magnitude of the resonance. Hence, when
assuming b = j wC, = 0 in (8) and (9), solving (14) and
(15) yields v, = ~ and Z, = Z, since the periodic load is
ignored. Conversely, when increasing the value of C, the mag-
nitude of the resonance at f = f..s also increases, which af-
fects the value of v, and Z,, around this frequency. Therefore,
S-parameter simulations can be performed by substituting the
obtained v, and 7, in (5) for a given value of C; and using
the total length / of the TL to be modeled. In this case, v, and
7, can be iteratively calculated by varying Cj, until the simu-
lated S-parameters correspond to the experimental data around
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Fig. 6. Comparison of the: (a) attenuation and (b) £.¢s versus f curves using
the line—line algorithm, the proposed approach, and the multi-stage equivalent
circuit for lines with different & and ! = 102 mm.

fres. Carrying out this procedure for obtaining C}, is fast since
the quadratic equation given in (14) is the most complicated to
solve. For ® = 7°,10°, and 15°, it is found that C}, = 4 {F, 3 {F,
and 2.3 fF, respectively. This is an expected result since as ® in-
creases, the overlap between the metal trace and the weft yarn
becomes smaller (see Fig. 1), reducing the magnitude of the dis-
continuity and yielding a smaller value for C in the model.
Before showing the obtained results, it is worthwhile to men-
tion that at this point it is possible to represent TLs of any length
at the considered angles using (5). For comparison purposes,
however, the equivalent-circuit model shown in Fig. 2 is imple-
mented for the TLs with [ = 102 mm and different ®. In this
case, different number of periods are encountered for the fabri-
cated TLs, as detailed in Table I. For instance, for ® = 15°,
the number of unit cells required to implement the model is
N = 44. Since each unit cell represents a section of TL with
length ke, = 2.3 mm, using (2) and the curve for 3 in Fig. 5,
the number of RLGC' stages to represent this section is n = 14
in order to cover an f range up to 50 GHz. This yields a total
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Fig. 7. Comparison of the: (a) real part and (b) imaginary part of the charac-
teristic impedance versus f curves obtained directly using -, by applying the
proposed approach, and with the multi-stage equivalent circuit for lines with
different @ and ! = 102 mm.

of N - n = 616 RLGC stages to represent the complete TL.
Bear in mind that the RLGC elements are dependent on f, and
sub-networks might be required to represent these elements in
case that the available circuit simulator only accepts constant
values for lumped RLGC components [15].

Fig. 6(a) shows the attenuation versus f data obtained by
applying the proposed approach for lines with different ® and
[ = 102 mm. Notice that the frequencies of resonance for each
line are in agreement with those listed in Table 1. This is also
achieved when processing data obtained using the implemented
equivalent circuit, but substantially increasing the complexity
of the simulations. On the other hand, the data obtained di-
rectly by applying the line—line algorithm to lines with ® # (°
gives an idea of the value for f,.. Nevertheless, very noisy data
are obtained around f..s since the method fails when no single
mode propagation is taking place. Conversely, the curves ob-
tained with the proposed approach allow to obtain physically
expected results (e.g., & considerably increases around f,.s) in a
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Fig. 8. Comparison of the: (a) insertion and (b) return loss versus f curves
obtained from measurements, by applying the proposed approach, and with the
multi-stage equivalent circuit for lines with different ® and I = 102 mm.

very simple and direct way. Besides, instead of plotting /3 versus
1, Fig. 6(b) shows ey = (¢8/w)?® versus f curves since the
large and monotonically increasing 3 versus f curves do not
allow to observe resonances. In contrast, the curves in Fig. 6(b)
clearly exhibit resonances at the same points as those obtained
for the attenuation.

An interesting observation in Fig. 6(a) is the fact that even
though the overlap between the metal trace and the weft yarn de-
creases as ¢ increases, the TL experiences more periods in this
case, resulting in an increased magnitude of o around f,.s as
® increases. In other words, as expected, the attenuation within
the rejection band is higher as the number of periods along the
TL increases. In addition, notice that for the simulated curves
corresponding to ® = 7°, a second resonance at f = 2f.
is observed since this effect occurs at submultiples of half the
signal wavelength. Nevertheless, the experimental curves do not
show this second resonance due to the poor () factor exhibited
by the TL at this frequency considering the relatively low mag-
nitude of the rejection for this line. Further analysis to quantify
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the magnitude of this second resonance can be carried out in-
volving the @ factor of the TL when the associated metal and
dielectric losses are appropriately determined [19].

Fig. 7 compares Z, determined using three different ap-
proaches: after applying [17] to experimental data, from
equivalent-circuit simulations, and applying the proposed
method. For the case of the method in [17], the resonances are
not apparent since the corresponding curves are obtained from
an experimental data fitting that assumes single TEM-mode
propagation. For the curves obtained using the equivalent-cir-
cuit model, the simulated S-parameters were transformed to
ABCD parameters, which are assumed to present the form
shown in (5). Thus, from these data, it is possible to calculate
Z, = (B,]C,)"° and plot the resulting curves as a function of
f in Fig. 5. When comparing these curves with those obtained
using the proposed (15), the agreement is excellent, while there
is also agreement with the characteristic impedance obtained
as in [17], except around fs.

Once v, and Z, are known, it is possible to calculate the
ABCD parameters of a TL using (5) and then obtaining the
corresponding S-parameters using a simple two-port parameter
transformation. In addition, for comparison purposes, the S-pa-
rameters are directly obtained from simulations performed to
an equivalent circuit. These curves are compared with measure-
ments in Fig. 8 for lines with different ®. The resonances are
predicted with accuracy using both the equivalent circuit and
the proposed method. Using the later is considerably simpler.

VI. CONCLUSIONS

Resonances in TLs fabricated over woven fiber substrates
are apparent at microwave frequencies for current fabrication
technologies. The work presented here contributes to the anal-
ysis of this undesired effect by providing a model and param-
eter-extraction methodology that accurately represent the mag-
nitude and frequency of occurrence of these resonances. The pa-
rameter-extraction method relies on the fact that interconnects
over this type of substrate can be considered as TLs periodi-
cally loaded with shunt capacitive susceptances. This eases the
analysis and allows a simple model implementation using only
S-parameter measurements.
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