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ABSTRACT In order to accurately design microwave, millimeter-wave components and circuits, a simple
and accurate method for extracting extremely wideband characteristics of the printed circuit board (PCB),
including relative dielectric constant, dielectric loss tangent, and equivalent copper conductivity, is proposed
and validated in this paper. By properly selecting wideband distribution of multiple TMmn0 modes in the
designed circular substrate integrated waveguide (CSIW) cavities, extremely broadband properties of PCB
can theoretically be extracted with only one pair of CSIW cavities. The proposed method overcomes the
limitations of conventional methods that only support narrowband applications, require a large number of
cavities, and have relatively large errors. The experiments show that the proposed method is able to extract,
accurately and efficiently, 8–110 GHz characteristics of a TLY-5Z substrate-based PCB and the extracted
results are verified by designing and measuring the fourth-order Chebyshev filter at X-band.

INDEX TERMS Dielectric constant, dielectric loss tangent, equivalent conductivity, circular substrate
integrated waveguide (CSIW) cavity, wideband characteristics.

I. INTRODUCTION
The investigation of microwave, millimeter-wave or terahertz
components and circuits based on various technologies such
as the printed-circuit-board (PCB) technology [1]–[7] and
the low-temperature co-fired ceramic (LTCC) technology
[8]–[14] has drawn tremendous attentions due to rapid devel-
opment of modern wireless systems recently. The dielectric
and metal characteristics play an important role in the design
of microwave and millimeter-wave components, especially
at high millimeter-wave frequency. However, these charac-
teristics provided by PCB manufactures are usually only
accurate for narrowband and low frequency applications.
To this end, many efforts have been made to measure those
characteristics for the accurate design of millimeter-wave or
terahertz components, including the transmission/reflection
method [15], [16] and the resonator method [17]–[22]. The
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substrate integrated waveguide (SIW) technology has come
into notice in recent years because of the merits of easy
integration, high unloaded quality factor (Q-factor) and
low cost [23]–[29]. In addition, the leakage loss is negligi-
ble with suitable spacing and size of metallized via-holes.
Hence, it has been adopted to extract the characteris-
tics of PCB [17]–[21]. Generally, the transmission/reflection
method can be used to extract the wideband electrical char-
acteristics of PCB with a relatively low accuracy. Com-
pared to the transmission/reflection method, the resonator
method has a higher accuracy [18]. However, the traditional
resonator methods based on rectangular substrate integrated
waveguide (RSIW) resonators suffer from single frequency
or narrowband applications. For example, the frequency
bandwidth must meet the limitation that: fH /fL < 2.12
[18]–[21]. To extract wideband material characteristics, a
large number of cavities, which are designed to resonant
at different frequencies, have to be used in the experiment.
Hence, it not only needs a complex design for a large number
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of cavities, but also requires tedious measurements for each
cavity, which leads to an increasedmeasurement error aswell,
especially for millimeter-wave or terahertz application. For
example, tens or dozens of cavities have to be adopted in the
experiment in order to obtain the 8-60 GHz characteristics of
PCB [19], [20].

For accurate design of microwave, millimeter-wave com-
ponents and circuits, a simple and accurate method based on
the resonator method is proposed for extracting extremely
wideband characteristics of PCB by using CSIW cavities
in this paper. The principle for extracting equivalent metal
conductivity, dielectric loss tangent and relative dielectric
constant is discussed in detail in the Section II. In Section III,
the proposed method is demonstrated by experiments for
extracting the 8-110 GHz characteristics of a Taconic TLY-
5Z based PCBwith high efficiency and accuracy, and detailed
discussions are presented in the Section IV. Then, the results
are verified by a fourth-order Chebyshev filter at X band
in Section V. Finally, the conclusion is summarized in the
Section VI.

II. EXTRACTING PRINCIPLE
It is well known that in order to extract the electrical char-
acteristics of a material by using the resonator method with
a high accuracy, the Q-factor of the employed resonator
is expected to be as high as possible. In theory, various
types of PCB resonators could be used for the PCB material
characteristics extraction, including the microstrip resonator,
the coplanar waveguide resonator, the stripline resonator as
well as the SIW resonator [17]–[22]. Compared with the
other types of PCB resonators, the SIW resonator may be
the best choice because it can provide much high quality
factors even at W-band or above [7]. In addition, among
various types of SIW resonators, the CSIW cavity, which
has a higher Q-factor, better fabrication tolerance and a more
compact size than the other types of SIW resonators [30],
is more attractive for the high frequency material character-
istics extraction. In addition, CSIW cavity has a more broad-
band frequency bandwidth compared with RSIW resonators,
because the appearance of resonating modes in CSIW res-
onator follows the rule of the root of Bessel function shown
in Fig. 2 which ensures a good selection of resonating modes
for broadband and accurate characteristics extraction of PCB.
Therefore, the CSIW resonators with weak excitations shown
in Fig.1 with different substrate thicknesses are deployed in
the proposed method. Different to the traditional resonator
method which only utilizes one resonating mode to extract
electrical characteristics [19], numerous resonating modes
of the CSIW cavity are deployed in the proposed method.
Since all resonating modes, excluding the degenerate mode,
resonate at different frequencies and are distributed within
an unlimited frequency band, the higher order modes are
exploited to extract wider frequency band electrical charac-
teristics of PCB [31].

As shown in Fig.1, grounded coplanar waveguide (GCPW)
provides weak excitations for CSIW resonators due to the

FIGURE 1. Layout of the adopted CSIW cavity for extracting wideband
PCB material characteristics.

FIGURE 2. High order Bessel function curves. Note: 1.

Jm (x) =
∑∞

k=0
(−1)k

k!0(k+m+1) ( x
2 )2k+m, the Bessel function of order m. 2.

vmn is the nth root of the Bessel function of order m.

good dispersion characteristics in millimeter-wave bands.
And the transmission loss fromGCPW to the CSIW resonator
hardly affects the Q-factor of CSIW resonator because of the
weak excitations. Supposing the substrate thickness is less
than one half-wavelength, the CSIW resonator only supports
TMm,n,0 resonatingmodes because the ∅ direction component
of the TEm,n,k -mode electrical field cannot be supported due
to the discontinuity of metallic vias which form the sidewall
of the circular SIW resonator. Then, the resonant frequency
can be expressed as [32]:

fTMm,n,0 =
C0
√
εr

vm,n
2πReff

(1)

where C0 is the speed of light in vacuum, Reff is the effective
radius of the CSIW resonator, vm,n is the nth root of the
Bessel function of order m, and εr is the equivalent relative
permittivity of the substrate.

From (1), it can be seen that once the effective radius, Reff ,
of the CSIW resonator is determined, the operating frequency
can be calculated by properly choosing the operating mode.
TwoCSIW resonators with different thicknesses are deployed
in the proposed method. These two resonators have the same
TMm,n,0(m = 0..M0, n = 1..N 0) resonating modes. By mea-
suring the loaded Q-factor of all those modes, their unloaded
Q-factor can be deduced. Then the electrical characteristics of
PCB can be extracted by individually comparing the unloaded
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Q-factors of each pair of corresponding resonating modes
of the two CSIW resonators. Consequently, the operating
frequency bandwidth covers from the resonating frequency
of the fundamental mode to that of the highest selected mode.
It should be mentioned that the proposed method is especially
suitable for high millimeter-wave frequency extraction due to
the high-order resonating mode has a much higher Q-factor
than that of the fundamental resonating mode. The detailed
extracting process is explained in the following sections.

A. DETERMINING THE RADIUS OF THE CSIW RESONATOR
The radius of the CSIW resonator is related to the radius
of a circular waveguide resonator, i.e. Reff . As can be seen
from (1), once the lowest operating frequency fL of the mate-
rial characteristics under extraction is preassigned and the
initial relative dielectric constant is given by the manufacture,
the equivalent radius Reff of the CSIW resonator can be
initially obtained from the relationship of the resonating fre-
quency of the fundamental mode, i.e., the TM0,1,0 mode, and
Reff , as (2) [32]. Then the frequency interval (1fm1,n1;m2,n2)
between two adjacent modes (TMm1,n1 and TMm2,n2) of the
material characteristics under extraction is calculated accord-
ing to (3). Generally, a higher mode at the lowest frequency
leads to a narrower bandwidth and a smaller frequency inter-
val. Because some neighboring high-order modes are too
close to each other in higher frequency band, which is difficult
to distinguish between them. In order to extract broadband
characteristics of PCB, the fundamental mode is selected as
the first mode.

Reff =
C0
√
εr

vm,n(or v0,1)
2π fL(or fTM0,1,0 )

; v0,1 = 2.405 (2)

1fm1,n1;m2,n2 =
C0
√
εr

vm2,n2 − vm1,n1
2πReff

(3)

h
Reff
≤ 2.1 (4)

2Reff = 2R−
d2

0.95s
(5)

where C0 is the speed of light in vacuum, Reff is the effective
radius of the CSIW resonator, R is the physical radius of the
CSIW resonator, d is the radius of the metallized via-hole,
and s is the spacing between the metallized via-holes.

In addition, to support the fundamental mode, the TM0,1,0
mode, the thickness of the substrate should satisfy (4) [32],
and then an empirical relationship in (5) between the physical
radius and the equivalent radius of the CSIW resonator can be
obtained by the guidelines of RSIW [7].

B. UNLOADED Q-FACTOR OF THE CSIW RESONATOR
Theoretically, all the resonatingmodes of the CSIW resonator
can be adopted for the material characteristics extraction.
However, considering the planar excitation topology and easy
measurement, only TMm,n,0-mode is deployed in the extrac-
tion. The electromagnetic field of TMm,n,0-mode in a CSIW

resonator can be expressed as [33]:

Eρ = Eϕ = Hz = 0

Ez = 2k2cDJm (kcρ) cos (mϕ)

Hρ = −j
2ωεm
ρ

DJm sin (mϕ)

Hϕ = −j2ωεkcJ ,m (kcρ) cos (mϕ)

kc =
vm,n
R

(6)

where m = 0, 1, 2 · · · ; n = 1, 2, 3 · · · .
The unloaded Q-factor (Qum,n ) of the TMm,n,0-mode can be

expressed as [18]:

1
Qum,n

=
1

QDm,n
+

1
Qc1m,n

+
1

Qc2m,n
(7)

where Qc1m,n is resulting from the conductor loss of the
metallic-via sidewall of the CSIW resonator, Qc2m,n repre-
sents the conductor loss from top and bottom surfaces of the
CSIW resonator, and QDm,n is associated with the loss from
the dielectric material, which can be represented as tanδ of
the dielectric material.

In the measurement, weak coupling circuits shown
in Fig. 1 can be used to extract the unloaded Q-factor Qum,n
from the loaded Q-factor QLm,n and the coupling coefficients
of the input/output ports as following [21]:

Qum,n = QLm,n
(
1+ β1m,n + β2m,n

)
QLm,n =

fTMm,n,0

1f m,n,0

2β1m,n =
S21,m,n

1− S21,m,n
i = 1, 2. (8)

where QLmn is the loaded Q-factor for the TMm,n,0 mode,
S21,m,n is the magnitude of the transmission coefficient at
resonant frequency, fTMm,n,0 is the resonating frequency of
the TMm,n,0-mode, and 1fm,n,0 is the 3-dB bandwidth of
the transmission coefficient. β1mn and β2m,n are the coupling
coefficients, which are almost equal due to the symmetrical
structures in Fig.1 when the loss of material is not so serious.
Then, the Qum,n can be extracted by (9)

Qum,n =
fTMm,n,0

1f m,n,0

1
1− S21,m,n

(9)

The conductive loss includes the loss from the metallic-via
sidewall, and top and bottom surfaces of the CSIW resonator.
It can be expressed by using the conductive quality factor
Q-factor, i.e. Qc as:

1
Qcm,n

=
1

Qc1m,n
+

1
Qc2m,n

(10)

The Qcm,n , Qc1m,n and Qc2m,n can be calculated using the
definition of Q-factor:

Qc = ω
W

PL1 + PL2

W = (We)max =
hε
2

∫ Reff

0

∫ 2π

0
|Ez|2ρdρdϕ
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PL1 =
1
2
Rsh

∫ 2π

0
|Hϕ |2ρ=Reff + |Hρ |

2
ρ=Reff

dϕ

PL2 =
1
2
Rs

∫ Reff

0

∫ 2π

0
|Hϕ |2 + |Hρ |2dρdϕ (11)

And, it can be expressed as

1
Qcm,n

=
1

Qc1m,n
+

1
Qc2m,n

=

√
ε

µ

2Rsk
vm,n
+

√
ε

µ

2Rs
vm,n

Reff
h

k =
dN
2Reff

q1 (12)

where N is the number of metallic vias of the CSIW sidewall,
d is the diameter of the metallic-via, Reff is the effective
radius of the CSIW resonator and Rs is the resistivity of metal
surface. Since the currents of the resonating electromagnetic
fields are non-uniformly distributed along the surface of each
metallic-via, i.e. the inner surface has much stronger currents
than that of the outer surface, an empirical coefficient of
q1 = 0.53 is used to represent the surface utilization ratio
of metallic vias in the sidewall.

Based on above discussions, the unloaded Q-factor (Qum,n)
of the TMm,n,0-mode in a CSIW resonator can be explicitly
expressed as:

Qum,n = tanδ +
√
ε

µ

2Rsk
vm,n
+

√
ε

µ

2Rs
vm,n

Reff
h

(13)

C. EFFECTIVE CONDUCTIVITY OF THE METAL
TwoCSIWcavities with different heights, i.e., h1 and h2, have
been used to extract the characteristics of PCB. Supposing the
two unloaded Q-factor, i.e., Qu1m,n and Qu2m,n, are measured
with the circuit model shown in Fig.1, the conductor loss can
be obtained by subtracting (13) with different thicknesses,
and then

Rs =
vm,n
2Reff

√
µ

ε

Qu2m,n − Qu1m,n
Qu2m,nQu1m,n

h2 − h1
h2h1

(14)

where ε is the equivalent dielectric permittivity which can
be extracted from the resonating frequency of the TMm,n,0-
mode, as shown in the next part, and µ = µ0 = 4π ×
10−7H/m for a non-magnetic material. Considering the rela-
tionship between effective conductivity and equivalent resis-
tivity of metal surfaces in (15), the equivalent conductivity
can be extracted and expressed as (16):

Rs =

√
ωmnµ

2σ
, ωmn =

2π
λmn
√
µε
, λmn =

2πReff
vmn

(15)

σeff =
4π fTMmn0R

2
eff

v2mn
ε(

Qu2Qu1
Qu2 − Qu1

)
2
(
h2 − h1
h2h1

)
2

(16)

D. EXTRACTING THE COMPLEX PERMITTIVITY OF THE
DIELECTRIC SUBSTRATE
If the effective conductivity is obtained as discussed in the
part C, the equivalent dielectric loss tangent can be deduced
by substituting the resistivity of metal surface, Rs, into (13),

and can be expressed as:

tanδ=
1

h2 − h1
[
h2
Qu2

(
k +

h2
Reff

)
−

h1
Qu1

(
k +

h1
Reff

)
] (17)

On the other hand, with the measurement of resonant fre-
quencies of the TMmn0 mode, the equivalent relative dielec-
tric constant at resonating frequency can be obtained and
expressed as (18):

εr =
C2
0 v

2
mn

f 2TMmn0
4π2R2eff

(18)

III. EXPERIMENTAL RESULTS
In this section, the proposed method has been used to extract
the 8-110 GHz equivalent dielectric characteristics and con-
ductivity for PCB. As a typical substrate for the design of
microwave and millimeter-wave components, the Taconic
TLY-5Z substrate is adopted in the commercial PCB fabrica-
tion process. According to themanufacture [34], the substrate
has a relative dielectric constant of 2.2 ± 0.04 and a loss
tangent of 0.001 at 1.9 GHz. The 0.035 mm thick copper
is used as metal material in the PCB process for the fabri-
cation of the circuits. Considering the measuring limitation,
we divide the 8-110 GHz frequency band into three parts,
i.e. 8-60 GHz, 60-75 GHz and 75-110 GHz, and extract
the equivalent dielectric characteristics and conductivity for
those three frequency bands individually. For 8-60 GHz fre-
quency band, a pair of CSIW resonators with 0.254 mm and
0.508mm thickness have been measured by using the Anritsu
Test Fixture SC5225 [35], and the conventional waveguide
interface is used to measure the responses of a pair of CSIW
resonators for the other two frequency bands, respectively.
This is because that the highest operating frequency of the
Anritsu Test Fixture SC5225 is 60 GHz. The detailed extrac-
tion process will be discussed in the following parts.

A. EXTRACTION OF THE ELECTRICAL PROPERTIES
OF THE TLY-5Z PCB WITHIN 8-60 GHZ
To extract the 8-60 GHz equivalent dielectric characteristics
and conductivity, the resonating frequency of the fundamental
mode, i.e. TM0,1,0 mode, in the CSIW resonator is chosen
as 7.9 GHz. Hence, the radius of the circular resonator can
be obtained from (2) as Reff= 9.78mm. In order to improve
the accuracy of the extraction results, the adjacent frequency
interval ( (fn−fn−1)

0.5(fn+fn−1)
∗ 100%) among the selected modes

exceeds 15%. The highest mode is chosen as the TM4,4,0
mode whose resonating frequency is 58.431 GHz. Two planar
circuits shown in Fig. 1 are designed for the extraction pro-
cess. All the geometries of the two designed CSIW resonators
are the same, except their thicknesses, which are 0.254 mm
and 0.508 mm, respectively. The dimensions of the designed
circuits are shown in Table 1, and two fabricated prototypes
are shown in Fig. 3. An Anritsu test fixture SC5225 and a
Keysight VNA have been used to measure the S21 responses

57324 VOLUME 7, 2019



Y.-W. Wu et al.: Simple and Accurate Method for Extracting Super Wideband Electrical Properties

TABLE 1. Dimensions of the CSIW resonators (Unit: mm).

FIGURE 3. Photographs of the fabricated prototypes for the 8-60 GHz
extraction. (a) h1 = 0.254 mm; (b) h2 = 0.508 mm.

FIGURE 4. Measured transmission coefficients of CSIW cavities.
(a) h1 = 0.254 mm; (b) h2 = 0.508 mm.

of those two circuits, which are shown in Fig.4 (a) and (b),
respectively.

As shown in Fig. 4, the two measured transmission coeffi-
cients have almost the same resonant pattern due to the same
radius of CSIW resonator. However, their magnitudes differ
by at least 10 dB. Thicker resonator has a higher unloaded
Q-factor than that of thinner resonator at the same resonating
frequency, which leads to a higher magnitude of S21 even
with a weak excitation shown in Fig. 4(b). It should be
noticed that a larger S21 is obtained at higher frequency. This

is resulted by the high-order resonating mode which has a
much high quality factor than that of the fundamental mode.
This would be very useful for high frequency measurement
because measured S21 may be too low to be accepted if a
fundamental mode is adopted in the extracting process.

Table 2 compares the extracted resonating frequencies of
different resonating modes from the full-wave simulated and
measured results. In the simulation, the relative dielectric
constant always keeps unchanged as 2.2, while it may be
varied along with operating frequency in the experiment.
Hence, the simulation can be used as a reference for the exper-
imental extraction. In addition, it can be noticed that there
exists a small discrepancy between the resonating frequencies
of 0.254 mm and 0.508 mm thick CSIW cavities for both
cases of simulation and measurement. This is resulting from
the different quality factors of the CSIW cavities. Generally,
higher quality factor leads to sharper resonating peaks and a
more accurate extraction result. However, thicker substrate
requires a wider 50 ohm GCPW for excitation. When the
extraction bandwidth is extremely wide, a wide 50 ohm
GCPW needs to be avoided to keep that only the quasi-TEM
mode is propagated along the GCPW for circuit excitations.

Table 3 presents the extracted equivalent dielectric char-
acteristics of the TLY-5Z substrate and the effective con-
ductivity of copper in PCB process. These are illustrated
in Fig. 5 together with the equivalent dielectric loss tangent
of Taconic TLY-5. As expected, the effective conductivity
decreases as the operating frequency increases, while the
equivalent loss tangent is increased. As shown in Fig. 5. (c),
the extracted dielectric constant of the PCB keeps unchanged
as 2.2 within 8-60 GHz.

B. EXTRACTION OF THE ELECTRICAL PROPERTIES OF THE
TLY-5Z PCB WITHIN V-BAND AND W-BAND
As discussed above, since the conventional SMA only sup-
ports an operating frequency below 60 GHz, the dielectric
characteristics and conductivity of PCB for operating fre-
quencies beyond 60 GHz. Since the V-band extraction pro-
cess is similar to that of the W-band extraction process, only
W-band extraction process is discussed in detail in the rest
of this part. Fig. 6 shows the circuit model for the extraction
of the V- and W- bands and the corresponding geometries
are presented in Table 4 and 5, respectively. The waveguide
interface is adopted to extract the equivalent CSIW resonator
is excited by the standard rectangular waveguide (WR10) at
the input/output ports through SIW transmission lines within
W band. Due to the operating frequency bandwidth limitation
of the standard WR10 waveguide, the extracted frequency is
limited within 75-110 GHz.

Different to the extraction process in the part A where
a fundamental resonating mode is adopted for the lowest
frequency, a high-order resonating mode is selected in this
process for the lowest frequency around 75.0 GHz due to
the fundamental mode has a poor quality factor at such high
frequency. Consequently, the TM430 mode is selected with a
resonating frequency of around 78.0 GHz for the extraction
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TABLE 2. Extracted resonant frequencies within 8-60 GHz.

TABLE 3. Extracted effective relative dielectric constant and equivalent conductivity within 8-60 GHz.

at the lowest frequency. Hence, the effective and physical
radiuses of CSIW resonant, i.e., Reff and R, can be obtained
as 5.91mm and 6mm from (2)-(5). Then, the TM160 mode is
adopted for the highest frequency extraction, which has a res-
onating frequency around 108.0 GHz. Similarly, two circuits
with the same CSIW resonators but different thicknesses have
been used for the extraction process. As explained above,
thick substrates have been used for improving the quality fac-
tor of the CSIW resonator as well as improving the extraction
accuracy, whose thicknesses are 0.508 mm and 1.016 mm,
respectively.

Photographs of the fabricated two prototypes at W band
are presented in Fig. 7, and the Keysight VNA is used to
measure individually the S21 responses of those two proto-
types with the WR10 interfaces, as shown in Fig. 8. By using
the proposed method, the extracted resonant frequencies

TABLE 4. Dimensions of the CSIW resonators at W-Band (Unit: mm).

TABLE 5. Dimensions of the CSIW resonators at V-Band (Unit: mm).

from full-wave simulated and measured results are presented
in Table 6. Because the designed resonators can provide
enough high quality factors, almost same resonant frequen-
cies can be found in Table 6 for each resonating modes in
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FIGURE 5. Extracted equivalent dielectric properties and conductivity of a
TYL-5Z PCB within 8-60 GHz; (a) conductivity; (b) dielectric loss tangent;
(c) relative dielectric constant from h = 0.508 mm thick substrate.

FIGURE 6. Layout of the circuit model for the V-band and W-band
extraction.

CSIW resonators with different thicknesses. The extracted
equivalent complex dielectric permittivity and effective con-
ductivity are presented in Table 7.

Similarly, two CSIW cavities are designed for the V-band
extraction, in which the TM150 mode and TM250 mode
are selected with resonating frequencies of 65.5 GHz and
71.0 GHz for the lowest and the highest frequency, respec-
tively. The results of extraction at V band and W band are

FIGURE 7. Photographs of fabricated prototypes for the W-band.

FIGURE 8. Measurement setup for the W-band extraction.

illustrated in Fig. 9. With the increasing of the operating
frequency, the dielectric substrate loss increases quickly, and
the effective conductivity of the copper used in the PCB
process becomes worse. However, the TLY-5Z substrate has
a very stable relative dielectric constant, even at 108 GHz.

IV. DISCUSSIONS
The overall extracted results from 8-110 GHz for the TLY-5Z
substrate based PCB are plotted in Fig.10. It can be seen from
Fig.10 (a) and (c) that the conductivity of the PCB under test
drops from 8 to 110 GHz, while the dielectric loss increases
monotonously as the frequency increases. In addition, the
TLY-5Z substrate has a stable relative dielectric constant of
2.2 within 8-110 GHz, as illustrated in Fig.10 (c).

It should be mentioned that different substrate thicknesses
and resonating modes have been adopted for the extraction of
three frequency-bands mentioned above. That is based on the
following criteria:

A. THE CHOICE OF THE SUBSTRATE THICKNESS
Generally, a CSIW cavity with a thicker substrate has a higher
quality factor which leads to amore accurate extraction result.
On the one hand, the substrate thickness should be less than
half-wavelength to avoid the appearance of TMmnp mode
(p 6= 0). For example, the selected substrate thicknesses at the
W-band are 0.508 mm and 1.016 mm in this paper because
one half-wavelength at 100 GHz in a CSIW cavity is about
1.011mm. In addition, the selected substrate thickness should
keep the excitation port only supports single-mode excitation.
For example, GCPW can not keep a good transmission from
8 to 60 GHz when the substrate thickness is 1.016mm due to
a too wide 50 ohm GCPW. Therefore, the selected substrate
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TABLE 6. Extracted resonant frequencies within W-band.

TABLE 7. Extracted equivalent relative dielectric constant and effective conductivity within W-band.

thicknesses from 8 to 60 GHz are 0.254mm and 0.508mm,
respectively.

B. THE SELECTION OF THE OPERATION MODES
The high-order mode can provide a high quality factor. How-
ever, the higher the high-order modes adopted, the smaller
the separation among those high-order modes. That would
lead to a narrow band extraction. Hence, at low frequency
band, a relative lower-order mode can be chosen for achieving
a wideband extraction, for example, the fundamental mode,
i.e., TM0,1,0, is chosen for a wideband extraction from 8 to
60 GHz. At higher frequency band, since the quality factor of
the low-order mode is too small, a high-order mode should
be chosen.

The extraction errors of the proposed method are mainly
from the fabrication tolerance and the installation error of
the measurement, especial for high millimeter-wave fre-
quency extraction. As can be seen from (13)-(18), the effec-
tive radius of the CSIW resonator, i.e. Reff , plays an
important role in the extraction process. As an exam-
ple, the extracted results at 12.61 GHz from the mea-
sured S21 of the 0.508 mm thick TLY-5 substrate based
PCB are εr = 2.208, σeff = 1.749E + 07 S/m and
tanδ = 9.01E− 04.When the radius of the CSIW resonator
increases by 0.02mm (0.2%), the extracted equivalent dielec-
tric constant rises 0.363% to 2.216, the effective conductivity
drops 3.15% to 1.694E + 07 S/m and the dielectric loss
tangent reduces 1.62% to 8.864E-04. These errors caused by
fabrication tolerance are acceptable. As for the installation

TABLE 8. Comparisons between proposed and reported extraction
methods.

error of the measurement, it can be reduced by multiple
measurements.

Table 8 summarizes the comparison between this proposed
and reported extraction methods. In order to extract the elec-
trical characteristics of PCB within 8-60 GHz, at least three
groups of RSIW resonators are required by the traditional
resonator methods. The proposed method overcomes the
limitation of frequency bandwidth of RSIW resonators and
accurately extracts extremely wideband complex dielectric
permittivity and effective conductivity by using one pair of
CSIW resonators. In addition, the proposed method has lower
costs and less measurement errors.

V. EXPERIMENTAL VERIFICATIONS
Based on the extracted results of TLY-5Z substrate with
thickness of 0.254mm, a fourth order Chebyshev filter is
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FIGURE 9. Extracted equivalent dielectric properties and conductivity of a
TYL-5Z PCB within V-band and W-band; (a) Effective conductivity;
(b) Dielectric loss tangent; (c) Relative dielectric constant from
h = 0.508 mm thick substrate.

TABLE 9. Dimensions of the filters (Unit: mm).

designed at X band. The topological structure is presented
in Fig. 11 and the dimensions are listed in table 9. As shown
in Fig. 12, the filter is fabricated and measured by using the
Keysight Vector Network Analyzer (VNA) and the Anritsu
Test Fixture SC5225.

From Fig. 13 (a), compared with the responses of the
filter based on the extracted results of TLY-5Z substrate,
the responses of the filter designed on the substrate with
relative dielectric constant of 2.2 shift 70MHz to the high
frequency. In Fig. 13 (b), the measured results of the fourth
order Chebyshev filter are in excellent agreement with the

FIGURE 10. Measured Printed-Circuit-Board Properties: (a) Effective
conductivity; (b) Dielectric loss tangent; (c) Relative dielectric constant
from h = 0.508 mm thick substrate.

FIGURE 11. Configuration of the fourth order Chebyshev filter.

simulated results of the filter based on the extracted results.
The insertion loss error between the simulation and measure-
ment is around 0.08 dB at 11 GHz. The error is mainly caused
by the fabrication tolerance. In addition, the test fixture has a
radiation loss, which becomes worse at high frequency band.
Therefore, it can be concluded that the extraction of electrical
characteristics of PCB guides to accurately designmicrowave
and millimeter-wave filters.
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FIGURE 12. Photograph of the fabricated filter.

FIGURE 13. Simulated and measured S-parameters. (a) Simulation;
(b) Measurement.

VI. CONCLUSION
In this paper, by utilizing the wideband resonating frequency
distribution of multiple high-order TMmn0 modes in a CSIW
cavity, the equivalent dielectric loss, metal loss, and relative
dielectric constant of PCB can be separately extracted over
an extremely wide frequency band by only using a small
number of CSIW resonators. Comparing with the conven-
tional method, the proposed method has higher efficiency,
lower costs and less measurement errors. Experiments, which
extract the equivalent dielectric characteristics and conduc-
tivity of a TLY-5Z substrate based printed circuit board
within 8-110 GHz, have demonstrated the merits of the pro-
posed method. In addition, it should be mentioned, since

the proposed method is based on the resonator-extraction
method, it would be failed if a very high lossy substrate or
a metal needs to be investigated because it is very hard to
discriminate the resonating peaks from measured S21 results
for the extraction due to a very low quality factor for that case.
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