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Abstract—The relative permittivity of LCP material has
been characterized within the whole 60 GHz frequency
band using the microstrip ring resonator (MRR) method.
Using a circuit model, the gap capacitance of the MRR has
been taken into account in order to improve the accuracy
of the determined relative permittivity. The results show
that the relative permittivity of LCP is almost constant
(εr ≈ 3.1) within the whole 60 GHz frequency band. The
homogeneity of the LCP panel has also been examined. It
is found that the variation of the relative permittivity is
within 1.5% across the LCP panel.

I. I NTRODUCTION

60-GHz millimeter wave (mmWave) communication
systems are getting increasing attention in recent years,
especially for low-cost consumer applications [1]. For
instance, wireless uncompressed high definition video
streaming and ultra-fast wireless LAN are typical indoor
environment applications at 60 GHz. These applications
require the antenna array to have a large scan coverage
in order to operate in both line-of-sight (LOS) and non-
light-of-sight (NLOS) conditions. In order to achieve
the scan coverage requirements, cylindrically bending a
planar antenna array can be employed [2]. In practice
this means the use of flexible PCB.

Liquid crystal polymer (LCP) is a promising flexible
substrate and packaging material for mmWave applica-
tions, especially for a conformal antenna array imple-
mented on flexible PCB [3]. The electrical properties
of LCP material at60 GHz have been investigated
in literature using different methods [4]–[6]. In [4],
microstrip ring resonators (MRR) and cavity resonators
are used in order to characterize the relative permittivity
(εr) and loss tangent (tan δ) of LCP from30 to 110 GHz.
In [5], measurement results of printed T-resonators and
transmission lines are compared with the simulation
results of 3D EM solvers to determine the electrical
properties of LCP in the frequency range60–95 GHz.
In [6], the overmoded circular cavity approach is used
to characterize the LCP material from60 to 80 GHz.
This method can provide accurate results over a very
wide frequency range with a single frequency sweep. The
measurement results for the60 GHz frequency band are

summarized in Table I. It is shown that the dissipation
factors are in agreement with each other, but the variation
of the relative permittivity is up to7%.

TABLE I
COMPARISON OFLCP CHARACTERIZATION AT 60 GHZ

Method f (GHz) εr tan δ (10−3) Ref
MRR 62 3.15 - [4]

Cavity resonator 60 - 3.5–4.5 [4]
T-resonator 60–95 3.25 4.5@75GHz [5]

Circular cavity 60–80 2.916±0.01 4.7 [6]

In this work, the MRR method will be used to
confirm the relative permittivity of LCP material in the
60 GHz frequency band. One reason for choosing this
method is that the MRR method is simple to realize
as a planar circuit, and has higher accuracy than the
linear resonator method due to its higher quality factor.
Furthermore, there is about9 GHz spectrum allocated
around60 GHz (57.24–65.88 GHz) in the draft standard
of IEEE 802.15.3c Task Group [7]. But in the literature,
the measurement results can not sufficiently cover that
whole bandwidth since generally the resonant structure
method is very accurate but can only measure the rel-
ative permittivity at the resonant frequency. Therefore,
5 different MRRs with different resonant peaks, i.e. at
58, 60, 61.5, 63, and65 GHz, are designed in order to
examine the electric properties over the whole 60 GHz
frequency band. In addition, the homogeneity of the
materials can also cause the variation of the relative
permittivity. Therefore, the MRRs are distributed in a
periodic way on the LCP panel in order to investigate
the homogeneity of the LCP panel in two dimensions.

Due to the capacitance effect of the gap between the
microstrip transmission line and the ring resonator, the
observed resonant frequency will be lower than that of
the unloaded ring. This will result in overestimating the
relative permittivity of the substrate. To the author’s
knowledge, no literature which uses the MRR method
to characterize LCP material in the 60 GHz band takes
this effect into account. In this paper, a circuit model of
the ring resonator structure [8] is adapted to be used to



correct the frequency pushing effects of the gap in order
to characterize LCP material accurately.

From the measurement results, it is found that the
relative permittivity of LCP materials is almost constant
(εr ≈ 3.1) within the whole 60 GHz frequency band. The
variation of the relative permittivity is found to be within
1.5% across the LCP panel. Therefore, the homogeneity
of the LCP panel is suitable for mass production of bent
antenna arrays operating in the 60 GHz frequency band.

II. MRR DESIGN

The layout of the designed microstrip ring resonator is
shown in Fig. 1.R is the mean radius of the microstrip
ring, S is the spacing of the coupling gap, andW is the
width of the microstrip line.

ref. planeref. plane

probe pitch

via
S

R

W

Fig. 1. Layout of a two-port microstrip ring resonator.

The parallel resonant frequency of the unloaded MRR
is given by

f0,N =
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√
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, (1)

where εeff is the effective permittivity,N is the order
of resonance, andc is the speed of light in vacuum [8].
Therefore, with the physical dimensions of the micro-
strip, the relative permittivity of LCP can be obtained
with the relation
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where t is the thickness of the microstrip andh is
the height of the dielectric substrate [9]. The use of
the effective width of the microstripueff is because the
thickness of the microstript is not negligible in this case.

However, the unloaded MRR has to couple with
microstrip transmission lines in order to be measured.
Therefore, parasitic capacitances are introduced by the
gap between the MRR and the feeding line. This causes
the resonant frequency of the loaded MRR to become
lower than that of the unloaded MRR. As a result, the
relative permittivity will be overestimated if the resonant

frequency of the loaded MRR is used. As shown in
Fig. 2, a circuit model of the loaded MRR can be used
to take this effect into account [8], [10].

CgCg

CpCp Zr

Fig. 2. Circuit model of loaded MRR.

Zr presents the impedance of the MRR, which can be
calculated by

Zr =
Z0

2
coth(γπR) (5)

whereZ0 is the characteristic impedance of the trans-
mission line andγ is the complex propagation constant.
Cp and Cg represent the parasitic capacitances, which
can be determined by a planar simulation of a T-gap
configuration. The resonant peak of the circuit model
can be used to compare with that of the loaded MRR in
order to determine the effective permittivityεeff.

The MRRs have been designed on Rogers ULTRA-
LAM 3850 LCP substrate. The LCP panel has the dimen-
sion of 457mm×610mm with the thicknessh of 101µm
(4 mil). The design layout is shown in Fig. 3. The sub-
block is shown in the right side of the figure, it contains
the de-embedding structures, a small ring, and a big ring.
The small and big rings have the 4th and 8th resonant
peaks respectively around the design frequency, which
is given by the numeric numbers with the unit of GHz.
It is seen that there are 5 different resonant frequencies
which are sampled within the whole 60 GHz frequency
band in order to determine the electric properties of
LCP material. The radii of the designed MRRs for these
5 different resonant frequencies are listed in Table II.
The width of the microstrip lineW is 227 µm and
the metal thicknesst is 18 µm in order to obtain a
characteristic impedance of 50Ω. The spacing of the
gap S is 100 µm, which is the minimum achievable
spacing of the manufacturer. The probe pitch is designed
in order to land the ground-signal-ground (GSG) probes
with 250µm probe tip spacing. Using a through-reflect-
line (TRL) calibration, the two-port measurement results
are de-embeded to the reference plane as shown in Fig. 1
in order to remove the effects of the transition from the
GSG probe to microstrip. Therefore, the measurement
results after de-embedding can be used to obtain the
resonant frequency of the loaded MRR.
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Fig. 3. Layout of LCP panel.

TABLE II
RADIUS OF MRRS

f0,N (GHz) 58 60 61.5 63 65
R (µm), N = 4 2070 2010 1950 1909 1845
R (µm), N = 8 4072 3936 3842 3750 3651

III. MRR MEASUREMENT RESULTS AND

DISCUSSIONS

There are two fabricated LCP panels since there
were too many defected sub-blcoks in the first panel
to analyses the homogeneity of the LCP panel. The
measurements were done firstly over 0.1–67 GHz band
in order to observe the number of resonant peaks of
the MRR. As shown in Fig. 4, the MRR from the first
fabricated LCP panel has 4 resonant peaks in the whole
frequency sweep range, and the 4th resonant peak is
around 58 GHz as designed after de-embedding.
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Fig. 4. S21 measurement of a small MRR.

After the second-run LCP panel was available, the
s-parameters measurements were all carried out using
the sub-blocks in the second panel with a narrower
frequency band sweep (51-67 GHz). Fig. 5 shows the
measurement results after de-embedding of the small
ring at the position “C1R2”. “C1R2” is located at column
1 from the left, row 2 from the bottom of the second

LCP panel as shown in Fig. 3. The same naming rule of
the position is used in the following part of this paper.
Applying a low pass filter (LPF) to the measurement
result, it is found that the 4th resonant frequency of this
MRR is at 60.42 GHz, which is close to the designed
resonant frequency 60 GHz.
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Fig. 5. S21 measurement of a small MRR.

It is also observed that the amplitude of the transmis-
sion coefficient in Fig. 5 is about 5 dB lower than that
in Fig. 4. This is mainly because the spacings of the gap
S of the second-run MRR is larger than that of the first-
run MRR. It is seen that the spacingS of the second-run
MRR is still small enough to allow adequate coupling of
power, otherwise the resonant peak will be difficult to be
recognized. Two MRRs from different fabrication runs
are inspected using a microscope with the same scale
factor, as shown in Fig. 6. It is seen that the spacing of
the gap of the second-run MRR is obviously larger than
that of the first-run MRR. This leads to less coupling
between the microstrip and the ring resonator in the
second-run MRR. Thus the amplitude of the transmission
coefficient of the second-run MRR becomes lower.

In order to determine the fabricated dimensions of the
gap and the microstrip, a 200µm coplanar line on the
calibration substrate is used as the reference. As shown
in Table III, the fabricated dimensions of the first-run

(a) the first-run MRR (b) the second-run MRR

Fig. 6. The comparison of MRRs from two fabrication runs.



MRR are close to the design value. But in the second-
run, both the spacing of the gapS and the width of the
microstrip lineW have about 30µm tolerance compared
with the design value.

TABLE III
COMPARISON OF THE DIMENSIONS OFMRRS

Parameters W (µm) S (µm)
Design 227 100
1st-run 214 106
2nd-run 196 129

Fig. 7 shows the amplitude difference between the
normalizedS21 of the two different run MRRs using
the circuit model presented in Fig. 2 withεr = 3.1. It
is seen that theS21 resonant peak of the first-run MRR
with S = 106 µm is about 5.3 dB higher than that of the
second-run MRR withS = 129 µm. This is in a good
agreement with the measurement results shown in Fig. 4
and Fig. 5.
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Fig. 8 shows all of the measurement results in the
corresponding position, in which the numeric numbers
present the 4th resonant frequency of the small MRR in
that sub-block with the unit of GHz. The “X” presents
defected sub-block.

With the use of the circuit model presented in Fig. 2,
the relation between the relative permittivity of the LCP
materials and the resonant frequencies of the MRRs can
be obtained with the second-run fabricated dimension
values which are listed in Table III. Fig. 9 shows this
relation for the small MRRs which are designed to have
4th resonant peaks at 60 GHz. It is found that the
resonant frequencies varies between 60.3–60.64 GHz. As
a result, the correspondingεr is in the range of 3.073–
3.113.

In Fig. 9 it is also observed that, compared with
the relative permittivity determined by the fabricated
dimension, the relative permittivity is about 1.3% lower
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Fig. 8. The 4th resonant peaks ofS21 measurement of small
MRR on LCP panel.
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Fig. 9. The relative permittivity of LCP materials determina-
tion.

if the design dimensions are used. It is also seen that the
relative permittivity will be overestimated about 0.45%
if the circuit model is not applied. The overestimation is
a bit less than that presented in [8]. One reason is that
the realized gap spacing is larger than the design value.
Therefore, the effects of the parasitic capacitances are
reduced. As shown in Fig. 10, the relative permittivity
is overestimated about 0.68% when the design values
are used (h = 4 mil, S = 100 µm). Another reason is
that the parasitic capacitances are related with the height
of the substrate. It is seen in Fig. 10 that, when the
thickness of the substrate becomes larger (h = 4.72 mil),
the relative permittivity is overestimated about 0.9%.

Fig. 11 shows the relative permittivity of the LCP
materials at 5 different resonant frequencies, as obtained
using the circuit model. It is observed that the rela-
tive permittivities at 5 different frequencies are almost
constant. The average and the sample standard devia-
tion of the relative permittivities of the measured LCP
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Fig. 10. Overestimation analysis of the relative permittivity of
LCP.

samples are given in Table IV. It can be seen that
εr = 3.093 ± 0.035 in the whole 60 GHz frequency
band.
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Fig. 11. The relative permittivity of the LCP panel.

TABLE IV
THE RELATIVE PERMITTIVITY OF LCP IN THE 60 GHZ FREQUENCY

BAND

Resonant Freq. (GHz) εr εr,av σ

58.56–58.79 3.084–3.113 3.094 0.0128
60.3–60.64 3.073–3.113 3.095 0.0118
62.18–62.39 3.086–3.11 3.096 0.0088
63.49–63.9 3.067–3.112 3.089 0.0136
65.77–65.99 3.079–3.103 3.086 0.0115

Total 3.067–3.113 3.093 0.0115

Fig. 12 shows the obtained relative permittivityεr in
the corresponding position. It is found that the variation
of the relative permittivities at different positions of the
LCP panel is less than1% in both horizontal and vertical
directions. This variation can be caused by the fabri-
cation tolerance of the MRR radius, the measurement

errors, and the homogeneity of the LCP panel.
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Fig. 12. The homogeneity of the relative permittivity of LCP
panel.

In order to examine the errors introduced by the
fabrication tolerance of the MRR radius, the microscope
and a 6600µm coplanar line are used to measure the
diameter of the rings. Three small rings are examined
as shown in Table V. It is seen that the diameters of
the fabricated MRRs are slightly smaller (0.05–0.17%)
than the design values. This difference can also be partly
introduced by the measurement accuracy. It is found
that the relative permittivities shift upward about 0.1–
0.4%. Therefore, from these three samples, it can be
verified that the relative permittivity of LCP materialsεr
is within 3.093±0.035, and the homogeneity of the LCP
panel is within1%. If the average shifting value0.3%
is used, the relative permittivityεr ≈ 3.1. In order to
obtain more accurate results ofεr and the homogeneity
of the LCP panel, all of the fabricated dimensions of the
ring diameters need to be examined with a more accurate
method.

TABLE V
THE FABRICATED DIAMETER OFMRRS AND THE CORRESPONDING

εr

Position Design (µm) Fabricated (µm) εr
C2R1 4020 4018 3.116
C3R2 4020 4013 3.108
C4R2 4020 4013 3.086

IV. CONCLUSIONS

In this paper, the relative permittivities of the LCP
material has been examined over the whole 60 GHz
frequency band using the method of microstrip ring
resonators (MRR). A circuit model is used to correct
the overestimation of the relative permittivities due to
the frequency pushing effects of the gap between the
microstrip transmission line and the ring resonator. It



is found that the relative permittivities at 5 different
frequencies within 60 GHz band are almost constant
(εr ≈ 3.1). The homogeneity of the LCP panel is
examined by distributing the same MRRs at different
locations on the LCP panel. It is found that the variation
of the relative permittivities is within1.5% across the
LCP panel. As a result, the homogeneity of the LCP
panel is suitable for mass production of bent antenna
arrays operating in the 60 GHz frequency band.
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