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Nowadays, fabric-based antennas, resonators, and sensors are attracting significant attention due to their excellent comfortability
and flexibility compared with the rigid commercial printed circuit boards (PCBs). Both the dielectric constant (g,) and dielectric
loss tangent (tan &) of substrate materials have a great influence on their frequency response characteristics. However, the effect of
dielectric loss is usually ignored, since traditional radio frequency (RF) devices are fabricated on commercial PCBs with much
lower tan 8. As the differences of dielectric loss vary widely with different fabric materials, it is of great significance to explore
the influence of dielectric loss on the frequency response characteristics. Therefore, this paper systematically studied the
influence of substrate properties on RF performance of microstrip multiresonator. Firstly, the models of microstrip
multiresonators with different ¢, and tan & were created by HFSS simulation. By parametrically sweeping, it showed that the
tan 0 was the key factor for the notch depth. And the larger the tan §, the bigger the electromagnetic loss of the material,
resulting in a smaller notch depth of the resonator. Then, three representative materials with different orders of magnitude of
tan § (AD-450: 0.002, FR-4: 0.015, and denim fabric: 0.114) were chosen to verify the simulation. The results showed that the
common fabric-based resonator has poor RF characteristics for their big dielectric loss compared with those of commercial
PCBs. This study is of great significance for designing wearable electronic devices with flexible substrate materials with large

dielectric loss.

1. Introduction

Nowadays, increasingly flexible materials such as fabrics [1, 2],
papers [3, 4], and plastic films [5] are replacing traditional
PCBs, to be used in wearable antennas, resonators, sensors,
and so on. As one of the typical circuits within the above appli-
cations, the RF performances of U-shaped multiresonator
were widely discussed. Generally speaking, the dielectric con-
stant and loss tangent are vital factors to be considered when
designing the multiresonator, which will affect the resonant
frequency and notch depth significantly.

However, the influence of dielectric loss was usually
ignored as the dielectric constant and thickness of substrates
can change the resonant frequency, bandwidth, and gain to a
large extent [6, 7]. Yves-Thierry et al. [8] pointed out that thin
substrates of high dielectric constant lead to poor radiation

and narrow bandwidth. On the other hand, since traditional
RF devices are fabricated on commercial PCBs with much
lower tan 6, the effect of dielectric loss was usually ignored.
As shown in Table 1, the tan § of most PCBs are lower than
0.002 in chipless applications [9-12]. However, it is an order
of magnitude higher (>0.01) for flexible materials such as
papers, plastics, or common fabrics. Therefore, studying the
effect of dielectric loss on the RF performance is necessary
because classical PCB-based circuits may not be suitable for
most flexible materials such as fabrics. In addition, Islam and
Karmakar [13] obtained the relationship between the attenua-
tion and tan § at 2.45GHz by simulation (Figure 1). The
results showed that the attenuation decreased sharply at first
and then slowly with the increase of tan 8. However, the
dielectric loss was discussed from a simulation perspective,
and it lacks theoretical and experimental basis. In summary,
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TaBLE 1: Parameters of PCBs used in chipless tags. The tan § of most commercial PCBs are lower than 0.002, while it is much higher for

flexible materials such as papers, plastics, or common fabrics.

Ref. Substrate Material g, tan & Thickness (mm) Frequency (GHz)
(9] Taconic TLX-0 2.45 0.0019 0.787 2.0-2.5
Taconic TF-290 2.90 0.0020 0.090 2.0-2.5
[10] PCB Taconic TLX-8 2.55 0.0019 0.127 6.0-12.0
[11] ARLON AD-450 4.50 0.0020 1.580 1.9-2.2
[12] F4BM 2.20 0.0007 1.000 2.0-10.0
[12] Paper Paper 2.25 0.0450 1.000 2.0-10.0
[12] Plastic PET 3.40 0.0700 1.000 2.0-10.0
[14] Nylon 2.40 0.0500 0.172 1.5-3.0
[15] Fabric Cotton 2.10 0.0700 0.250 2.0
[15] Fleece 1.35 0.0250 1.000 2.5-6.5
40 designing wearable RF devices with lossy flexible materials,
especially for textile materials with a wide range of dielectric
losses.
—~ 30
8 . <. .
F 2. Design and Optimization
§ 207 The U-shaped resonator (also called hairpin resonator) is one of
§ the basic units of multiresonating circuit for band-stop filtering.
10 It consists of a microstrip line and a quarter-wavelength resona-
tor. And the microstrip line feeds the resonators to form a weak
0L . . . q coupling to modulate the spectrum of the interrogation signgls.
0 0.05 0.10 0.15 0.20 The resonant frequency and notch depth of the resonator sig-
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FiGure 1: The relationship between attenuation and tand by
simulation [13]. The attenuation decreased sharply at first and
then slowly with the increase of tan §.

the above researches indeed provided a foundation for the RF
application of diverse flexible substrates. However, it still lacks
a systematic research about how the dielectric properties of
substrate materials affect the frequency response characteris-
tics of the RF circuits.

Therefore, the theoretical calculation, simulation, and
experimental verification methods were adopted in this
research to systematically study the influence of dielectric
properties on the RF performance of multiresonator. Firstly,
the model of microstrip U-shaped multiresonators with the
same substrate material was created in the Ansoft HFSS, and
each of the resonant frequency and notch depth was compared
with Reference [11] to prove the accuracy of our simulation.
Then, the basic substrate parameters (,, tan §) were paramet-
rically swept to explore the key parameters influenced on RF
performances. Furthermore, three representative materials
with different orders of magnitude of loss tangent were chosen
to verify the simulated conclusions. They are Alron AD-450
with tan § of 0.002 (lower loss), FR-4 with tan § of 0.015
(medium loss), and denim fabric with tan & of 0.114 (higher
loss), respectively [16].

After all, the relationship between the dielectric loss and
the RF performance of the multiresonant circuits was syste-
matically analyzed in this research. It will offer guidance for

nificantly affect the filtering quality and capacity of information
storage. The geometry structure and equivalent circuit are illus-
trated in Figure 2.

In Figure 2(b), the L and C are the equivalent shunt
inductance and series capacitance, respectively. An N™ mul-
tiresonant circuit consists of N U-shaped resonators. All res-
onators are coupled to the main microstrip line, and the
coupling effect between each other is very weak and can be
ignored by adjusting their distances.

The length of U resonator is determined according to
Equation (1) [17], where each resonator resonates indepen-
dently at its quarter-wavelength frequency (1g/4). The effec-
tive dielectric constant is calculated by Equation (2) [18],
and it is determined by the dielectric constant and thickness
of the substrate as well as the width of the transmission line.
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where f, is the resonant frequency, # is the integer order of
resonance, €. is the effective dielectric constant, L is the
length of the stub; AL is the extended equivalent length due
to fringing field, ¢ is the speed of light in free space, ¢, is
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FIGURE 2: The structure of the microstrip U-shaped resonator: (a) the geometry of the basic unit and (b) the equivalent circuit. The U-
shaped resonator is a quarter-wavelength resonator coupled to the microstrip line to form a parallel RLC resonant circuit.
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Ficure 3: The layout of the designed U-shaped multiresonant
circuit. It consists of six U-shaped resonators and a microstrip line.

TaBLe 2: The dimension parameters of the above U-shaped
multiresonator (unit: mm). They are determined by the performance
of the filter, such as bandwidth, resonance frequency, and notch depth.
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the dielectric constant of substrate, 4 is the thickness of the
substrate, and w is the width of the transmission line.

Here, a designed prototype [11] was exploited to investi-
gate the effect of substrate properties on the RF performance
of microstrip multiresonant circuits. The layout of the
designed multiresonator circuit is shown in Figure 3. And
the geometric parameters of the hairpin multiresonator are
listed in Table 2.

Based on the quarter-wavelength resonant principle, the
length of the U-shaped arms (a) was calculated according to
the resonant frequency and the dielectric constant of the
substrate material. That is to say, for different materials,
the resonant frequency would shift even if the geometric
parameters of the resonator were the same. A series of
parameters of “x;” were designed to make each U resonator
have a specific effective wavelength and resonate at its spe-
cific frequency. The distance between adjacent U-shapes ()
was determined by the optimized simulation to ensure
almost no coupling between each U resonator. Therefore,
according to the resonance frequency and bandwidth, the
above three parameters can be preliminarily determined.
Then, the distance between microstrip line and resonators
(g) was adjusted to modulate the notch depth. Additionally,

the width (w) of the transmission line was determined by the
characteristic impedance (Equation (3) [18]), which was
preferably to be 5002 and equal to the input impedance of
the antenna or the SMA connector.

The resonant model of multiresonator was established in
Ansoft HESS simulation software, according to the dimen-
sions of Table 2. The substrate material was a commercial
low-loss PCB and that is ARLON AD-450 with a dielectric
constant of 4.5, loss tangent of 0.002, and thickness of
1.58 mm. The surface current distribution is shown in
Figure 4. It can be seen that most of the current of the micro-
strip line was coupled to the branches of the resonators,
resulting the notch effect. The simulated S-parameters of
the multiresonator are shown in Figure 5.

This paper chose the classical U-shaped multiresonant
circuit with the same dimensions and materials as Reference
[11]. By simulation in HFSS, each resonant point and the
corresponding S21 were compared with the reference, and
the results are listed in Table 3. The results showed that
the maximum frequency deviation was less than 2%, and
the attenuation deviation was less than 9%, which indeed
proved the accuracy of our simulation.

Then, the dielectric constant and loss tangent were para-
metrically sweeping, and their influences on the resonant
frequency and notch depth were discussed. The results of
the simulation are listed in Figure 6.

Figure 6(a) is the influence of dielectric constant on the
resonant frequency and attenuation of U-shaped multireso-
nators. The resonant curve shifts from right to left, but the
overall shape remains the same. The bigger the dielectric
constant, the smaller the resonant frequency. The simulation
results show that the dielectric constant has no appreciable
effect on the notch depth, only changing the resonant fre-
quency. Figure 6(b) is the influence of dielectric loss tangent
on the resonant frequency and attenuation of U-shaped
multiresonators. All resonant frequencies remain the same,
while the notch depths vary with each other. Within a cer-
tain range, with the increase of tand, the notch depth
decreases sharply. When the tan § is larger than 0.2, the
notch effect is disappeared and the multiresonators cannot
achieve the purpose of filtering. From the above simulation,
it can be concluded that the tan § of the substrate plays a
decisive role in the depth of the notch.
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FIGURE 4: The distribution of surface current of the multiresonator circuit. Most of the current of the microstrip line was coupled to the

branches of the resonators. This is the reason that notch effect occurs.
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FIGURE 5: Simulated S-parameters of the multiresonator based on
ARLON AD-450 substrate. Obviously, there are six notch depths
evenly distributed within the bandwidth of 1.9 GHz~2.3 GHz,
indicating a good filtering performance.

3. Experiment and Measurement

3.1. Experiment. In this research, three kinds of substrate
materials (ARLON AD-450 PCB, FR-4 PCB, and common
denim fabric) were chosen as the substrate materials to inves-
tigate the influence of substrate material properties on RF per-
formance of multiresonant circuits (as shown in Figure 7). The
dielectric properties of these substrates are measured by the
split post dielectric resonators (Keysight Technologies, Inc.).
And the key parameters are listed in Table 4.

For AD-450 PCB (Figure 7(a)), the multiresonator was cus-
tomized by an electronic technology company (Hontec Quick
Electronics Limited). The substrate material was low-loss
ARLON AD-450 PCB with a dielectric loss tangent of 0.002.

For FR-4 PCB (Figure 7(b)), the resonator was fabricated
by a traditional etching process. Firstly, the filter structure
was printed on paper by a normal inkjet printer. And then,
the layout of the resonator was transferred to the surface of
the PCB by iron at high temperature. As a result, a layer of

toner was firmly fixed to a specific position on the surface
of the copper film. Thus, during the acid corrosion process, the
structure covered with the toner is protected, while the copper
film in other areas would be removed. The copper film of FR-4
was corroded by acid FeCl; solution (H,O : FeCl; =1 : 10).
The redox reaction lasted 20 minutes at 40~50°C. The last pro-
cess was to rinse and dry in the oven.

For denim fabric substrates (Figure 7(c)), the copper
tape was pasted on the common denim fabric, and the pat-
tern of the multiresonator was cut out. This process has cer-
tain defects with a certain deviation about the dimensions of
the multiresonator during the manual fabrication.

3.2. Measurement. As one of the typical circuits within the
RF applications, the resonant frequency and notch depth
affect the filtering quality and information storage of modu-
lated signals. In this research, the resonant frequency and
notch depth of the multiresonators were measured and com-
pared with the simulated results.

For the measurement, firstly, the multiresonator was
mounting to the SMA connectors connecting with two ports
of the Agilent E5071C ENA (as shown in Figure 8). Secondly,
the full two-port calibration was done with Calibration Kit (Agi-
lent 85052D (3.5 mm)) before the measurement to eliminate the
instrument errors. Then, the sample was measured and the rela-
tion curves of resonant frequency and S21 were exported. The
measured and simulated results of the 3 kinds of multiresona-
tors are shown in Figures 9, 10, and 11, respectively.

4. Results and Discussions

The first step of this research was to demonstrate the accu-
racy of our simulation. The resonant model of multiresona-
tor was established in Ansoft HFSS simulation software, and
all materials and dimensions were identical with Reference
[11]. By simulation, each resonance point and the corre-
sponding S21 were compared with the reference (as listed
in Table 3). After calculation, the maximum frequency shift
was less than 2%, and the maximum notch depth shift was
less than 9%. It proved the accuracy of the simulated
methods and results, and the slight deviation should be
caused by the difference of meshing accuracy during the
simulation.
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TaBLE 3: The simulated results were compared with the literature [11]. Each resonant point and the corresponding S21 were compared with
the reference, and the deviation was small to indicate the accuracy of the simulation.

Type Resonant point 1 2 3 4 5 6
Ref. [11] 1.90 1.97 2.03 2.10 2.17 2.22
Frequency (GHz) . . .
This work (simulation) 1.94 2.01 2.06 2.12 2.18 2.23
$21 (dB) Ref. [11] -11.00 -12.20 -11.80 -12.20 -10.00 -9.60
This work (simulation) -10.20 -11.20 -12.80 -12.70 -10.60 -9.60
) S=—— ’ —
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— =3 —— =6 —— Tan §=0.005 —— Tan 6=0.5
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(a) (b)

F1GUrE 6: The influence of dielectric constant and loss tangent on RF performance: (a) increase dielectric constant (tan 6 = 0.02) and (b)
increase dielectric loss tangent (e, =4.5). The simulation results show that the dielectric constant only affects the resonant frequency, and
the loss tangent significantly affects the notch depth.

On the other hand, by parametrically sweeping, it has  and measured results is that the simulation is an ideal electro-
showed that the dielectric loss tangent was the key factor =~ magnetic field, ignoring the radiation loss.
for the notch depth. The larger the tan §, the bigger the elec- For multiresonator based on FR-4 PCB (Figure 10), there
tromagnetic loss of the material, resulting in a smaller notch ~ are also 6 obvious dips almost evenly distributed in the fre-
depth of the resonator. Then, three multiresonators based on ~ quency range of 1.90 GHz~2.20 GHz. However, there is a
AD-450 (tan § =0.002), FR-4 (tan 6 =0.015), and denim large deviation between the simulated and the measured
fabric (tan § = 0.114) were fabricated to verify the conclu- curves for FR-4 PCB, which may be the inconsistent dielec-
sions of the simulation. tric properties of the FR-4 materials from different batches

For multiresonator based on ARLON AD-450 PCB  or manufacturers. In addition, the dips are less sharper than
(Figure 9), there are 6 sharp dips almost evenly distributed in ~ those multiresonators of ARLON AD-450 PCB (Figure 9).
the frequency range of 1.90 GHz~2.20 GHz. And the notch ~ The main reason is that the material FR-4 has a larger loss
depths are in the range of -5dB to -10dB. The points of reso- ~ tangent than ARLON AD-450 PCB, and there are many
nant frequency are 1.88 GHz, 1.84 GHz, 2.01 GHz, 2.07 GHz, energy wastes inside the substrate during the signal trans-
2.13GHz, and 2.18 GHz, respectively. The maximum fre- mission. Therefore, for the same resonator, the dielectric loss
quency shift of measured results is about 0.04 GHz compared  of the substrate material has a great influence on the notch
to the simulation. The overall resonant frequency offset rates  depth, which in turn affects the RF performance of the filter.

are less than 2%, which considered reasonable because the radi- For multiresonator based on common denim fabric
ation and environmental disturbances were ignored in the ideal (Figure 11), there is no obvious resonant effect during the
electromagnetic field of the simulation. The measured and sim- ~ whole resonant zone compared with the other two multireso-

ulated curves of the multiresonator based on ARLON AD-450  nators based on the materials of AD-450 and FR-4 (Figures 9
PCB are almost coincident with each other. It shows that the  and 10). In Figure 11, there are some jitters in the measured
multiresonant circuit based on the ARLON AD-450 has the  curve of S21, which should theoretically be lower than the sim-
best filtering effect. The main difference between the simulated ~ ulated curve. This may be caused by the following reasons. On
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FiGUre 7: The fabricated multiresonators on different substrates: (a) ARLON AD-450, (b) FR-4, and (c) common denim fabric. The
geometric parameters of the multiresonators are the same.

TaBLE 4: The key parameters of the above three kinds of substrates. The values of tan § are larger than the one order of magnitude from each
other.

Types Parameter (a) (b) (o)
Materials ARLON AD-450 FR-4 Denim fabric
Dielectric constant (e,) 4.50 5.20 2.16
Substrate
Loss tangent (tan §) 0.002 0.015 0.114
Thickness (mm) 1.58 1.50 0.56
Materials Copper Copper Copper
Conductor .
Thickness (mm) 0.035 0.018 0.018

Ficure 8: The measurement of RF performance for the multiresonant circuit (FR-4 PCB). The resonator was mounted to the SMA
connectors of the two ports of the ENA. The frequency response characteristics were obtained by this measurement.
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FiIGUrRe 9: The measured and simulated S-parameters of the
multiresonator based on ARLON AD-450 PCB. There are six
notch depths evenly distributed within the bandwidth, and the
measured and simulated curves are almost coincident with each
other, indicating a good filtering performance.
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FiGUure 10: The measured and simulated S-parameters of the
multiresonator based on FR-4 PCB. There is a large deviation
between the simulated and the measured curves, and the notch
depth is less sharper than that of ARLON AD-450 PCB.

the one hand, it is not accurate to use the fabric as a homoge-
neous material in the simulation with specific dielectric proper-
ties due to the large porosity in the fabric. On the other hand, the
principle of notch depth is that a quarter-wavelength U-shaped
resonator is coupled to the microstrip line to form a parallel
RLC resonant circuit, which is a weak coupling effect. As the
denim fabric has a very large loss tangent (larger than 0.1), most
of the energy wastes are inside the substrate during the signal
transmission. Thus, the coupling disappears and no filtering
effect.

Generally, for a resonant circuit, the loss mainly divides
into three categories, and they are bulk loss, dielectric loss,
and radiation loss, respectively (Equation (4) [19]). Among
them, the conductor loss is closely related to the surface

7
0
)
T 41
IS
w
_6-
-8 T T T
1.0 1.5 2.0 2.5 3.0
Freq (GHz)
- - - Simulation
—— Measurement

FIGURE 11: The measured and simulated S-parameters of the
multiresonator based on denim fabric. No notch effect indicates
that this resonator cannot achieve effective filtering.

TABLE 5: Parameters of the substrates used in fabric-based RF
devices. It shows that the dielectric loss tangents of fabric
materials vary widely.

R b e T T
[Here] Denim fabric 2.16 0.114 0.560 1.0-3.0
[20] Cotton 1.71 0.020 1.090 2.0-2.8
[21] Cotton/PES 1.64 0.028 2.808 2.0-3.0
[22] PET 1.20 0.020 1.000 2.45

[23] Polyamide 66 1.90 0.0098 0.500 2.45

[24] Kevlar fabric 2.60 0.006 0.590 0.1-1.0

resistance of the conductor. The dielectric loss is propor-
tional to the dielectric loss tangent of the substrate material.
The radiation loss is usually affected by the conductivity and
skin depth of the metal conductor.

Fiotal = K T 0 + &y (4)

where a_oc R(f) x /€., R(f) is the surface resistance; oy
o fxtan§ x /g, f is the resonant frequency; and «, o<

(1/y/mucf), o is the conductivity of the conductor.

The conductor materials of these three resonators are
copper, although the thickness is different. However, at
2 GHz, the theoretical skin depth is 1.5 ym after calculation.
As the thickness of the copper films (18 ym) is much larger
than 3 times of the theoretical skin depth, it does not affect
the conductor loss. Therefore, for these three resonators with
different substrate materials, the conductor loss and radia-
tion loss are exactly the same, and the difference of RF per-
formance of these multiresonators is only the conduct by the
dielectric loss of the substrates.



Table 5 is the parameters of the substrate used in fabric-
based RF devices. It shows that the dielectric loss tangents of
common fabrics for clothing are very large (above 0.01), and
for new high-performance fabrics such as polyamide or ara-
mid, the dielectric loss tangents are as small as the commer-
cial low-loss PCBs (as shown in Table 1). The dielectric loss
of denim fabric in this research is one to two orders of mag-
nitude larger than that of commercial PCBs. As a result, no
filtering effect achieves. Therefore, it is of great significance
to choose appropriate materials for the designs.

5. Conclusion

In this research, theoretical calculation, simulation, and
experiments were carried out to systematically discuss the
influence of dielectric loss on the RF performance of U-
shaped multiresonators. The results show that the dielectric
constant can only change the resonance frequency while the
dielectric loss tangent is the key factor for the notch depth of
resonant circuits. The bigger the tan §, the weaker the notch
depth, resulting in a bad filtering quality. Most common fab-
rics for clothing with big dielectric loss are not suitable for
the substrate materials of multiresonant circuits. Lower loss
fabrics made of high-performance synthetic fibers such as
polyamide and aramid (Kevlar®) are expected to be chosen
if properly designed. In all, this paper provides guidance
for the material selection or development of fabric-based
flexible electronic devices.
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