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In this work, a fishbone-type transmission line
employing a comb-type ground plane (FTLCGP) was
fabricated on polyethersulfone (PES) substrate, and its RF
characteristics were thoroughly investigated. According to
the results, it was found that the FTLCGP on PES showed
periodic capacitance values much higher than other types
of transmission lines due to a coupling capacitance
between the signal line and ground, which resulted in a
reduction of wavelength and line width. Using the
theoretical analysis, we also extracted the bandwidth
characteristic of the FTLCGP on PES. According to the
result, the FTLCGP structure showed a cut-off frequency
of 280 GHz.
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1. Introduction

Flexible electron devices have been employed for
applications such as flexible displays, smart tags, and wearable
products [1]. Recently, RF applications of flexible electron
devices have drawn attention due to the demand for the
development of foldable wireless communication devices.
Compared with other flexible materials, polyethersulfone
(PES) showed better heat-resisting properties and higher
transparency [2]-3]. In addition, PES shows good water-
resistant qualities [2]. For these reasons, PES has been
employed in flexible Monolithic Microwave Integrated
Circuits (MMICs) [4]{5]. The coefficient of thermal
expansion and glass transition temperature of PES is 49.1 ppm/K
and 228°C, respectively, and the dielectric loss tangent and
relative permittivity of PES is 0.001 and 3.5, respectively.
Silicon substrate is a widely used commercial semiconducting
material. So, the electrical characteristics of many new
materials are often compared to those of silicon. The electrical
properties of PES were also compared with the silicon
substrate. According to our previous results, [4]H5], it was
found that the insertion loss of PES was much lower than that
of silicon substrate. To reduce the size of the RF device on
semiconducting substrate, we should use a transmission line
with a short wavelength. However, the wavelength of the
transmission line on PES was much longer than that on
conventional semiconducting substrate, such as silicon, due to
its low effective permittivity [4]. Usually, a transmission line
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with low impedance is required for the impedance matching of
a transistor in high frequency due to the low input and output
impedance of transistors. However, the transmission line on
PES showed a characteristic impedance much higher than that
shown on conventional semiconducting substrate.

For a PES substrate of thickness 200 pum, a coplanar
waveguide having a line width of 50 um and gap (a gap
between line and ground) of 65 pum on the PES showed a
characteristic impedance higher than 100 Q. Therefore, a
transmission line with a very wide line width is required to
perform the impedance matching of transistors with low input
and output impedance [4]. For this reason, the passive
components on a PES substrate have to be a little larger in size
than those on a conventional semiconducting substrate. To
solve the above problem, the fishbone-type transmission line
(FTTL) was proposed, and its RF characteristics were
evaluated [4]. According to the results in [4], the FTTL on the
PES showed an effective permittivity (&g) that was much
higher than that shown by a conventional coplanar waveguide
on PES, and this resulted in a reduction in wavelength. In
addition, the FTTL on the PES showed a lower characteristic
impedance than that of the coplanar waveguide on PES due to
an enhancement of the periodic capacitance.

Recently, we have proposed a fishbone-type transmission
line employing a comb-type ground plane (FTLCGP) for a
further reduction of the RF device on PES [5]. The size of
the impedance transformer employing the FTLCGP was
highly reduced compared with the conventional one [5]. For
application to various on-chip components on flexible MMICs,
the basic characteristics of the FTLCGP structure on PES
should be thoroughly explored. However, an extensive
investigation of the basic characteristics of the FTLCGP
structure on PES has not yet been performed.

In this work, basic RF characteristics of FTLCGP on PES
are theoretically studied using a simple equivalent circuit and
closed-form equations. Concretely, RF characteristics such as
impedance and bandwidth are extracted from the theoretical
analysis, which offered a design guideline for passive
components employing FTLCGP. According to our results, we
found that the theoretical results showed good agreement with
the experimental ones. The basic RF characteristics of the
FTLCGP structure obtained from the experimental and
theoretical analysis indicated that the FTLCGP structure can be
effectively used for a development of RF components on
flexible PES substrates.

II. FTLCGP Structure on PES

Figure 1 shows the structure of the FTTL [4] on PES. The
conventional coplanar waveguide has only a periodical
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Fig. 1. Structure of FTTL on PES [4].

capacitance, C,, between line and ground plane, while the
FTTL has an additional periodical shunt capacitance, Cpys [4]-
In addition, the coplanar waveguide has only a periodical
inductance, L,, due to the current flowing across the signal line,
while the FTTL has an additional inductance, Lpys, due to the
current flowing across the PMS. The FTTL on PES showed a
much higher periodic capacitance and inductance than that of a
conventional coplanar waveguide on PES, which led to a
reduction of wavelength and characteristic impedance [4].

In this work, a modified structure, FTLCGP, was fabricated
on PES for a further reduction of wavelength and characteristic
impedance. The wavelength and characteristic impedance of a
transmission line can respectively be expressed as follows [6]:

2n 2n
A=—= ) 1
B wJLC @
L
Z,= C’ 2

where @, L, and C are the angular frequency, periodic series
inductance, and shunt capacitance of the transmission line,
respectively. In particular, C is a periodic shunt capacitance due
to a coupling between the signal line and ground. From the
above equations, we can see that the periodic shunt capacitance
between the signal line and ground should be increased to
reduce wavelength and characteristic impedance. In the
proposed FTLCGP, a periodic ground structure was employed
to enhance the periodic shunt capacitance. Figure 2 shows the
structure of the FTLCGP. As shown in this figure, the FTLCGP
consists of a fishbone-type center line and comb-type ground
planes. The fishbone-type center line consists of a signal line
and periodic metal strips (PMSs), and the comb-type ground
plane consists of a ground plane and periodic ground strips
(PGSs). The PMSs are placed alternately with the PGSs.
Therefore, compared with the FTTL, the FTLCGP has an
additional shunt capacitance between the signal line and
ground () due to an electromagnetic coupling between the
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Fig. 2. Structure of FTLCGP on PES.

PMSs and PGSs, which increases the total periodic shunt
capacitance. Therefore, the total periodic shunt capacitance of
the FTTL and FTLCGP can be expressed as follows:

C, +C

PMS> (3 )

CFTTL

Crricar = G, + Coys + G- “)

In the FTTL structure, there is a coupling capacitance between
the PMSs. However, to contribute to a reduction in wavelength,
the coupling capacitance should exist between the signal line
and ground, because the C in (1) and (2) is the shunt
capacitance between the signal line and ground. From (1) and
(2), we can obtain the following equation:

c- Lt _p _ 1 2=

. 5
z}) w0Z, wZ, A ©)

Using (5), we extracted the periodic shunt capacitance.
Figure 3 shows the periodic capacitance of the various
transmission lines on PES. For a fabrication of FTTL and
FTLCGP on PES, titanium (Ti) was deposited on the PES to
provide good adhesion firstly, and then gold (Au) was
deposited over the Ti to reduce the resistance; the total
combined thickness of the Au and Ti was 2 um. For the FTTL,
the length and width of a PMS is 160 um and 30 pum,
respectively, and the signal line width, ¥, is 70 um. For the
FTLCGP, the length and width of both the PMSs and the PGSs
is 160 um and 30 pum, respectively; the distance between the
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Fig. 3. Measured equivalent periodic shunt capacitance per unit
length of various transmission lines on PES.

PMSs and PGSs is 30 um; and the signal line width W is
70 pm.

As shown in this figure, FTLCGP exhibits a much higher
capacitance than other structures. Concretely, the FTLCGP
shows capacitance values ranging from 0.18 pF/mm to
0.19 pF/mm in the frequency range 5 GHz to 50 GHz, while
the FTTL shows capacitance values ranging from 0.12 pF/mm
to 0.137 pF/mm in the same frequency range. The above
results reveal that using the FTLCGP structure leads to a
further reduction of wavelength and characteristic impedance
due to an enhancement of the periodic capacitance.

III. RF Characteristics of FTLCGP Structure on PES

Table 1 shows the wavelengths for various transmission lines
on PES and silicon substrate. As shown in this table, the
FTLCGP on PES exhibits shorter wavelengths than other
transmission lines. In particular, compared with the FTTL on
PES, the FTLCGP on PES shows a further reduction of the
wavelength. The wavelength of the FTTL on PES is 2.23 mm
at 50 GHz, while the wavelength of the FTLCGP on PES is
1.91 mm at the same frequency, which is 85.7% of the FTTL
on PES. Compared with other transmission lines, the
wavelength of the FTLCGP on PES is respectively 48.5% and
77.0% of the coplanar waveguide on PES and of the coplanar
waveguide on silicon, at 50 GHz.

From Fig. 2, we can see that an increase in the length of a
PMS results in an enhancement of the periodical shunt
capacitance Cpys, due to an increase to the open stub length,
and an enhancement of coupling capacitance Cj,, due to an
increase in the coupling area between a PMS and PGS.
Therefore, the characteristic impedance of the FTLCGP, Z,,
can be easily controlled by changing the length of the PMSs,
because Z; depends on the periodic shunt capacitance and
series inductance of the transmission line, as shown in (2). The
dependence of Z; on the length of a PMS is shown in Fig. 4,
where the signal line width W was fixed at 70 um. For a
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Table 1. Wavelengths of various transmission lines on PES and

Table 2. Insertion loss of FTLCGP and coplanar waveguide on PES

silicon substrate. with a length of /4.
Frequency FTLCGPon | FTTL on CPW on CI?W on Frequency FTLCGP on PES CPW on PES
PES PES PES silicon 10 GHz 159 dB 134 dB
10 GHz 9.22 mm 9.79 mm 18.0 mm 104 mm 20 GHz 175 dB 155dB
20 GHz 4.81 mm 5.11 mm 9.29 mm 5.71 mm 30 GHz L13dB 169 dB
30 GHz 3.25 mm 3.56 mm 6.33 mm 3.99 mm 40 GHz 1.00dB 153 dB
40 GHz 240 mm 2.76 mm 4.85 mm 3.04 mm
50 GHz 1.91 mm 223 mm 3.94 mm 248 mm
and the total line width is 0.53 mm. The above results indicate
that using the FTLCGP can lead to a further reduction of
device size on PES.
A Until now, various types of periodic structures have been
% FITL on PES studied for application to RF circuits [7]-[13]. In particular, a
§ 100 slow-wave structure with an FTLCGP was fabricated on a
% ol PCB for use with a low-impedance transmission line in S-band
3 FTLCGP on PES 3 [7]. The slow-wave structure successfully operated as a
*g 60 |- transmission line up to S-band. However, slow-wave structures
%‘ on conventional PCBs, such as Teflon, show very narrow band
40, =5 o s 200 characteristics and very high losses in high-frequency ranges.

PMS length (um)

Fig. 4. Characteristic impedance of FTLCGP structure on PES.

comparison, we also plotted the Z, of the FTTL. As shown in
this figure, an FTLCGP with various characteristic impedance
can be realized on PES substrate by changing only the length
of the PMSs. From the above result, we must pay attention to
one important result. As mentioned before, the transmission
line on the PES showed a much higher characteristic
impedance than that on a conventional semiconducting
substrate. Therefore, a transmission line with a very wide line
width is required for low impedance matching applications [4].
The FTTL on PES showed a characteristic impedance that was
lower than that of a conventional coplanar waveguide on PES
[4]. According to the above result, however, the FTLCGP
shows a further reduction of characteristic impedance
compared with the FTTL, which originates from an increase in
the periodic shunt capacitance. In other words, compared with
the FTTL, the periodic shunt capacitance of the FTLCGP was
enhanced due to the coupling between PMSs and PGSs, and
from (2), we can see that an increase to the periodic shunt
capacitance reduces the characteristic impedance. Therefore, if
a transmission line with the same characteristic is fabricated on
PES, then the line width of FTLCGP is much narrower than
the FTTL. Concretely, the PMS length of the FTLCGP with a
Zyof 61 Q is 0.15 mm, and the total line width is 0.37 mm,
while the PMS length of the FTTL with the same 7 is 0.23 mm,

ETRI Journal, Volume 37, Number 1, February 2015
http://dx.doi.org/10.4218/etrij.15.0114.0244

However, the FTLCGP fabricated on PES showed a very low
loss up to the millimeter wave range. Table 2 shows the
insection loss of the FTLCGP and coplanar waveguide on PES.
For a fair loss comparison, two transmission lines of the same
electrical length should be compared, because the wavelengths
of the two transmission lines are different from each other.
Therefore, the loss of two transmission lines of length A/4 were
compared. As shown in this table, the FTLCGP on PES shows
a low loss, which is comparable to the coplanar waveguide on
PES. Concretely, the FTLCGP on PES shows a loss of 1 dB to
1.75 dB in the range 10 GHz to 40 GHz, and the coplanar
waveguide on PES shows a loss of 1.34 dB to 1.69 dB in the
same frequency range. This low loss of the transmission lines
on PES originates from the good electrical insulating properties
of PES [4]. The above results indicate that the FTLCGP can be
employed for application in flexible passive devices up to the
millimeter wave frequency due to its low loss characteristic.
Incidentally, the insertion loss of the FTLCGP decreases from
20 GHz to 40 GHz. This result is caused by the characteristic
of the attenuation constant, ¢. It is known that the attenuation
constant ¢ of a transmission line on semiconducting substrate
saturates in a certain frequency range [13], which causes a
decrease in the rate of insertion loss per wavelength.

Figure 5 shows the measured propagation constant (£) of the
FTLCGP and of the other types of transmission lines on PES
and silicon substrate. According to our previous results [4], the
FTTL on PES exhibited a higher £ than that exhibited by other
types of transmission lines due to its strong slow-wave
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Fig. 5. Measured propagation constant 5 of various transmission
lines on PES and silicon substrate.

characteristic [4]. As shown in Fig. 5, however, the FTLCGP
exhibits a higher Sthan that exhibited by the FTTL. Concretely,
the FTLCGP on PES shows values of £ ranging from
0.68 rad/mm to 3.28 rad/mm in the range 10 GHz to 50 GHz,
while the FTTL on PES shows values of S ranging from
0.64 rad/mm to 2.8 rad/mm in the same frequency range. The
above result is due to the high periodic capacitance value of
the FTLCGP. According to transmission line theory, S is
proportional to the square root of the periodic capacitance,
which can be expressed in the following equations [6]:

p= a)\/,u_ =\ g€y = O\ LC, 6)

where &, 4, and &g represent the permittivity of air,
permeability, and effective permittivity of the transmission line,
respectively. From (6), we can see that the higher the value of
the periodic capacitance, the higher the value of £. As shown in
Fig. 3, the FTLCGP showed a higher periodic capacitance
value than that of the FTTL, which led to a higher value of £
The larger the value of g for the FTLCGP, the shorter the
wavelength, as shown in Table 1.

We also investigated the effective permittivity g of the
FTLCGP on PES. The &g was obtained from the following

equation:
2
. = 2n 1
eff W, i £OILIO s

where A and g4 represent the wavelength of the transmission
line and permeability of air, respectively. Figure 6 shows the
effective permittivity &g of the FTLCGP and other types of
transmission lines. As shown in Fig. 6, the FTLCGP displays a
higher effective permittivity than that displayed by the FTTL
and coplanar waveguide on PES, due to its strong slow-wave
characteristic. Concretely, the FTLCGP displays an & of 9.46
to 10.6 in the range 5 GHz to 50 GHz, while the FTTL displays
an &g of 7.2 to 9.5 in the same frequency range. In particular,
the FTLCGP on PES exhibits a higher ¢ than that exhibited

@)
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Fig. 6. Effective permittivity &g of various transmission lines on
PES and silicon substrate.

by the coplanar waveguide on silicon substrate in a frequency
range higher than 10 GHz. Therefore, for the fabrication of
passive components, using the FTLCGP enables a further
reduction of component size compared with other types of
transmission lines, because the higher the & of the
semiconducting substrate, the smaller the component size on
the semiconducting substrate [6]. From Fig. 6, we can see that
the coplanar waveguide on silicon substrate exhibits a strong
frequency dispersion characteristic. Generally, a slow-wave
mode of propagation, as well as a quasi-transverse
electromagnetic (quasi-TEM) mode, exists on oxide/silicon
substrate, which leads to a strong frequency dispersion
characteristic [13]. On the other hand, the transmission line on
PES exhibits a very weak frequency dispersion characteristic
due to its dominant quasi-TEM mode on the metal/high-
insulating substrate structure [14]. Notably, in spite of its
composite periodic structure, the FTLCGP exhibits a
frequency dependency that is weaker than that exhibited by the
FTTL and has good frequency dispersion characteristics
comparable to the coplanar waveguide on PES. This can be
explained as follows. As mentioned before, there is a coupling
capacitance between the PMSs of the FTTL structure.
However, this coupling capacitance is only a parasitic
capacitance, and as such, it cannot contribute to a reduction of
wavelength. Therefore, this parasitic capacitance causes a
relatively strong frequency dispersion characteristic. However,
there is a coupling shunt capacitance between the signal line
and ground in the FTLCGP, which is a part of the equivalent
shunt capacitance of the transmission line, not a parasitic
capacitance. This shunt capacitance doesn’t cause a strong
frequency dispersion, and it only contributes to a reduction of
wavelength [6]. The above results reveal that the FTLCGP
structure on PES can be effectively used for broadband
applications due to its very weak frequency dispersion
characteristic. Using the effective permittivity equation model
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of the coplanar waveguide, we also extracted the relative
permittivity of the PES from the effective permittivity shown in
Fig. 6. According to the result, the relative permittivity of the
PES was 3.4 to 3.6 in the above frequency range.

IV. Theoretical Analysis of FTLCGP Structure on
PES

In this work, the RF characteristics of the FTLCGP on PES
were theoretically studied using a simple equivalent circuit [6]
and closed-form equations. Concretely, RF characteristics, such
as impedance and bandwidth, were extracted from the simple
theoretical analysis. The FTLCGP structure can be expressed
as the periodically loaded line shown in Figs. 7(a) and 7(b), and
Crricgp 18 the periodical capacitance of the FTLCGP structure,
which is shown in Fig. 3. In this figure, d is the length of a unit
cell in the periodic structure, which for the FTLCGP, is equal to
120 pum. The periodically loaded line shown in Fig. 7(a) can
also be expressed by the periodical susceptance, jb, shown in
Fig. 7(b). The periodical susceptance jb is given by

Jb=JoCrry o 1 Yy = JOCryy ey (8a)

b= aCpicarZys (8b)

where @ and Z; are the angular frequency and characteristic
impedance of the transmission line without periodic structure,
respectively.

For a theoretical analysis of the transmission line employing
FTLCGP, we begin by studying the propagation characteristics
of the equivalent circuit shown in Fig. 7(b). Each unit cell of
this line is of length d, with a shunt susceptance across the

d
+—>

1

CFTLL(JP

- T

CFTLCG CFTLC("P CFTL(‘UP CFTL( "GP

1
-
i

(a)

—l i

1, n+]
—>
- +

" l
'<—>

/ d

Zo, k

Unit cell

(b)

Fig. 7. Equivalent circuit of FTLCGP structure on PES: (a) an
equivalent circuit with periodically loaded capacitor C,
and (b) an equivalent circuit with periodically loaded
susceptance jb.
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midpoint of this length, and the susceptance jb is normalized to
the characteristic impedance, as shown in (8b). From Fig. 7(b),
we can relate the voltages and currents on either side of the nth
unit cell using the following ABCD matrix:

Viol_|4 B[V
In - C D In+] ’

where 4, B, C, and D are the matrix parameters for the unit cell
shown in Fig. 7. The unit cell consists of two lines of length d/2
and susceptance b. In addition, in (9), 7, and V), are the current
and voltage at the input of nth unit cell shown in Fig. 7,
respectively, and 7,.; and V., are the current and voltage at the
output of the (n+1)th unit cell, respectively.

The matrix parameters can be given by [6]

kd . . kd kd

4 B ~ COS? ]Slll? 1 0 C087

C D| |..  kd kd |[jb 1| .. kd
_]SlIl? COS—

jsin— cos—
2 2

©

jsin—
. 2

(cos kd —%sin kd) j(sin kd +gcos kd —%)

j(sin kd +écos kd +2) (coskd —ésin kd)
2 2 2
(10a)
kd = w\|LC,d = 0\ 4y6,E s A, (10b)

where 14 and & are the permeability and permittivity of air,
respectively. The effective permittivity &g is shown in Fig. 6.
In Fig. 7, the transmission line with a length of d/2 can be
expressed by an LC equivalent circuit, and the C, was
considered when the propagation constant (k) of the line itself
was calculated using (10a) and (10b). Using the propagation
constant y of the guided wave on the periodically loaded
microstrip line gives

Viw =V,e7", (11a)
I, =1e"". (11b)
Using (9), (11a), and (11b) gives [6]
Vn _ A B Vn+1 _ V,H]e;/d
In - C D In+l - In+1eyd ’
(12)

A—e™ B Voal [0
c D-¢|I.,] o]
For a nontrivial solution,

AD+¢e —(A+D)e’™ —BC =0.

Since AD — BC =1 for a lossless network, the above equation
can be expressed as

1+e7 —(4+ D) =e7 +e’* —(4+D)=0. (13)
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Using (10) and (3) gives

—yd yd
e +e/

e (A+D)

=coshyd = = (coskd —%sin kd), (14)
where (10) was used for the values of 4 and D. Since the
propagation constant y of the guided wave on the periodically
loaded microstrip line consists of real and imaginary parts, it
can be represented by

(15)

Thus, from (14) and (15), the following expression can be
obtained:

y=a+]jp.

cosh yd = coshad cos d + jsinh ad sin fd = cos kd —%sin kd.

(16)
Since the right-hand side of (16) is real, we should have either
sinh ad = 0 or sin /& = 0. If the attenuation constant ¢ is 0, then
this corresponds to the case of a non-attenuating propagation
wave on the periodic structure and defines the passband of the
structure. Then, (16) can be expressed as follows:

cosh jAd = cos fd = cos kd —gsin kd = cos kd — Xkd sin kd,

(17a)
X — [ CFTLCGPZO .
2\ N & d

Note that there are an infinite number of values of /£ that can
satisfy (17). If the attenuation constant « is not zero, then the
wave is attenuated along the line, and this case corresponds to
that of a stopband. In this case, (16) reduces to

where (17b)

(18)

Thus, depending on the frequency and normalized susceptance
values, the periodically loaded line will exhibit either
passbands or stopbands, and as such, it can be considered as a
type of filter. Figure 8 shows the passbands and stopbands
calculated from (17) and (18). Using (8), (17), and (18), we can
obtain the bandwidth of the pass- and stopbands from the /A -
kd graph of Fig. 8. The bandwidths of the FTLCGP structure
are summarized in Table 3. In this table, the first passband
corresponds to a practical bandwidth. From the table, we can
see that the FTLCGP structure has a cut-off frequency of
280 GHz, which means that it can be used as a transmission

line in millimeter wave and microwave frequencies.

From (17), we can obtain the following equations:
= cos"(coskdc; Xkd sin kd)’ (19)

2n 2nd
B cos ' (coskd — Xkd sinkd)’

coshad = |cos kd — Xkd sin kd| >1.

A= (20)
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Table 3. Bandwidths of FTLCGP structure on PES.

Frequency range (GHz)| Bandwidth (GHZ)
First passband < 280 280
First stopband 281-759 479
Second passband 760-860 101
Second stopband 861-1,518 658
kd = N & Eird
A
2nd passband #
A
1st stopband
\ 4
X
Ist passband
» fd

Fig. 8. Passbands and stopbands calculated from fd-kd relations
of (17) and (18).
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Fig. 9. Measured and calculated propagation constant of FTLCGP
on PES.

From the above equations, we can calculate the propagation
constant and wavelength. Figures 9 and 10 show the
propagation constant and wavelength calculated from the
above equations, which were compared with measured results.
Form this, we can see that the calculated results show good
agreement with the measured ones, which indicates that the
above theoretical method is fairly accurate.

Besides the propagation constant of the waves on the
periodically loaded line, we are also interested in the
characteristic impedance for these waves. We can define the
characteristic impedance at the unit cell terminal as

14

_ n+l
ZB - ZO >

7 @D

n+l
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since V,.; and I,;; in the above derivation are normalized
quantities. Equation (12) can be expressed as

(A-e YW, +BI

n+l nil 0 (22)

If the ratio of voltage to current obtained from (22) is
substituted into (21), then we can obtain following equation:
-BZ
7, =% (23)
(4-e")
From (13), we can solve for ¢ in terms of 4 and D to achieve
the following:

o :(A+D)i«/(A+D)2—4
> :

Because 4 is equal to D (4 = D), using (10), (23), and (24)
gives

@4

(sinkd + %cos kd — 12))‘ -Z,

Z, = 25)

\/l —(cos kd —gsinkd)2

The characteristic impedance, Zp, can be calculated from
(8) and (25). Figures 11(a) and 11(b) show the calculated
characteristic impedance and measured return loss for the
FTLCGP on PES. In Fig. 11(b), the return loss was measured
with a port impedance of 58 2 from 0.1 GHz to 50 GHz, and
the return loss values ware less than —25 dB in this frequency
range, which means that the measured characteristic
impedance is 58 €. From this result, we can see that the
calculated result shows good agreement with the measured one.

We also calculated the effective permittivity &g of the
FTLCGP on PES. Using (7) and (20) leads to the following
equation:

| cos™(coskd — Xkd sin kd) ’

£, : (26)
' d\J& 14
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Fig. 12. Measured and calculated effective permittivity &g of
FTLCGP on PES.

Using (26), we calculated the effective permittivity.
Figure 12 shows the measured and calculated effective
permittivity of the FTLCGP on PES. As shown in this figure,
the calculated result shows good agreement with the measured
one.

V. Conclusion

In this work, we investigated the RF characteristics of the
FTLCGP structure on PES substrate. The FTLCGP on PES
exhibited much higher periodic shunt capacitance values than
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those exhibited by other types of transmission lines due to the
coupling capacitance between the PMSs and PGSs, which
resulted in a further reduction of wavelength. For example, the
wavelength of the FTLCGP on PES was 1.91 mm at 50 GHz,
which was 85.7% of the FTTL on PES and 48.5% of the
coplanar waveguide on PES. The characteristic impedance
Zy of the FTLCGP structure could be easily controlled by
changing only the length of the PMSs. The FTLCGP showed a
lower characteristic impedance than that shown by the FTTL
due to its higher periodic shunt capacitance, which resulted in a
reduction of line width. Concretely, the total line width of the
FTLCGP with a Z, of 61 Q was 0.37 mm, while the total line
width of the FTTL with the same Z; was 0.53 mm. According
to the results, we can see that, compared with the FTTL, the
FTLCGP is more suitable for RF applications due to its shorter
wavelength and narrower line width. The FTLCGP on PES
exhibited a low loss of 1 dB to 1.75 dB in the range 10 GHz to
40 GHz, which was comparable to the conventional coplanar
waveguide on PES. In addition, the FTLCGP structure
exhibited a much higher propagation constant £ and effective
permittivity &g than that exhibited by other types of
transmission lines on PES due to its strong slow-wave
characteristic. Notably, in spite of its composite periodic
structure, the FTLCGP showed a weaker frequency
dependency than that shown by the FTTL, as well as a good
frequency dispersion characteristic comparable to the
conventional coplanar waveguide on PES. The FTLCGP
structure showed an &g of 9.46 to 10.6 in the range 5 GHz to
50 GHz. The above results reveal that the FTLCGP on PES
can be effectively used with a broadband and low loss
characteristic in RF components.

The RF characteristics of the FTLCGP on PES were studied
using a simple equivalent circuit and closed-form equations.
RF characteristics, such as impedance and bandwidth, were
extracted from the simple theoretical analysis, which offered a
design guideline for passive components employing FTLCGP.
According to the results, it was found that the theoretical results
showed good agreement with the experimental ones. Using the
theoretical analysis, we also extracted the bandwidth
characteristic of the FTLCGP on PES. The FTLCGP structure
showed a cut-off frequency of 280 GHz, which means that it
can be used as a transmission line up to the millimeter wave
frequency range. From these results, we can see that the
FTLCGP structure on PES is a promising candidate for use
with RF transmission lines on flexible substrates.
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