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In this work, the coplanar waveguide is fabricated on a 
PES (poly[ether sulfone]) substrate for application to a 
flexible monolithic microwave integrated circuit, and its 
RF characteristics were thoroughly investigated. The 
quality factor of the coplanar waveguide on PES is 40.3 at 
a resonance frequency of 46.7 GHz. A fishbone-type 
transmission line (FTTL) structure is also fabricated on 
the PES substrate, and its RF characteristics are 
investigated. The wavelength of the FTTL on PES is 5.11 
mm at 20 GHz, which is 55% of the conventional coplanar 
waveguide on PES. Using the FTTL, an impedance 
transformer is fabricated on PES. The size of the 
impedance transformer is 0.318 mm × 0.318 mm, which is 
69.2% of the size of the transformer fabricated by the 
conventional coplanar waveguide on PES. The impedance 
transformer showed return loss values better than –12.9 
dB from 5 GHz to 50 GHz and an insertion loss better 
than –1.13 dB in the same frequency range.  
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I. Introduction 

This paper is an extension of an article previously published 
in conference proceedings [1]. Flexible electronics has drawn 
significant attention owing to its variety of applications, such as 
flexible displays, smart tags, and wearable products [2]-[9]. 
Particularly for the development of transparent flexible 
displays with mobile communication functions, RF devices 
should be integrated into transparent flexible substrates. For the 
realization of flexible monolithic microwave integrated circuits 
(MMICs), all passive devices are fabricated on the transparent 
flexible substrates, and such active devices as transistors are 
transferred to flexible substrates using a wafer transfer 
technique [10]. In other words, active devices are fabricated on 
rigid substrates, such as silicon, and then the active devices are 
transferred from the rigid substrates to flexible substrates 
through a flip chip bonding process. Before the active devices 
are transferred to the flexible substrates, the rigid substrates on 
which active devices were fabricated are made very thin by 
using an etching process because the active devices should 
have the same flexibility as the flexible substrates. 

Recently, PES (poly[ether sulfone]) has drawn attention for 
its application to transparent flexible displays due to its notable 
heat-resisting property, high transparency, and flexibility [5]-[8]. 
Concretely, the glass transition temperature (Tg) of PES is 
230°C, and it shows stable electrical and mechanical properties 
at high temperatures, which enables the fabrication of electron 
devices at a relatively high temperature [5]-[8]. For a heat-
resisting property with a short duration, electrical and 
mechanical properties of PES do not change, even at 300°C. 
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Therefore, unlike other flexible substrates, such as PC 
(polycarbonate) and PET (poly[ethylene terephthalate]), the 
soldering and bonding process for the electron devices on PES 
can be easily performed, which facilitates a packaging process 
of electron devices on a semiconducting substrate. In addition, 
a very thin PES substrate with a thickness of less than 100 m 
can be used for the fabrication of electron devices due to its 
tenacity, which is very effective for the miniaturization of RF 
components. Furthermore, PES shows a contraction ratio of 
less than 0.2%, even if it is exposed to a high temperature 
environment for a long time, which enables such a precise 
process as the microelectromechanical system process. 
Additionally, various techniques to improve the coefficient of 
thermal expansion of PES have recently been studied. 

Herein, we use the PES substrate for application in flexible 
mobile communication devices [9]. Coplanar waveguides are 
fabricated on the PES substrate, and their RF characteristics are 
extracted using theoretical and experimental analysis. In 
addition, a fishbone-type transmission line (FTTL) is properly 
designed for wavelength reduction, and its RF characteristics 
are also thoroughly investigated. In addition, a miniaturized 
impedance transformer employing the FTTL on PES is 
developed for application to flexible RF matching components.  

II. RF Characteristics of Coplanar Waveguide on PES 
Substrate 

Figure 1 shows a photograph of the coplanar waveguide 
fabricated on PES. Au/Ti is deposited on the PES substrate 
with a thickness of 200 µm, and the thickness of the Au/Ti is  
2 µm. The line width (W) is 30 µm, 50 µm, and 70 µm. The 
distance between the line and ground plane is 80 µm, and the 
width of the ground plane is 120 µm.  

We measure the insertion loss of the coplanar waveguide 
with various line widths. Figure 2 shows the measured 
insertion loss per 1 mm of the coplanar waveguide on PES. As 
shown in this figure, the coplanar waveguide on PES shows 
very low loss. Concretely, it shows an insertion loss lower than 
0.7 dB/mm up to 50 GHz. A commercial silicon substrate 
shows an insertion loss of 3 dB/mm at 50 GHz [11], [12]. The 
coplanar waveguide on a GaAs substrate shows an insertion 
loss of less than 0.42 dB in a frequency range of 5 GHz to   
25 GHz [13]. As shown in Fig. 2, the coplanar waveguide on 
the PES substrate shows an insertion loss of less than 0.45 dB 
in the same frequency range. These results indicate that the 
PES shows an insertion loss that is much lower than that of the 
silicon substrate and that is comparable to the commercial 
GaAs compound semiconducting substrate. We extract 
attenuation constant  from the insertion loss data using the 
transmission line theory. The electromagnetic wave on the 

 

 

Fig. 1. Photograph of coplanar waveguides fabricated on PES.  
 

 

Fig. 2. Measured insertion loss per 1 mm of coplanar waveguide 
on PES substrate. 
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transmission line can be expressed as follows: 

zjeEE )(
0

 ,               (1a) 

zjeHH )(
0

 ,               (1b) 

where  and  are the attenuation constant and propagation 
constant, respectively. If the electromagnetic wave propagates 
on a line with length l, insertion loss S21 can be given by 

2 2 2 2
21(dB) 10log | | | | 10 log | | , (| | 1).l j l l j lS e e e e        

 (2) 
From (2), we can obtain the following attenuation constant: 

 210.1 (dB)0.5ln[10 ] / (Np / mm).S l        (3) 

Figure 3 shows measured propagation constant  of the 
coplanar waveguide on PES. As shown in this figure, the 
coplanar waveguide on PES shows  lower than        
0.085 Np/mm up to 50 GHz, which is much lower than that of 
the silicon substrate. The commercial silicon substrate shows 
an  of 0.32 Np/mm at 50 GHz [11], [12]. This low loss of the 
coplanar waveguide on PES originates from the excellent 
electrical insulating properties. In the case that the coplanar 
waveguide is on the silicon substrate, there is a current flowing 
from the line to the ground plane through the silicon substrate 
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Fig. 3. Measured attenuation constant  of coplanar waveguide 
on PES substrate. 
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due to a relatively high conductivity of the silicon substrate, 
which causes a relatively high loss of electromagnetic energy 
[11], [12]. In the case that the coplanar waveguide is on PES, 
however, there is no current flowing from the line to ground 
plane through the PES substrate due to its excellent electrical 
insulating characteristic. We must pay attention to one point 
from the above-mentioned results. The attenuation is lowest for 
the widest line below 2.5 GHz. However, as the frequency 
increases and more energy is coupled in the substrate, the 
attenuation rises such that the narrowest line has the lowest 
attenuation above approximately 14 GHz. This tendency of the 
loss characteristic was also observed from other 
semiconducting materials [12]. 

We also investigate the quality factor (Q-factor) of the 
coplanar waveguide on PES. The Q-factor of the transmission 
line is derived from the resonance characteristic of a stub with a 
length of a quarter wavelength. The Q-factor is extracted by the 
ratio of –3-dB bandwidth to resonance frequency f0; in other 
words, Q = f0/f_3dB. This Q-factor can be obtained from a one-
port or two-port quarter wavelength open stub. Figure 4 shows 
the input admittance of the one-port open-ended coplanar 
waveguide on PES, its width 70 m and length 1,000 m. The 
one-port open-ended coplanar waveguide on PES shows a Q-
factor of 38.3 at a resonance frequency of 49.8 GHz. Using a 
two-port open-ended coplanar waveguide on PES, we also 
extract the Q-factor of the coplanar waveguide on PES to 
reconfirm the loss characteristic of the PES substrate. Figure 5 
shows two-port insertion loss S21 of the two-port open-ended 
coplanar waveguide on PES. The Q-factor is 40.3 at a 
resonance frequency of 46.7 GHz. Table 1 shows Q-factors of 
transmission lines on PES and a silicon substrate. As shown in 
this table, the transmission line on PES shows a Q-factor much 
higher than that on the silicon substrate. These results indicate 

 

Fig. 4. Measured input admittance (Yin) of one-port open-ended 
coplanar waveguide on PES. 

Y
in

 (
dB

) 

20 25 30 35 40 45 50 

–10

–20

–30

–40

Frequency (GHz) 

 
 

 

Fig. 5. Measured two-port insertion loss S21 of two-port open-
ended coplanar waveguide on PES. 
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Table 1. Q-factors of transmission line on PES and silicon substrate.

Substrate Q-factor Frequency Type Method 

PES 
(this work)

38.3 49.8 GHz 
Coplanar 

waveguide 
One-port open-ended

(f0/f_3dB) 

PES 
(this work)

40.3 46.7 GHz 
Coplanar 

waveguide 
Two-port open-ended

(f0/f_3dB) 

Silicon [12] 6.3 40 GHz 
Microstrip 

line 
One-port open-ended

(f0/f_3dB) 

Silicon [14] 13 47 GHz 
Microstrip 

line 
Equivalent circuit

(L; R) 

Silicon [14] 23 47 GHz 
Coplanar 

waveguide 
Equivalent circuit

(L; R) 

 

 
that the RF passive components on the PES substrate can be 
applied to the millimeter wave as well as the microwave due to 
its very low loss. 

Figure 6 shows the wavelength of the coplanar waveguide 
on PES. As shown in this figure, the coplanar waveguide on 
PES shows a wavelength of 4 mm to 6.2 mm from 30 GHz to 
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Fig. 6. Measured wavelength of coplanar waveguide on PES.
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50 GHz. For a high integration of an RF circuit on PES, bulky 
passive components as well as transistors should be integrated 
in the PES substrate. One of the largest RF components is the 
branch-line coupler, which is usually fabricated on a printed 
circuit board, not on a semiconducting substrate, due to its large 
size. To evaluate the integration capacity of RF passive 
components on the PES substrate, we calculate the size of 
branch-line couplers consisting of /8 transmission lines [15] 
from the wavelength. The size of conventional branch-line 
couplers consisting of /8 transmission lines on PES is listed in 
Table 2. As shown in this table, the size of branch-line couplers 
is smaller than 0.619 mm × 0.619 mm in a frequency range of 
30 GHz to 50 GHz, which indicates that bulky passive 
components can be integrated in the PES substrate with a small 
chip size in the millimeter wave frequency range. 

Figure 7 shows high frequency effective permittivity eff of 
the coplanar waveguide on PES. The effective permittivity is 
obtained from the following equation. 

2

eff

0 0

2 1
  

 
   
 

,              (4) 

where , , 0, and 0 is angular frequency, wavelength, 
permittivity, and permeability of air, respectively. As shown in 
this figure, the coplanar waveguide on PES shows the eff of 
2.35 to 2.97 from 10 GHz to 50 GHz. The coplanar waveguide 
on the silicon substrate shows a strong frequency dispersion 
characteristic [12]. This tendency originates from the existence 
of various propagation modes on the oxide/silicon substrate. 
Concretely, skin-effect mode and slow-wave mode of the 
propagation exist in addition to the quasi-transverse 
electromagnetic (quasi-TEM) mode on the oxide/silicon 
substrate, which causes a large change in eff between 1 GHz 
and 20 GHz [12]. On the other hand, as shown in Fig. 7, the 
coplanar waveguide on PES shows a very weak frequency 
dispersion characteristic compared with the silicon substrate  

Table 2. Size of conventional branch-line couplers consisting of /8 
transmission lines on PES. 

Frequency Branch-line coupler size 

30 GHz 0.619 mm × 0.619 mm 

40 GHz 0.36 mm × 0.36 mm 

50 GHz 0.239 mm × 0.239 mm 

 

 

Fig. 7. Measured eff of coplanar waveguide on PES and silicon 
substrate.
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because the quasi-TEM mode dominantly propagates on the 
metal/high-insulating substrate structure [16]. These results 
indicate that the coplanar waveguide on PES is suitable for 
broadband applications due to its very weak frequency 
dispersion characteristic. 

As is well known, the basic RF parameters of a microwave 
transmission line are expressed by a periodic capacitance (C) 
and periodic inductance (L) of an LC equivalent circuit [17]. 
Therefore, we extract the equivalent C and L from the coplanar 
waveguide on PES. For a low loss transmission line, 
propagation constant  and characteristic impedance Z0 are 
given by [17] 

LC  ,               (5) 

0
L

Z
C

 .               (6) 

Using the above equations, we can obtain the following result. 

2
0 0 0

1 2L
C

Z Z Z


  


    ,          (7) 

2 0
0

2Z
L CZ

 


   .             (8) 

Figures 8(a) and 8(b) show the equivalent C and L of the 
coplanar waveguide on PES. The coplanar waveguide with a 
line width of 70 m shows the capacitance value of 
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Fig. 8. Measured equivalent circuit parameters of coplanar 
waveguide on PES: (a) equivalent C per unit length and 
(b) equivalent L per unit length. 
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0.065 pF/mm to 0.072 pF/mm and the inductance value of  
0.42 nH/mm to 0.46 nH/mm from 5 GHz to 50 GHz. The 
coplanar waveguide with a line width of 30 m shows the 
capacitance value of 0.042 pF/mm to 0.047 pF/mm and the 
inductance value of 0.61 nH/mm to 0.67 nH/mm from 5 GHz 
to 50 GHz. As shown in this figure, as the line width becomes 
wider, the capacitance increases and the inductance decreases. 
This tendency has been observed in other semiconducting 
materials [18]. 

III. RF Characteristics of Coplanar Waveguide 
Employing Fishbone-Type Transmission Line on 
PES 

According to the measured result, the wavelength of the 
coplanar waveguide on the silicon substrate and on the PES 
substrate is 5.71 mm and 9.29 mm at 20 GHz, respectively. For 
a miniaturization of RF components, the wavelength should be 
shortened. Therefore, in this work, a transmission line 
employing a periodic structure on PES is proposed to shorten 
the wavelength because a properly designed periodic structure 
causes a slow-wave effect and reduces the wavelength [11]. 
The guided wavelength, g, for the transmission line can be  
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Fig. 9. Structure of FTTL on PES. 
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expressed as follows [17]: 

1
g

f LC
  ,                  (9) 

where L and C correspond to the periodic inductance and 
periodic capacitance of the LC equivalent circuit of the 
transmission line, and f is an operating frequency. From (9), we 
can see that periodic C and L should be increased to decrease 
g. In this work, we propose a fishbone-type transmission line 
(FTTL) on PES. Figure 9 shows the structure of the FTTL on 
PES. As shown in this figure, the FTTL consists of a fishbone-
type center line and ground planes. The fishbone-type center 
line consists of signal line and periodic metal strips (PMSs). 
The conventional coplanar waveguide has only a periodic 
capacitance Ca between the line and ground plane, whereas the 
FTTL has periodic shunt capacitance CPMS in addition to Ca 
because each PMS operates as a periodic open stub capacitor in 
the operating frequency. In addition, the conventional coplanar 
waveguide has only a periodic inductance La due to the current 
flowing across the signal line, whereas the FTTL has 
inductance LPMS in addition to La due to the current flowing 
across the PMS. Therefore, the FTTL has higher C and L than 
the conventional coplanar waveguide has, which leads to an 
enhancement of effective permittivity and a reduction of 
wavelength. To confirm this assertion, we extract the 
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Fig. 10. Measured equivalent circuit parameters of FTTL and
conventional coplanar waveguide on PES: (a)
equivalent C per unit length and (b) equivalent L per
unit length. 
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equivalent capacitance of the FTTL and the conventional 
coplanar waveguide on PES using (7) and (8). Figures 10(a) 
and 10(b) show the equivalent C and L of the FTTL structure 
and the conventional coplanar waveguide on PES. For a 
fabrication of the FTTL on PES, Au/Ti is deposited on the PES 
substrate with of a thickness of 200 µm, and the thickness of 
the Au/Ti is 2 µm. For the FTTL, the length and width of the 
PMS is 160 m and 30 m, respectively, and the signal line 
width, W, and length is 70 m and 500 m, respectively. For a 
fair comparison, the data of the coplanar waveguide with the 
same line width (70 m) is used. As shown in this figure, the 
FTTL shows capacitance and inductance values much higher 
than those of the conventional coplanar waveguide. Concretely, 
the FTTL on PES shows the respective capacitance and 
inductance to be 0.12 pF/mm to 0.137 pF/mm and 0.67 nH/mm 
to 0.77 nH/mm from 5 GHz to 50 GHz, and the conventional 
coplanar waveguide on PES shows the respective capacitance 
and inductance to be 0.065 pF/mm to 0.072 pF/mm and   
0.42 nH/mm to 0.46 nH/mm at the same frequency range. 

Figure 11 shows a comparison of wavelengths for the FTTL 

 

Fig. 11. Measured wavelength of the FTTL and conventional
coplanar waveguide on PES. 
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Fig. 12. Measured Z0 of FTLCGP structure on PES. 
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and the conventional coplanar waveguide on PES. As shown in 
this figure, the FTTL structure shows a wavelength much 
shorter than that which the conventional coplanar waveguide 
shows. Concretely, the wavelength of the conventional 
coplanar waveguide on PES is 9.29 mm at 20 GHz, whereas 
the wavelength of the FTTL on PES is 5.11 mm at the same 
frequency, which is 55% of conventional coplanar waveguide 
on PES. 

From Fig. 9, we can see that an increase of the length of 
PMS, l, results in an enhancement of periodic shunt 
capacitance CPMS due to an increase in the open stub length. 
Therefore, the characteristic impedance, Z0, of the FTTL can be 
easily controlled by changing l because Z0 depends on a C of 
the transmission line, as shown in (6). A dependence of Z0 on l 
is shown in Fig. 12, where signal line width W is fixed to    
70 m. These results indicate that miniaturized flexible RF 
components with various impedance values can be realized on 
the PES substrate by using the FTTL. 

Figure 13 shows propagation constant  of the FTTL 
structure and the conventional coplanar waveguide on PES. As 
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Fig. 13. Measured  of FTTL and conventional coplanar
waveguide on PES. 
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Fig. 14. Measured eff of FTTL and conventional coplanar
waveguide on PES. 
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shown in Fig. 13, the FTTL shows much higher propagation 
constant  than the conventional coplanar waveguide shows. 
Concretely, the FTTL on PES shows a  of 0.64 rad/mm to 
2.81 rad/mm from 10 GHz to 50 GHz, whereas the coplanar 
waveguide on PES shows a  of 0.35 rad/mm to 1.64 rad/mm 
from 10 GHz to 50 GHz. These results indicate that slow-wave 
mode exists on the FTTL due to its periodic structure, which is 
favorable for a miniaturization of RF components. 

Figure 14 shows effective permittivity eff of the FTTL and 
the conventional coplanar waveguide on PES. For a 
comparison, the eff of the conventional coplanar waveguide on 
the silicon substrate is also plotted. As shown in this figure, the 
FTTL shows a much higher effective permittivity than does the 
conventional coplanar waveguide on PES due to an 
enhancement of the C and L. Concretely, the FTTL shows an 
eff of 7.2 to 9.5 from 5 GHz to 50 GHz, whereas the coplanar 
waveguide on PES shows an eff of 2.45 to 2.97 within the 
same frequency range. In addition, it shows a higher eff higher 
than the coplanar waveguide shows on the silicon substrate at a  

Table 3. Insertion loss of various transmission lines with length of 
/4. 

Frequency FTTL on PES
Conventional 
CPW on PES 

Conventional 
CPW on silicon

10 GHz 0.86 dB 1.34 dB 2.81 dB 

20 GHz 1.31 dB 1.55 dB 2.54 dB 

30 GHz 1.44 dB 1.69 dB 2.16 dB 

40 GHz 1.18 dB 1.53 dB 1.89 dB 

50 GHz 0.91 dB 1.61 dB 1.70 dB 

 

 
frequency range higher than 10 GHz. An increase in the 
effective permittivity of the FTTL results in a reduction of the 
wavelength. 

In this work, we also investigate the loss of the FTTL. For a 
fair loss comparison, the loss of the FTTL and that of the 
conventional coplanar waveguide with the same electrical 
length should be compared because the FTTL shows a much 
shorter wavelength than the conventional coplanar waveguide 
shows. Therefore, the loss of the FTTL and that of the 
conventional coplanar waveguide with a length of /4 are 
compared, and the results are shown in Table. 3. For a 
comparison, the data of the coplanar waveguide on the silicon 
substrate is also listed because the silicon substrate is the most 
popular for application to RF components. As shown in this 
table, the FTTL on PES shows very low loss compared with 
that which the silicon substrate shows, which is comparable to 
that which the conventional coplanar waveguide on PES 
shows. 

IV. RF Characteristics of Impedance Transformer 
Employing FTTL on PES 

Using the FTTL structure on PES, a miniaturized impedance 
transformer is developed for flexible MMIC applications. 
Figure 15 shows a photograph of a single section /4 
impedance transformer on the PES substrate. Au/Ti is 
deposited on the PES substrate with of a thickness of 200 µm, 
and the thickness of the Au/Ti is 2 µm. Characteristic 
impedance Z0 of the transformer is given by Z0 = (Zc1×Zc2)

0.5 
[17], where Zc1 and Zc2 are the source impedance and load 
impedance, respectively, as shown in Fig. 15. In this work, the 
impedance transformer is designed to transform an impedance 
of 75 Ω into a standard impedance of 50 Ω. Therefore, Zc1 is 75 
Ω, Zc2 is 50 Ω, and Z0 is 61 Ω. For a Z0 of 61 Ω, the length of 
the PMS is 230 m and W is 70 m. For a center frequency of 
30 GHz, the length of the /4 transformer is 0.6 mm. Therefore, 
the size of the impedance transformer is 0.318 mm × 
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Fig. 15. Photograph of single section /4 impedance transformer
employing FTTL on PES substrate. 
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Fig. 16. Measured return loss S11 and insertion loss S21 of 
impedance transformer employing FTTL. 
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0.318 mm, which is 69.2% of the size of the transformer 
fabricated by the conventional coplanar waveguide on PES. In 
other words, if the /4 transformer with a Z0 of 61 Ω is 
fabricated by the conventional coplanar waveguide on the PES 
substrate, then W is 0.27 mm, the length of the /4 signal line is 
1.7 mm, and its size is 0.459 mm × 0.459 mm. 

Figure 16 shows measured return loss S11 and insertion loss 
S21 of the transformer. The insertion and return loss are 
measured at a port impedance of 50 Ω, and it is normalized by 
the source impedance and load impedance, Zc1 and Zc2. As 
shown in Fig. 16, there are excellent RF performances from the 
transformers. Concretely, we can observe return loss values 
better than –12.9 dB from 5 GHz to 50 GHz and insertion loss 
values better than –1.13 dB in the same frequency range. These 
results indicate that the FTTL is suitable for application to 
miniaturized flexible RF components on PES. 

V. Conclusion 

In this work, we fabricated a coplanar waveguide on a PES 
substrate for application to a flexible MMIC and thoroughly 
investigated its RF characteristics. According to the measured 
results, the coplanar waveguide on PES showed a very low 
loss compared with that which the conventional silicon 

substrate showed. Concretely, it showed an insertion loss lower 
than 0.7 dB/mm and an attenuation constant () lower than 
0.085 Np/mm up to 50 GHz. The Q-factor of the coplanar 
waveguide on PES was 40.3 at a resonance frequency of  
46.7 GHz. It showed a wavelength of 3.9 mm to 6.2 mm from 
30 GHz to 50 GHz and an effective permittivity (eff) of 2.35 to 
2.97 from 10 GHz to 50 GHz. The coplanar waveguide on 
PES showed a very weak frequency dispersion characteristic 
compared with that of the silicon substrate. We also fabricated 
the FTTL structure on the PES substrate and investigated its 
RF characteristics. According to the results, the FTTL structure 
on PES showed much higher capacitance and inductance 
values than the conventional coplanar waveguide on PES 
showed due to additional C and L, which led to a high 
reduction of wavelength. Concretely, the wavelength of the 
FTTL on PES was 5.11 mm at 20 GHz, which was 55% of that 
of the conventional coplanar waveguide on PES. The 
characteristic impedance, Z0, of the FTTL could be easily 
controlled by only changing the length of PMS, which 
indicates that miniaturized flexible RF components with 
various impedance values can be realized on the PES substrate 
by using the FTTL. The FTTL on PES also showed very low 
loss compared with that which the commercial silicon substrate 
showed due to the excellent electrical insulating properties of 
PES. In addition, the FTTL structure exhibited much higher 
propagation constant  and effective permittivity eff than the 
conventional coplanar waveguide on PES exhibited due to its 
slow-wave mode characteristic originating from the periodic 
structure. Using the FTTL on PES, we fabricated an 
impedance transformer on the PES substrate for flexible 
MMIC applications. The impedance transformer was designed 
to transform an impedance of 75 Ω into a standard impedance 
of 50 Ω. The size of the impedance transformer was 0.318 mm 
× 0.318 mm, which was 69.2% of the size of the transformer 
fabricated by the conventional coplanar waveguide on the PES. 
We observed excellent RF performances from the impedance 
transformer. Concretely, we observed return loss values better 
than –12.9 dB from 5 GHz to 50 GHz and insertion loss values 
better than –1.13 dB in the same frequency range. These results 
indicate that PES is a promising candidate for application to 
flexible MMIC in the high frequency. 
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