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Recently, high-speed and huge capacity wireless communication is increasing and there is a 
limitation in such wireless communication at microwave-frequency band (~30 GHz). Millimeter-
wave (mm-Wave) frequency band (~300 GHz) can be available in high-speed and huge 
capacity wireless communication due to its large bandwidth and its performance is expected 
to be comparable to that of optical fiber network. Especially, 60 GHz (V-band) and 70/80 GHz 
(E-band) are expected to be candidates of this application. When configuration of mm-Wave 
wireless communication systems, substrates inside system are needed to be low loss due to its 
higher frequency. Liquid crystal polymer (LCP) has lower dielectric properties and similarity 
of features with those of polyimide which is used in application of flexible printed board so that 
LCP has advantages both in higher frequency operation and fabrication. In this paper, design 
and development of several kinds of mm-Wave devices with LCP substrate are described.

1. Introduction
Recently, a progress of IoT and HD video 

transmission forces data transmission to become high 
speed and huge capacity. In some cases, not only 
optical fiber communication but also wireless 
communication should be higher performance 
because there is limitation of area for setting optical 
fiber. A mm-Wave wireless communication is one of 
candidates for this purpose due to its wider bandwidth. 
Especially, 60 GHz (V-band) and 70/80 GHz (E-band) 
are expected to be used at near future and several 
kinds of systems and devices are developed 1) 2). As 
there exists large free-space attenuation in propagation, 
substrate material is needed to be lower loss. A liquid 
crystal polymer (LCP) is low loss material due to its 
lower dielectricity and there is some similarities of its 
properties in comparison with its polyimide (PI) which 
is mainly used as substrate material for flexible printed 
circuit board so that conventional fabrication process 
and apparatus for FPC can be available. Based on 
these facts, LCP is a cost-effective material and one of 
candidates for mm-Wave application. In this paper, 
development of LCP-based mm-Wave device is 
reported.

2. LCP substrate for mm-Wave application
At microwave frequency band, FR-4 and PI 

substrates are mainly used. However, they have large 
dielectric loss due to higher dielectricity and it forces 

overall radio system to increase losses.
LCP has dielectric constant of 2.91 and dielectric 

loss tangent of 3.55 ¥ 10 -3 so that it is lower loss 
material rather than FR-4 (dielectric constant : 4.1, 
dielectric loss tangent : 1.2 ¥ 10 -2) and PI (dielectric 
constant : 2.91, dielectric loss tangent : 3.55 ¥ 10 -2). 
Figure 1 shows comparison of frequency response of 
loss between PI and LCP based microstrip line. Large 
difference in loss is appeared over 10 GHz and it can 
be said that LCP substrate is suitable rather than PI 
substrate in application for mm-Wave frequency band.

Low-temperature co-fired ceramics (LTCC), 
polytetrafluoroethylene (PTFE) and silica glass are 
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Fig. 1.   Comparison of loss of MSL between PI and LCP 
substrate.
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useful in terms of low-loss tangent. Table 1 shows 
comparison of features between those materials. 
LTCC has higher dielectric constant with lower 
dielectric loss so that compact mm-Wave device can 
be configured. But higher dielectric constant also 
causes loss and there is a difficulty in wiring with long 
distance. Moreover, in fabrication of LTCC devices 
with firing process, there is a shrinkage of circuit of 
devices so that it is difficult to fabricate precisely. 
LTCC substrate cannot be fabricated with large area 
and it influences cost of devices. PTFE has dielectric 
constant of 2.1 and loss tangent as low as 0.5 ¥ 10 -3 at 
60 GHz which exhibits significant impact on total loss 
in mm-Wave device but the processing for PTFE is 
also known to be difficult. A surface roughness is very 
low for PTFE substrate and there is low reliability in 
electroplating process. Additionally, burr generation 
occurs in drilling process. Silica glass has lower loss 
rather than other material due to its dielectric loss 
tangent similar to that of PTFE substrate. However, a 
special laser processing technique is necessary for 
conductive via-holes so that higher cost may be 
occurred in configuration of devices. Dielectric 
constant of LCP is higher than that of PTFE and 
dielectric loss tangent is higher than those of PTFE 
and silica glass substrate but CTE of LCP is similar to 
that of Cu with 18 ppm/°C so that it can provide high 
reliability when it is laminated with Cu films. 
Furthermore, LCP has a property of low water 
absorption and higher reliability in fabrication can be 

available. LCP substrate can be fabricated with large 
area and roll-to-roll process which is used in production 
of FPC can also be available. From above, cost-effective 
mm-Wave device can be configured and LCP is one of 
material suitable for mm-wave application.

3. Development for mm-Wave devices

3. 1    Mode converter between microstrip line and 
PWW

Microstrip line has simpler transmission line and 
there is an easiness to connect to RFIC from microstrip 
line but it has higher conductor loss and it is difficult 
to configure with lengthy structure. In contrast, 
dielectric loss of post-wall waveguide (PWW) becomes 
dominant rather than that of conductor loss and lower 
attenuation can be available when lower dielectric 
substrate material is used. In this section, mode 
converter between microstrip line (MSL) and PWW 
suitable for application to antenna-in-package (AiP) at 
mm-Wave frequency band which is preferable for 
integration of radio systems 3). Figure 2 shows 

Fig. 2. Configuration of MSL-PWW mode converter.
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Panel 1. Abbreviations, Acronyms, and Terms.

IoT–Internet of Things 
Connection between all kinds of things via 
internet.

LTCC–Low Temperature Co-fired Ceramics 
Ceramics suitable for higher frequency operation 
with higher dielectric constant and low loss 
tangent.

PTFE–Polytetrafluoroethylene 
Fluorine based resin suitable for higher frequency 

operation with lower dielectric constant and low 
loss tangent.

CTE–Coefficient of Thermal Expansion
PWW–Post-Wall Waveguide 

Planar type waveguide in substrate surrounded 
by via-hole.

FR-4–Flame Retardant Type 4 
Cost-effective substrate material used for 
microwave frequency band.

Table 1.   Comparison of features among several materials for 
higher frequency band.

LTCC LCP Silica glass PTFE

er 5.9~9.1 2.91 3.8 2.1

tand 4.0 ¥ 10 -3 3.5 ¥ 10 -3 0.8 ¥ 10 -3 0.5 ¥ 10 -3

CTE [ppm/°C] 6 0-40 0.4-0.5 40

Machinability 〇 ◎ △ △
Surface 

roughness
Rough Rough Smooth Smooth

Work size Small Large Small Large
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proposed MSL-to-PWW mode converter on LCP 
substrate. In this structure, multi-layered substrate 
which is composed of microstrip line layer with 25 um 
thickness and PWW layer with 175 um thickness is 
employed and the device is designed and optimized 
for 60 GHz band application. By using multi-layered 
structure, it is easy to make design and optimization of 
microstrip line and PWW due to independence of 
design and optimization. The mode conversion is 
realized by anti-pad around bottom side of via-hole in 
LCP substrate and isolation from conductor is done by 
resist. This proposed structure has only thorough-type 
via hole including move conversion part and blind via 
hole which is mainly used in conventional mode 
converter 4) is not used so that cost-effective structure 
can be available. Figure 3 shows simulated and 
measured S-parameters in proposed mode converter. 
Simulation is done by HFSSTM. Reasonable agreement 
is obtained between simulation and measurement and 
it is found that precise fabrication is achieved. Mode 
converters with several kinds of length are fabricated 
and their S-parameters are measured. Based on their 
results, loss per unit length at 60 GHz is calculated 
with 0.12 dB/mm. This mode converter can be 
configured with cost-effective and lower loss 
connection between RFIC and antenna so that 
reasonable AiP can be realized at mm-Wave frequency 
band.

3. 2  Corporate-feed microstrip array antenna

Array antenna is divided into series-feed and 
corporate-feed type. In series-feed type array antenna, 
distance between feeding point and antenna element 
is small so that gain enhancement can be expected but 
there is a difference regarding distance among feeding 
point and each antenna element and input power and 
phase difference among each element at operating 
frequency is occurred. As a result, beam tilting is 
occurred to degrade the performance on data 
transmission at fixed point wireless application in mm-
Wave frequency band. In corporate-feed structure, 
zenith angle of beam in an array antenna has no 
dependency on operating frequency by the same path 
and power to each element in the feeding circuit. 
Especially, corporate-feed array antenna is suitable for 
E-band application which is mainly used for fixed point 
wireless application in mm-Wave frequency band. 
Figure 4 shows LCP-based corporate-feed microstrip 
array antenna for the lower E-band (71-76 GHz) 5). In 
proposed antenna, multi-layered structure which is 
composed of a feeding circuit layer and an antenna 
layer is employed and external input to the feeding 
circuit layer is done by rectangular waveguide. As 
proposed antenna is designed for lower E-band, WR-
12 waveguide is used for external input. Excitation 
from the feeding part to the antenna part in proposed 

structure is done by using aperture coupling with slots 
at internal part of multi-layered substrate. This reduces 
influences from feeding line to the antenna 
performance due to separation from each other 6). 
From Fig. 4 (a)-(b), the mode transition is located on 
the center of the feeding line and it contributes to 
broadband operation by optimizing shape of the 

Fig. 3.   Calculated and measured S-parameters of MSL-PWW 
mode converter.
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Fig. 4. Corporate-feed microstrip array antenna.
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transition 5). Figure 5 shows input and radiation 
characteristics of proposed antenna. Input 
characteristics show comparison between simulation 
and measurement results and reasonable agreement 
is obtained between them. Additionally, impedance 
bandwidth at lower E-band (71-76 GHz) is also 
obtained. There are three kinds of radiation pattern at 
74, 75, 76 GHz in measurement. Peak gain exists at an 
angle of 0 degree at each frequency so that a fixed 
beam radiation is demonstrated in the proposed 
structure. Peak gain around 10 dBi in each frequency 
is also observed.

In this section, microstrsip array antenna which can 
be used as one with steady beam radiation is 
demonstrated.

3. 3  Multi-layered bandpass filter

By using multi-layered substrate with inductive and 
capacitive layer which is patterned periodically, 
frequency selective surface can be realized. Spatial 
bandpass filter and planar lens can be realized by 
frequency selective surface and gain enhancement 
and beamforming which cannot be realized by antenna 

or filter itself can be expected. Especially, broadband 
operation and lower loss are required at mm-Wave 
band. Figure 6 shows proposed frequency selective 
surface with multi-layered LCP substrate 7). The 
proposed structure is composed of capacitive layer 
(C-layer), inductive layer (L-layer) with periodic 
pattering and LCP dielectric material. In this 
investigation, 6 C-layers and 4 L-layers are sandwiched 
by 250 µm-thick LCPs. In L-layer and C-layer, strips is 
patterned with different direction from each layer and 
dimension is decided from filter response with 
transmission line theory. Figure 7 shows comparison 
between simulated and measured transmittance of the 
proposed filter with perpendicularly entered electric 
field excited from a horn antenna. Good agreement is 
obtained between them and realization of 6.5 GHz 3 
dB bandwidth is confirmed. Practical structure is 
realized with 10-layered LCP substrate by fabrication 
and evaluation.

4. Conclusion
In this paper, features of LCP have been introduced 

for mm-Wave applications and some devices based on 

Fig. 5.   Input and radiation characteristics for corporate-feed 
microstrip array antenna.
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Fig. 7. Transmittance characteristics for band-pass filter.
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the LCP substrate have been reviewed. LCP has lower 
dielectricity and cost-effective feature due to large area 
fabrication and availability of roll-to-roll process. LCP-
based microstrip to post-wall waveguide converter is 
proposed and it is suitable for integration of antenna 
and connection of RFIC. Precise fabrication is 
demonstrated by measurement and evaluation of 
fabricated one and propagation loss of device is 
calculated. Corporate-feed microstrip array antenna is 
also proposed with multilayered LCP substrate. 
Broadband operation and fixed-beam radiation are 
obtained by optimization of antenna design itself and 
external feeding circuit structure and performance is 
also demonstrated by measurement. Multi-layered 
LCP bandpass filter is also proposed and fabricated. 
Filter is realized by using design principle of frequency 
selective surface and desired characteristics are 

measured. In conclusion, LCP has a potential for 
appropriate material for mm-Wave applications.
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