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PAPER
Improvement of Channel Capacity of MIMO Communication Using
Yagi–Uda Planar Antennas with a Propagation Path through a PVC
Pipe Wall

Akihiko HIRATA†a), Senior Member, Keisuke AKIYAMA†, Shunsuke KABE†, Nonmembers,
Hiroshi MURATA††, and Masato MIZUKAMI†††, Members

SUMMARY This study investigates the improvement of the channel ca-
pacity of 5-GHz-bandmultiple-input multiple-output (MIMO) communica-
tion using microwave-guided modes propagating along a polyvinyl chloride
(PVC) pipe wall for a buried pipe inspection robot. We design a planar
Yagi–Uda antenna to reduce transmission losses in communication with
PVC pipe walls as propagation paths. Coupling efficiency between the an-
tenna and a PVC pipe is improved by attaching a PVC adapter with the same
curvature as the PVC pipe’s inner wall to the Yagi–Uda antenna to eliminate
any gap between the antenna and the inner wall of the PVC pipe. The use
of a planar Yagi–Uda antenna with a PVC adaptor decreases the transmis-
sion loss of a 5-GHz-band microwave signal propagating along a 1-m-lomg
straight PVC pipe wall by 7 dB compared to a dipole antenna. The channel
capacity of a 2 × 2 MIMO system using planar Yagi–Uda antennas is more
than twice that of the system using dipole antennas.
key words: Yagi–Uda antenna, microwave propagation, MIMO, pipelines

1. Introduction

Recently, the aging of buried pipes such as water and gas
pipes has become a major issue. Demand for efficient and
nondestructive buried pipe inspection methods is increasing.
Monitoring the interior of narrow buried pipes that are in-
accessible to humans using a robot running inside the pipe
is a promising solution [1], [2]. To inspect the interior of a
buried pipe using a robot, control and sensing signals must
communicate with the robot. However, if communication
with robots is achieved with a communication cable, it will
restrict the movement of robots. If wireless communication
is used to communicate with a robot, its movement will not
be restricted by a communication cable. Various studies
about the wireless communication with a robot running in-
side the pipe have been reported [3]–[6]. However, when the
inner diameter of a pipe is narrow, communication distance
is limited due to the propagation loss of microwaves in the
pipe [7]–[11].
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To solve the issues, we investigated communication
methods using microwave-guided modes propagating along
the walls of dielectric-buried pipes. Several studies have re-
vealed that a relatively low loss transmission of microwave
signals can be achieved with microwave-guided modes,
which can propagate along fiberglass-reinforced plastic mor-
tar (FRPM) pipe walls [12]–[15]. We have demonstrated that
2.4 and 5GHz microwave signals can be transmitted several
meters along a pipe when a dipole antenna is placed in the
cross section of a dielectric buried pipe made of polyvinyl
chloride (PVC) or FRPM [8]. First, we used a commer-
cial dipole antenna widely used in 2.4/5-GHz-band wire-
less LAN terminal adapters, because we are planning to
use 2.4/5-GHz-band wireless LAN to communicate with a
buried pipe inspection robot. Additionally, we demonstrated
data transmission with microwave-guided modes propagat-
ing along a PVC pipe wall [16]. Moreover, we investigated
the use of a 2 × 2 multiple-input multiple-output (MIMO)
system to increase the channel capacity of communication
systems [8]. MIMO systems have drawn considerable atten-
tion because they can increase data rates without expanding
a frequency band with multiple antennas at transmitter and
receiver sites [17]–[22]. Because dipole antennas have a
rotationally symmetric radiation pattern with respect to the
antenna axis, many radio waves radiate outside the pipe wall
when a dipole antenna is mounted on a section of pipes.
Furthermore, it is difficult to stably bond a dipole antenna
covered by a rod-shaped cover to the pipe wall at the end face
of a buried pipe. Therefore, the use of directional antennas is
desirable in order to radiate most of its power into the wall of
a buried pipe. Additionally, because a buried pipe inspection
robot runs inside buried pipes, an antenna installed on the
robot cannot be mounted on the cross section of pipes, and
should be pressed at the buried pipe’s inner wall. Therefore,
a directional planar antenna whose radiation pattern is par-
allel to the substrate is suitable because it can be set close to
the inner wall of the buried pipe.

This study investigated a planar Yagi–Uda antenna ap-
propriate for communication with microwave-guided modes
propagating along the PVC pipe walls. We selected the pla-
nar Yagi–Uda antenna [23]–[25] as a directional planar an-
tenna whose radiation pattern is parallel to the substrate. The
Yagi–Uda antenna is a resonant-type antenna, whose radia-
tion efficiency is higher at resonant frequency than traveling
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wave type antenna, such as tapered slot antenna or Vivaldi
antenna. However, a planar Yagi–Uda antenna cannot ad-
here closely to the interior of buried pipe walls with a curved
surface. Therefore, we designed a planar Yagi–Uda antenna
with an adapter having the same curved surface as that of
buried pipes. There have been few studies that investigate the
antenna that is used to be pressed at the interior wall of the
dielectric pipe for microwave guided mode along pipe wall.
In an antenna used in contact with the inner wall of a buried
pipe, an antenna structure that generates microwave guided
modes along the pipe wall with high efficiency was investi-
gated for the first time in this paper. The planar Yagi–Uda
antenna with dielectric adaptor with the same curvature as
the dielectric pipe’s innerwall is our original structure for im-
proving the transmission characteristics ofmicrowave guided
mode along dielectric pipe wall. We evaluated the transmis-
sion characteristics of microwave-guidedmodes propagating
along the PVC pipe walls in the case of a planar Yagi–Uda
antenna with an adaptor. Additionally, we investigated the
channel capacity calculated from the transmission character-
istics of a 2 × 2 MIMO communication system.

2. Design of a Planar Yagi–Uda Antenna

Figure 1 shows a schematic of a planar Yagi–Uda antenna.
We employed a Rogers RT/duroid 5880 as the substrate for
the antenna, and the antenna pattern was made of a 0.018-
mm-thick copper thin film. The planar Yagi–Uda antenna
comprises a standard parallel stripline-fed driving dipole,
three directors, and a rectangular reflector [13]. The size and
thickness of the Rogers RT/duroid substrate are 88.8 × 44.4
and 0.78mm, respectively. The electric conductivity of cop-
per is 5.5 × 107 S/m. The dielectric constant of Rogers
RT/duroid 5880 is 2.2, and its tangent delta is 0.0009. Driv-
ing dipoles were printed on the bottom and top surfaces of
parallel substrates and connected to an SMA connector. The
directors were printed on the top surface of a substrate and
the reflectors were on the bottom surface of the substrate.

Fig. 1 Schematic of a planar Yagi–Uda antenna.

The planar Yagi–Uda antenna is used for communi-
cation using microwave-guided modes propagating along a
PVC pipe wall. Therefore, we designed a planar Yagi–Uda
antenna with an adapter having the same curved surface as
that of the PVC pipe. There are two reasons for the integra-
tion of the adapter in the planar Yagi–Uda antenna. The first
is to keep the antenna close to the inner wall of the pipe. In
order to efficiently direct the microwaves propagating along
the pipe wall to the receiving antenna, the receiving antenna
should be placed in close contact with the inner wall of the
pipe. However, even if the planar Yagi–Uda antenna with-
out the adaptor is pressed against the pipe’s inner wall, it is
difficult to maintain stable contact with the pipe’s inner wall
because the antenna is in contact with the inner wall of the
pipe only at both edges of the substrate. By using the adapter,
the antenna and the inner wall of the PVC pipe contact each
other on a plane for stable contact. Another reason is the
suppression of reflections at the interface between the PVC
pipe wall and the air. Because the surface of the inner wall of
PVC pipe is curved, an air layer is formed between the planar
Yagi–Uda antenna and the PVC pipe wall in case the PVC
adaptor is not attached to the planar Yagi–Uda antenna. In
this case, the reflection of 5GHz band signal at the interface
between the PVC pipe wall and the air occurs, which in turn
reduces the fraction of 5GHz band signal that are conducted
to the PVC pipe wall. By filling the gap between the PVC
pipe wall and the Yagi–Uda antenna with an adapter made
of PVC, the 5GHz band signal can be efficiently conducted
to the PVC pipe wall because the discontinuity in dielectric
constant between the antenna surface and the PVC pipe wall
is eliminated.

To increase transmission efficiency from the antenna to
the pipe, the adapter should be made of the same material
(PVC) as the pipes. Because antenna impedance changes
when an adapter is placed on an antenna substrate, we design
an antenna using amodel with a 4.5-mm-thick PVC substrate
attached to the antenna, as shown in Fig. 1. The dielectric
constant of PVC was 3.0, and its tangent delta was 0.02. The
length and width of the driving dipole are 12.0 and 4.74mm,
respectively. The length and width of the microstrip line are
46.77 and 3.40mm, respectively. The distance between the
directors was 5.62mm. The other parameters of the planar
Yagi–Uda antenna are shown in Fig. 1. Figures 2(a) and
(b) show the images of the top and bottom surfaces of the
planar Yagi–Uda antenna substrate, respectively. Figure 2(c)
shows an image of the planar Yagi–Uda antenna with a PVC
adaptor. To adhere closely to the interior of a pipe with
an inner diameter of 130mm, the adapter was shaped as a
cylinder with a diameter of 130mm cut 4.1mm thick from
the surface of the cylinder. The length of the PVC adaptor is
46.77mm.

We simulated the S11 parameter of the planar Yagi–Uda
antenna using a three-dimensional electromagnetic simula-
tor. The simulation results for the S11 parameters for an-
tennas with and without PVC adapters are shown in Fig. 3.
Port 1 is set at the end of the microstrip line indicated by
the green line in Fig. 1. The impedance of a microstrip line
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Fig. 2 Images of the (a) top and (b) bottom surfaces of the planar Yagi–
Uda antenna substrate (Model B). (c) Image of the planar Yagi–Uda antenna
with a PVC adaptor (Model A).

Fig. 3 Simulation and experimental results of S11 characteristics of the
planar Yagi–Uda antenna with and without a PVC adaptor.

was matched with that of the planar Yagi–Uda antenna with
a PVC adapter (Model A), resulting in an S11 of −10 dB
at 5GHz. When the PVC adapter was removed from this
Yagi–Uda antenna (Model B), the S11 was −3.3 dB at 5GHz
because the impedance of the microstrip line is no longer
matched to that of the antenna with the PVC adapter. We
designed a planar Yagi–Uda antenna without a PVC adap-
tor whose impedance matching was done at 5GHz (Model
C). The length and width of the driving dipole are 12.4 and
3.0mm, respectively. The width of the microstrip line is
3.0mm, and the distance between the directors was 8.9mm.
Simulation results of S11 for Model C is also shown in Fig. 3.
S11 of Model C at 5GHz was −9.9 dB, therefore, the planar
Yagi–Uda antenna without the PVC adaptor in Model C
shows good impedance matching at 5.0GHz.

We measured the S11 parameter of the planar Yagi–
Uda antenna with a vector network analyzer (VNA). The
measurement results are shown in Fig. 3. For the antenna
with a PVC adapter, the minimum value of S11 is −10 dB,
which is consistent with the simulation results. However,
the resonant frequency shifts to the lower frequency side
by approximately 0.3GHz. For an antenna without a PVC
adapter, the frequency response of S11 was generally consis-
tent between experimental and simulated results. Figure 4
shows the simulation results of the radiation pattern of the

Fig. 4 Simulation results of the radiation pattern of the planar Yagi–Uda
antenna with a PVC adaptor (Model A).

planar Yagi–Uda antenna with the PVC adaptor. Most of the
power radiated toward the directors, and the simulated gain
of the planar Yagi–Uda antenna was 7.7 dBi. These results
indicate that the designed planar Yagi–Uda antenna operates
directionally at 5GHz.

3. Propagation Characteristics of Microwave Signals
along the Pipe Wall

We investigated the propagation characteristics of a 5-GHz-
band microwave signal propagating along the pipe wall of
PVCpipes in the case of aYagi–Uda antenna. Figure 5 shows
the simulation results of the electric field distribution along
the 0.5-m-long straight PVC pipe for (a) dipole antennas
(Model D), (b) planar Yagi–Uda antennas without a PVC
adaptor (Model C), and (c) planar Yagi–Uda antennas with
a PVC adaptor (Model A). The inner and outer diameters
of the PVC pipes are 125 and 140mm, respectively. In the
simulation model, the inside and outside of the pipe are set
to air. The boundary conditions of the simulation model are
set to perfectly matched layer (PML) boundary. The Port 1
and Port 2 is set at the end of the microstrip line of the planar
Yagi–Uda antennas that are set at the both ends of the PVC
pipe.

The simulation model and images of the dipole antenna
(Model D) are shown in Figs. 6(a) and (b), respectively. The
dipole antenna was a dual-band antenna for 2.4 and 5GHz
band wireless LAN, and the length of the dipole antenna for
the 5GHz band was 11mm. When a dipole antenna was
employed, 5-GHz-band microwave signals were circularly
radiated symmetrically from the dipole antenna, and the ma-
jority of the radiated microwave signals did not propagate
along the PVC pipe wall. Microwave signals radiating from
the dipole antenna toward the PVC pipe propagated along the
PVC pipe wall rather than inside the PVC pipe because the
dielectric constant of PVC is higher than that of air. When
the planar Yagi–Uda antenna without a PVC adaptor (Model
C) was employed, most microwave signals radiated toward
the PVC pipe. The electric field strength along the PVC pipe
wall for Model C is larger than that for the dipole antenna
(Model D), however it is smaller than that for the planar
Yagi–Uda antenna with a PVC adaptor (Model A). We sup-
pose that the gap between the inner wall of the PVC pipe and
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Fig. 5 Simulation results of electric field distribution along a 0.5-m-long
straight PVC pipe for the cases of (a) dipole antennas (Model D), (b) planar
Yagi–Uda antennas without a PVC adaptor (Model C), and (c) planar Yagi–
Uda antennas with a PVC adaptor (Model A).

Fig. 6 (a) Simulation model of the dipole antenna attached to the cross-
section of the PVC pipe. (b) Image of the dipole antenna attached to the
cross section of the PVC pipe.

the planar Yagi–Uda antenna substrate causes the reflection
of the 5-GHz-band microwave signal in case a PVC adaptor
was not attached with the planar Yagi–Uda antenna.

Figure 7 shows the simulation results of the S21 charac-
teristics of microwave-guided modes propagating along the
1-m-long straight PVC pipe in the case of dipole antennas
(Model D); planar Yagi–Uda antennas with (Model A) and
without a PVC adaptor (Model B and C) were employed.
When the dipole antenna was used (Model D), S21 dropped
significantly below 4.7GHz because of the frequency char-
acteristics of the antenna itself, and the frequency character-

Fig. 7 Simulation results of the S21 characteristics of microwave guided-
modes propagating along a 1-m-long straight PVC pipe.

istics of S21 were practically constant above 4.8GHz. S21
at 5GHz is −25.5 dB. The S21 characteristics are improved
compared to those of the dipole antennas using planar Yagi–
Uda antennas. S21 at 5GHz is −20.7 dB (Model B) and
−22.0 dB (Model C) for the planar Yagi–Uda antenna with-
out a PVC adaptor, and it is−15.7 dB for the planarYagi–Uda
antennawith a PVC adaptor (Model A). The results indicated
that the use of the planarYagi–Uda antennawith a PVC adap-
tor decreased the transmission loss of the microwave signal
propagating along the PVC pipe wall by 10 dB compared to
the dipole antenna.

Additionally, we measured the S21 characteristics of
microwave-guided modes propagating along a 1-m-long
straight PVC pipe in the case of dipole antennas (Model D),
planarYagi–Uda antennaswithout a PVCadaptor (Model B),
and planar Yagi–Uda antennas with a PVC adaptor (Model
A) by VNA. In the experiment, Port 1 and Port 2 are set at the
SMA connector. We employed edge mount SMA connector
to connect themicrostrip line in the planar Yagi–Uda antenna
with the SMA cable. The insertion loss of the edge mount
SMA connector is estimated to be 0.04 dB at 18GHz, there-
fore, the insertion loss of the edge mount SMA connector is
negligible. Figures 6(b) and 8 show the images of the dipole
antenna and planar Yagi–Uda antenna with a PVC adaptor,
respectively. Dipole antennas are mounted on a section of
the PVC pipe such that the driving dipole is parallel to the
tangent line of the circle. For the planar Yagi–Uda antenna,
the tip of the antenna was inserted into the PVC pipe. The
PVC adapter attached to the back of the Yagi–Uda antenna
ensured that no gap was present between the antenna and the
inner wall of the PVC pipe. The PVC pipe is placed on a
foamed styrol stand so that it does not touch the desk, and is
surrounded by radio wave absorbers.

Figure 9 shows the measurement results of the S21
characteristics of the microwave-guided modes propagating
along a 1-m-long straight PVC pipe. The S21 characteristics
were measured using a VNA. The measured S21 characteris-
tics of the planar Yagi–Uda antenna with and without a PVC
adaptor were practically the same as the simulation results
shown in Fig. 7. However, the measured S21 characteristics
of the dipole antenna are approximately 3 dB higher than
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Fig. 8 Image of a planar Yagi–Uda antenna with a PVC adaptor attached
to a PVC pipe.

Fig. 9 Experimental results of the S21 characteristics of microwave
guided-modes propagating along a 1-m-long straight PVC pipe.

the simulation results shown in Fig. 7. The measured S21 is
−22.5, −23.1, and −15.5 dB for the dipole antenna (Model
D), planar Yagi–Uda antenna without a PVC adaptor (Model
B), and planarYagi–Uda antennawith a PVC adaptor (Model
A), respectively. The results indicate that the use of the pla-
nar Yagi–Uda antenna with a PVC adaptor decreased the
transmission loss of the microwave signal propagating along
the PVC pipe wall by 7 dB compared to the dipole antenna.

4. MIMO Channel Capacity

MIMO systems generally provide high spectral efficiency
and increased capacity using multiple antennas for transmit-
ters and receivers. We have investigated different methods
to increase the channel capacity of communication using
microwave-guided mode along PVC pipe walls by applying
an MIMO system. In this section, we consider the relation-
ship between MIMO channel capacity and antenna type. If
the numbers of transmitting and receiving antennas are M
and N , respectively, the channel matrix H is calculated by
the following equation:

H =
©«

h11 · · · h1M
...

. . .
...

hN1 · · · hNM

ª®®¬ (1)

The channel capacity C in MIMO channels is obtained
using the following equation [26], [27]:

Fig. 10 Experimental results of the S21 characteristics of microwave
guided-modes propagating along a 0.5-m-long straight PVC pipe.

Fig. 11 Simulation results of S parameter of a 2× 2 MIMO communica-
tion system along a 1-m-long straight PVC pipe for the case in which the
dipole antennas (Model D) are employed.

C = log2

(
det

[
I +

Ps

σ2M
HHH

] )
(2)

=

L∑
l=1

log2

(
1 +

Psλl

σ2M

)
(3)

where Ps and σ2 denote the transmit power and power of
additive complex Gaussian noise, respectively. λ represents
the eigenvalue, which is obtained by the matrix of HHH . L
represents the minimum value of N and M .

First, we simulated the channel matrix of a 2×2 MIMO
communication system using a simulation model with two
antennas at each end of a PVC pipe. Figure 10 shows the
simulation model of a 2 × 2 MIMO communication system.
On one end of the face of the PVC pipe, two antennas were
placed at 180◦-rotated positions along the pipe wall. At the
other end of the face, the two antennas were installed at
the same angular position. Figure 10 shows the simulation
model for the channel matrix of the 2 × 2 MIMO communi-
cation system with a 0.5-m-long PVC pipe.

Figure 11 shows the simulation results of the S-
parameter of the 2×2MIMO communication system (Model
D) along the 1-m-long straight PVC pipe when dipole anten-
nas were employed. Because the simulated PVC pipe was
circularly symmetric about its axis, S21, S43, S23, and S41 had
the same values. S23 and S41 are −28.0 dB at 5GHz, and this
is 4.5 dB smaller than those of S21 and S43. Figure 12 shows
the simulation results of the S parameter of the 2× 2 MIMO
communication system along the 1-m-long PVC pipe when
the planar Yagi–Uda antennas with a PVC adaptor (Model
A) are employed. S23 and S41 are −15.3 dB at 5GHz and
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Fig. 12 Simulation results of S parameter of a 2× 2 MIMO communica-
tion system along a 1-m-long straight PVC pipe for the case in which the
planar Yagi–Uda antennas with PVC adaptor (Model A) are employed.

Fig. 13 Experimental results of S parameter of a 2× 2 MIMO communi-
cation system along a 1-m-long straight PVC pipe for the case in which the
dipole antennas are employed.

this is 1.5 dB larger than those of S21 and S43. Thus, all S-
parameters of the 2 × 2 MIMO communication system with
the planar Yagi–Uda antenna with a PVC adaptor are larger
than those of the dipole antenna.

Additionally, we measured the channel matrix of a
2× 2 MIMO communication system using a four-port VNA.
Figures 13 and 14 show the measurement results of the
S-parameter of the 2 × 2 MIMO communication system
along the 1-m-long straight PVC pipe when dipole anten-
nas (Model D) and planar Yagi–Uda antennas with a PVC
adaptor (Model A) were employed, respectively. The ex-
perimental results for the S-parameters obtained for both
antennas are in close agreement with the simulation results
shown in Figs. 11 and 12. In the case of the dipole antenna
(Model D), S21, S41, S23, and S43 at 5GHz are −22.3, −24.0,
−24.7, and −22.4 dB, respectively. When the planar Yagi–
Uda antenna with a PVC adaptor (Model A) was employed,
S21, S41, S23, and S43 at 5GHz are −15.5, −16.4, −16.2, and
−15.4 dB, respectively. The experimental results show that
the S-parameters of the 2× 2 MIMO communication system
with planar Yagi–Uda antennas and PVC adapters are greater
than those with dipole antennas.

Buried pipes include bent pipes as well as straight pipes.
Therefore, we measured the S-parameters of the 2×2MIMO

Fig. 14 Experimental results of S parameter of a 2× 2 MIMO communi-
cation system along a 1-m-long straight PVC pipe for the case in which the
planar Yagi–Uda antennas with PVC adaptor are employed.

Fig. 15 Photograph of 1-m-long bent PVC pipe with which planar Yagi–
Uda antennas are attached.

Fig. 16 Experimental results of S parameter of a 2 × 2 MIMO commu-
nication system along a 1-m-long bent PVC pipe shown in Fig. 15 for the
case in which the planar Yagi–Uda antennas with PVC adaptor (Model A)
are employed.

communication system along the 1-m-long bent PVC pipe by
VNA. Figure 15 shows the photograph of the 1-m-long bent
PVC pipe. Two 0.5-m-long PVC pipes were connected with
a 90◦ bend joint. Figure 16 shows themeasured S parameters
of the 1-m-long bent PVC pipe in case the planar Yagi–Uda
antennas with PVC adaptor (Model A) are employed. The
measured S parameters of 1-m-long bent PVC pipe are 12–
18 dB smaller than that of 1-m-long straight PVC pipe shown
in Fig. 13. We suppose that the reflection loss at the joints
and the radiation loss at the 90◦ bend are responsible for the
increased transmission losses along the bent PVC pipe.
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Fig. 17 Simulation and experimental results of dependence of S param-
eters on straight PVC pipe length.

Fig. 18 Simulation and experimental results of dependence of MIMO
channel capacity on straight PVC pipe length.

Figure 17 shows the simulation results for the S-
parameters as a function of straight PVC pipe length. In
the case of the dipole antenna (Model D), both S21 and
S41 are significantly reduced from approximately −25 dB to
−35 dB as the length of the PVC pipe is increased from 0.5
to 2m. In contrast, when the Yagi–Uda antenna was used,
increasing the pipe length from 0.5m to 2m did not cause a
sharp decrease as in the dipole antenna. When the PVC pipe
length is over 1m, S21 and S41 were approximately 10 dB
higher when the Yagi–Uda antenna was used than when the
dipole antenna was used. The measured S21 and S41 for
both antennas are shown in Fig. 15. In the experiment, only
a 1-m-long PVC pipe could be measured owing to the lim-
ited cable length of the VNA. Simulation and experimental
results are in general agreement.

Finally, we calculated the channel capacity of the 2 × 2
MIMO communication system using Eq. (3). Ps/σ

2 is set to
be 1000. Figure 18 shows the dependence of MIMO channel
capacity on the straight PVC pipe length. For the dipole an-
tenna, the channel capacitywas 3.9 bit/s/Hzwhen the straight
PVC pipe length was 1.0m. It becomes 9.5 bit/s/Hz in case
the planar Yagi–Uda antenna with a PVC adaptor is em-

ployed. We also calculated the channel capacity of the 2 × 2
MIMO communication system along 1-m-long bent PVC
pipe from the measurement results of S parameters shown
in Fig. 16. The calculated channel capacity of the 2 × 2
MIMO communication system along 1-m-long bent PVC
pipe was 0.22 bits/Hz. These results indicate that the use
of planar Yagi–Uda antennas with a PVC adaptor increased
the channel capacity of the MIMO system compared to the
dipole antennas. Moreover, the channel capacity of the 2× 2
MIMO communication system along 1-m-long bent PVC
pipe becomes approximately 1/43 compared with that along
1-m-long straight PVC pipe.

5. Conclusion

A 5-GHz band planar Yagi–Uda antenna appropriate for
communication using microwave-guided modes propagat-
ing along a PVC pipe wall was investigated. The coupling
efficiency between the antenna and the PVC pipe was im-
proved by attaching a PVC adapter with the same curvature
as the inner wall of the PVC pipe to the Yagi–Uda antenna
such that no gap remained between the inner wall of the PVC
pipe and the antenna. The transmission loss of the 5-GHz
microwave signal propagating along the 1-m-lomg straight
PVC pipe wall was reduced by 7 dB compared to that of a
dipole antenna. The planar Yagi–Uda antenna with a PVC
adaptor achieved a MIMO channel capacity of 9.5 bits/s/Hz
for a 1.0-m-long straight PVC pipe, which is more than twice
that of a MIMO system using a dipole antenna.
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