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Chapter 1

Introduction
1-1 Background of this study

Demand for higher data rates in wireless systems is increasing
dramatically, because of the spread of broadband network, smart phone, and
HDTV. The 10-Gigabit Ethernet (10-GbE) comes to be adopted at datacenter
as a mainstream of Ethernet equipments, and 10-GbE market continues
growing up. The 40-GbE or 100-GbE will soon become the next growing
segment in the Ethernet market. Wireless technologies that can handle
those standardized wired network are useful for the cable less connection
between datacenter, fixed wireless access, and temporal connections during
the recovery from disaster.

In the mobile network regime, smart phones and tablets are rapidly
spreading in our modern life and it causes dramatic increase of mobile data
traffic. Next generation mobile network of LTE-Advanced will require
maximum data rate of 1-Gbps for down link and it means that mobile base
stations or mobile backhauls require more than 1-Gbps of access network.
Recently mobile base stations and mobile backhauls come to be connected by
wireless access network for easy and rapid installation.

In the broadcasting regime, HDTV (1.5 Gbps) become common technology for
TV program production. 4K Ultra-HDTV (12-Gbps) is the next growing
segment in the Television market. 4K broadcasting trial service had already
started in Japan. Moreover, S8K Ultra-HDTV (more than 24-Gbps) are
researched and developed as the future television system [1]. Transmitting
uncompressed HDTV signals or Ultra-HDTV signals with wireless
technology is important issue for the practical use in the live-relay
broadcasting. To meet those demands, multi-gigabit wireless data
transmission system is required.

Recently, millimeter-wave (MMW) wireless technology is attracting a lot of
interest because of its sufficient bandwidth for higher bit rate. Figure 1
shows bit rates and distances between wireless terminals for recently
reported MMW wireless transmissions. This figure covers only experimental

results for wireless transmission using antennas. Table 1 shows a



comparison of frequency, modulation scheme, key technology and antenna in
the reports.
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Figure 1-1. Recently reported bit rates and transmission distances in
experimental demonstrations of MMW wireless transmission. (Modified from
H. Takahashi, T. Kosugi, A. Hirata, and K. Murata, “Supporting Fast and
Clear Video,” IEEE Microwave Magazine vol. 13, Issue 6, pp. 54-64, 2012.)



Ref. Frequency Modulation Technology Antenna
[2] 60-GHz band 16-QAM 65 nm CMOS Packaged array
antennas
[3] 60-GHz band QPSK/16-QAM 65 nm CMOS Packaged antenna
(6 dBi)
[4] 60-GHz band 65 nm CMOS Horn (25 dBi)
[5] 60-GHz band 16-QAM OFDM 65 nm CMOS Packaged array
antennas
[6] 60-GHz band 16-QAM OFDM 65 nm CMOS Packaged array
antennas
[7] 60-GHz band 16-QAM OFDM SiGe BiCMOS Packaged patch-
array antennas
[8] 71-76 GHz/ QPSK - Cassegrain
81-86 GHz
[9] 71-76 GHz/ BPSK - Cassegrain
81-86 GHz (51 dBi)
[10] 71-76 GHz/ QPSK - Cassegrain
81-86 GHz (44 dBi, 51 dBi)
[11] 81-86 GHz 8 PSK GaAs pHEMT Conical lens horn
(45 dBi)
[12] 73-93 GHz Impluse radio InP HEMT Horn (23 dBi)
[13] 140-GHz band ASK 130-nm SiGe Horn
BICMOS
[14] [15] 120/140-GHz band  ASK 65 nm CMOS Horn (25 dBi)
[16] 240-GHz band 8 PSK 35 nm mHEMT Lens and horn
[17] 300-GHz band ASK Photonics-based Dielectric lens and
transmitter horn (~25 dBi)
[18] 300-GHz band ASK Photonics-based Dielectric lens and
transmitter horn (~25 dBi)
[19] 57.4-64.4 GHz 16-QAM OFDM Photonics-based Horn (23 dBi)
transmitter
[20] W band (75-110 16-QAM Photonics-based Horn
GHz) transmitter
[21] W band (75-110 16-QAM Photonics-based Horn (24 dBi)
GHz) transmitter
[22] 120-GHz band ASK 100-nm InP HEMT Cassegrain (49 dBi)
[23] 120-GHz band QPSK 100-nm InP HEMT Horn (23 dBi)

Table 1-1. Comparison of frequency bands, modulations, device technologies
and antennas in experimental demonstrations of MMW wireless
transmission. (Modified from H. Takahashi, T. Kosugi, A. Hirata, and K.
Murata, “Supporting Fast and Clear Video,” IEEE Microwave Magazine vol.
13, Issue 6, pp. 54-64, 2012.)



60-GHz-band wireless technology [2-7] is permitted to use as license-free
band. Current Si CMOS technology enables the 60-GHz ICs for mass
production. Those ICs offer higher order modulation such as QPSK or
16QAM for multi-gigabit data rate. Some wireless standard for transmission
of HDTV signals have already been established and wireless HDTV systems
are already commercially available [5]. However, atmospheric attenuation by
Oxygen is large at 60-GHz-band thus 60-GHz-band cannot be used for
outdoor long range data transmission usage model as shown in Figure 1.
Higher frequency range of 71-76 GHz / 81-86 GHz [8-12] can be applied for
the long range data transmission because atmospheric attenuation of those
bands are less than that of 60-GHz band. However in general, using higher
frequency range of more than 100-GHz band increases loss of components of
the circuit, such as inductors or capacitors. The loss of components increases
the phase noise which deteriorates the modulation accuracy. Thus, it is
difficult to use higher order modulation in the higher frequency range of
more than 100-GHz band [13-15].

Recent progress in designing and fabricating the MMIC enables higher order
modulation in the frequency range of more than 100-GHz band [16].
Photonic based technology [17-21] enables higher order modulation because
of the accuracy of controlling phase and amplitude. However in general, size
of photonic based equipment is larger than size of ICs.

NTT laboratories have been working on development of 120-GHz-band
wireless link systems [22, 23]. 120-GHz-band can be applied for the long
range data transmission same as 71-76 GHz or 81-86 GHz band, and NTT
have already succeeded in error-free 10-Gbps data transmission for more
than 3-km. 120-GHz-band wireless system was first developed with photonic
based technology and current system is developed with InP HEMT MMICs.
120-GHz-band wireless system has compatibility to fiber optic system so that
1t can be used for last-mile access of 10-Gbps Ethernet.

NTT has also developed QPSK technology in 120-GHz-band and has
succeeded in making the wireless link systems for outdoor use [23].

As explained above, demand for higher data rates in wireless systems is
increasing so that improvement to increase the spectral efficiency is required.
One of the promising methods is to use the polarization multiplexing.

Polarization multiplexing is a simple method which uses horizontal and



vertical polarization for simply double the spectral efficiency. Moreover we
can use both polarization multiplexing and higher order modulation at the
same time to increase spectral efficiency much more. It means that using
polarization multiplexing doubles the data rate of MMW wireless

transmission systems which are referred in Table 1.

Tsunemitsu et al. demonstrated bidirectional data transmissions in the
26-GHz band using orthogonally arranged slot array antennas [24]. Kwang
Seon Kim et al. demonstrated bidirectional data transmissions in the 90-GHz
band using orthogonally arranged Cassegrain antennas [25]. Frequency
range of over 100 GHz, polarization multiplexing is rarely used for data
transmission. Thus, evaluating the polarization multiplexing data
transmission characteristics of more than 100 GHz region is important for

both scholarly pursuits and practical application.

There are two important characteristics for polarization multiplexing:
isolation between orthogonal ports (Iop) and cross-polarization isolation
(XPI). Iop is required for bidirectional data transmission and XPI is required
for unidirectional 2-ch data transmissions. These two characteristics are
mostly deteriorated by polarization rotation and multi-reflection of radio
waves which causes polarization rotation. In the millimeter wave region,
radio waves have high straightness. Thus, using high gain antenna for long
range data transmission of millimeter wave results in line-of-sight
propagation and multi-reflection problem hardly occurs. Therefore, using
polarization multiplexing in millimeter wave region is one of the promising
methods.

1-2 Polarization multiplexing for 120-GHz-band

wireless links

The objective of this study is to evaluate the practical use of
polarization multiplexing for millimeter wave data transmission. We decided
to use 120-GHz-band wireless link for its evaluation. Figure 1-2, 1-3, and 1-4



shows the outward appearance and schematic view of 120-GHz-band
wireless link. 120-GHz-band wireless link was developed by NTT
laboratories [22, 23] and can transmit 10 Gbps data stream. 120-GHz-band
wireless link includes all of RF components and has the maximum link
distance of more than 3 km. The 120-GHz-band wireless link employs
amplitude shift keying (ASK) for the modulation scheme and uses the
occupied band width of 17 GHz (from 116.5 to 133.5 GHz) because ASK is the
simplest architecture for both modulation and demodulation. 120-GHz-band
wireless link i1s allowed to use outdoor because it has experimental radio
station license from the Ministry of Internal Affairs and Communications of
Japan. Therefore we decided to use 120-GHz-band wireless link for
polarization multiplexing of 10 Gbps data stream because we can evaluate

its characteristic both indoors and outdoors.

Figure 1-2. Outward appearance of 120-GHz band wireless transmitter
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10



1-3 Outline of remaining chapters

In this dissertation, we demonstrate feasibility of using polarization
multiplexing for 120-GHz-band wireless link systems.
Fig. 1-5 shows flow chart of this dissertation. Chapter 2 presents system
requirement for polarization multiplexing of 120-GHz-band wireless link. In
Chapter 2, required value of Iop and XPI are shown.
Chapter 3, 4 and 5 present the experimental results of polarization
multiplexing by each method.
There are two types of polarization multiplexing, shown in Fig. 1-6. One is
using two pairs of antennas for V and H wave. Using two pairs of antennas
doubles size of wireless equipment, but physically isolated two pairs of
antennas enables high Iop.
The other is using one antenna and orthomode transducer (OMT). An OMT
multiplexes and de-multiplexes V and H wave with one antenna. Using OMT
enables space-saving assembly of wireless equipment, but physically
connected V and H wave by OMT increases difficulty of achieving high Iop.
Chapter 3 and 4 describes two pairs of antennas arrangements for
polarization multiplexing. In Chapter 3, experimental results of polarization
multiplexing by Cassegrain antennas are shown. In Chapter 4, experimental
results of polarization multiplexing by planar slot array antennas are shown.
Chapter 5 describes one antenna with OMT arrangement for polarization
multiplexing. In Chapter 5, design and fabrication of OMT and experimental
results of polarization multiplexing by OMT are shown.

Finally, Chapter 6 summarizes this study and discusses the future study.
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Chapter 2
System Requirement for Polarization
Multiplexing

Chapter 2 describes system requirement of isolation between
orthogonal ports (Iop) and cross-polarization isolation (XPI) for polarization
multiplexing. Top is required for bidirectional data transmission and XPI is

required for unidirectional 2-ch data transmissions.

2-1 System requirement for 10-Gbps data
transmission of 120-GHz-band wireless link

system

We first calculated the required C/N ratio for 120-GHz-band wireless
link. The 120-GHz-band wireless link system employs amplitude shift keying
(ASK) for modulation and envelope detection for demodulation. The center
frequency of the wireless link is 125 GHz, the occupied bandwidth is from
116.5 to 133.5 GHz. In this system, the probability of error in a spacing
signal P, y—sand the probability of error in a spacing signal P, sy are given
by [1]

Peyos = \/ECD(Y) (1)
Posoy = eRPG (2)
d(y) = \/%f__ie_g dx (3)
y = VZR(1 = po) (4)

where ®@(y) is the error function, oo is a threshold level (p o= 0.5), and R is
the C/N ratio. Total error rate P:is expressed as

1 1
P, = EPe,M—>S + EPe,S—>M (5)

Figure 2-1 show the dependence of error rate on the C/N ration given by
Eq.(5).
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Figure 2-1. Dependence of BER on C/N ratio in the wireless link using ASK

modulation.

Figure 2-1 indicates that a C/N ratio of over 20.2 dB is required for a Bit
Error Rate (BER) of below 1012, BER of below 102 is required in order to
meet the standards for general optical-fiber communications, such as
0C-192 and 10-GbE. Moreover, using Forward Error Correction (FEC)
decreases the required C/N ratio by coding gain. We use Reed Solomon
(RS)(255,239) coding FEC, which is defined in ITU-T Recommendation G.709
Interfaces, for 120 GHz band wireless link in order to increase the reliability
of the wireless link. The coding gain of RS(255, 239) coding FEC is about 6
dB; therefore, the required C/N ratio for a BER of below 10712 becomes 14.2
dB when we use FEC in our system.
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The C/N ratio of the wireless system is expressed as

I =" N ®©

where P, is a received power from Transmitter (Tx) and N is the noise
power at the receiver.

The noise power at the receiver N mainly comes from the thermal noise of
the LNA, which is given by

Nenr = kpT * NE- - Af (7)
Where kj is Boltzmann’s constant, NF, is the Noise Figure (NF) of the

receiver, 7T'is temperature, and Afis the bandwidth of the receiver.

In our system, the NF is about 5.6 dB and Afis 20 GHz. N, therefore
becomes -65.2 dBm. As described in Ref. [2, 3, 4], the received power
necessary for a BER below 1012 is about -37 dBm without FEC. This value
varies and is higher than the theoretical value discussed above. We suppose
that the difference between the experimental results and the theoretical
value 1s due to the group delay of the MMW amplifier, thermal noise of the

baseband amplifier, and process variation in device and module.

2-2 System requirement of XPI for polarization

multiplexing unidirectional 2 ch data transmission

We next calculated the required XPI and Iop for polarization multiplexing
data transmission of 120-GHz-band wireless link.

A schematic view of the unidirectional 2-ch data transmission system by
polarization multiplexing is shown in Fig. 2-2, where V means vertical and H
means horizontal. A small number of cross-polarization (Ex: H waves) are

converted into co-polarization (Ex: V waves), which become noise for the
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Receiver (Rx) module. For unidirectional 2-ch data transmission, the
received powers of both the V and H waves are the same because they are
equally weakened by the propagation loss. The thermal noise of the receiver
module is sufficiently smaller than the noise from cross-polarization.
Therefore, the C/N ratio of unidirectional 2-ch data transmission is
determined by the ratio between the co-polarization and noise from the
cross-polarization. As explained above, a C/N ratio of over 20.2 dB is
necessary to obtain a BER below 10712, Thus, an XPI value of more than 20.2
dB across the entire occupied bandwidth of the 120-GHz-band wireless link
1s necessary. We decided on a target value of the XPI of more than 23 dB
which 1s about 3 dB higher than the required value.

H wave

Polarization
rotation

V wave

Fig. 2-2. Schematic view of a unidirectioinal 2-ch data transmission
system by polarization multiplexing. (V: Vertical, H: Horizontal)
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Figure 2-3 shows measured spectrum characteristics of ASK modulated
signal of 120-GHz band wireless link. The occupied bandwidth of the
120-GHz-band wireless link i1s 116.5 ~ 133.5 GHz. In Fig. 2-3, there is a peak
at the carrier frequency of 125 GHz. From system requirements, the peak
with an amplitude of 50 percent of the total power appears at the carrier
frequency when ASK modulation is used. Furthermore, there is leakage of
carrier signals in actual devices. The data component of a 120-GHz-band
wireless signal is broad and has a low spectral density. Thus the data
component does not require as much isolation as the carrier component when
ASK modulation is used.

20
10

0

115 120 125 130 135
frequency[GHz]

Fig. 2-3. Measured spectrum characteristics of ASK modulated signal of
120-GHz band wireless link.
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2-3 System requirement of Iop for polarization

multiplexing bidirectional data transmission

A schematic view of the bidirectional wireless data transmission by
polarization multiplexing is shown in Fig. 2-4, where V means vertical and H
means horizontal. Iop can be expressed as the transmission characteristics
between co-pol and cross-pol in Fig. 2-4. A small amount of the Tx module
output power is converted from co-pol into cross-pol and input into cross-pol.
This polarization-rotated signal becomes noise for the Rx module. Our goal is
to achieve Iop of over 60 dB. In this case, the received power of co-pol
becomes more than -37 dBm.

As explained above, a C/N ratio of over 20.2 dB is necessary to obtain a BER
below 10712,

Therefore, the required noise level is lower than -57.2 dBm across the entire
occupied bandwidth of the 120-GHz-band wireless link. Compared with the
noise from cross-polarization, the thermal noise of the receiver module is
negligible; that 1s, we only have to consider the noise from
polarization-rotated signal. We decided on a target value of Iop of more than
60 dB, which is about 3 dB higher than the required value. Noise power from
the cross-polarization becomes lower than -57 dBm in this condition.

As explained in Section 2-2, when ASK modulation is used, high isolation is
required for the carrier frequency and the data component does not require

as much 1solation as the carrier component.
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H wave

H Rxl‘

Polarization
rotation

Tx2 ‘

V wave

Fig. 2-4. Schematic view of a bidirectional data transmission system
by polarization multiplexing. (V: Vertical, H: Horizontal)

2-4 Conclusion of Chapter 2

Chapter 2 describes system requirement of isolation between
orthogonal ports (Iop) and cross-polarization isolation (XPI) for polarization
multiplexing. Iop is required for bidirectional data transmission and XPI is
required for unidirectional 2-ch data transmissions. The required value of
Top 1is more than 60 dB, and the required value of XPI of more than 23 dB.
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Chapter 3
Polarization Multiplexing by Two
Pairs of Cassegrain Antennas

Chapter 3 describes polarization multiplexing by two Cassegrain
antennas. The Cassegrain antenna is commercially available one with a
diameter of 450 mm [1]. The Cassegrain antennas, which we own, are
allowed to use in outdoor environment by ministry of internal affairs and
communications as test license.

We first measured radiation pattern of Cassegrain antenna. The radiation
pattern is important factor for two pairs of antennas arrangement because
radiation patterns affect for XPI and isolation between parallel links. Next,
we measured interference power level at wunidirectional 2 ch data
transmission and at bidirectional data transmission for evaluation of XPI
and 1isolation between parallel links. Then, we measured transmission
characteristics of V and H polarizations at outdoor circumstance. The
purpose of the measurement is to evaluation how weather affects for
transmission characteristics of V and H polarizations. Finally, we measured
data transmission characteristics of polarization multiplexing by two

Cassegrain antennas.

3-1 Radiation pattern of the Cassegrain antenna

Figure 3-1 shows the vertical- and horizontal-radiation pattern of the
antenna with a diameter of 450 mm [1]. The measurement frequency was
125 GHz. Typical antenna gain is about 49 dBi, and the half-power
beamwidth is about 0.4 degree. Side lobes appear every 0.4~0.5 degrees.
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Figure 3-1. Measured radiation pattern of the Cassegrain antenna with a

diameter of 450 mm. The measurement frequency is 125 GHz.

3-2 Interference power level at unidirectional 2 ch

data transmission

We measured the interference power between the parallel 120-GHz-band
wireless links in outdoor environment. The output power of the
120-GHz-band wireless links is 10 dBm, and Cassegrain antennas with a
diameter of 450 mm are used. Figure 3-2 shows a schematic of the
transmission experiment. Transmission distance was 800 m. One link
consisted of Tx1 and Rx1, both of which were stationary. The other consisted
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of Tx2 and Rx2. These were movable so that we could vary the distance
between the two Txs, Dr, and that between two Rxs, Dr. The Tx’s and Rx’s
can change the polarization of the MMW signal using polarization convertor.
The Cassegrain antenna is attached to the transmitter with a bayonet
mechanism. At the normal setting, the equipment outputs waves with V
polarization. We can change that to H with a polarization convertor
consisting of a waveguide twist, in which case we also have to rotate the
antennas by 90 degrees. In this experiment, we evaluated the interference
power that Tx1-Rx1 gives to the Tx2-Rx2 link. Figure 3-3 shows the Drand
Dr dependence of the interference power level. The power received by Rx1
from Tx1 was about -29 dBm. Here we define the received power that Rx2
received from Tx1 as the interference power. When both links use V
polarization waves, the interference power level changes from -36 to -90 dBm
as Drincreases. The interference power level decreases as Drincreases from
2 to 10 m. When Dr is constant, the interference power decreases as Dg
increases from 2 to 6 m, and the interference power increases when Dg

becomes 8 m, and it decreases again as Drincreases to over 10 m.

Next we evaluated the interference between the wireless links with
different polarizations. Figure 3-4 shows the dependence of the interference
power level on Dr and Dgr The link with Tx1 and Rx1 used vertical
polarization waves ( V polarization waves); the one with Tx2 and Rx2 used H
polarization waves. The interference power levels are much smaller than
that between the links with the same polarization. When both Drand Dg are
2 m, the interference power level is -58 dBm. The power received by Rx1 from
Tx1 was about -29 dBm, so that XPI becomes 29 dB. These results indicate
that the use of V and H polarizations decreases interference power and that
the configuration should provide a BER of better than 1012, even when two

links are close to each other.
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Figure 3-2. Schematic of transmission experiment to evaluate the
interference power between the parallel wireless links.
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Figure 3-3. Dr and Dr dependence of the interference power level when

both links use V polarization waves.
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Figure 3-4. Drand Dgr dependence of the interference power level when one
link uses V polarization wave and the other link uses H polarization.
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3-3 Interference power level at bidirectional data

transmission

We measured the interference power between the bidirectional
120-GHz-band wireless links in outdoor environment. The output power of
the 120-GHz-band wireless links is 10 dBm, and Cassegrain antennas with a
diameter of 450 mm are used. Figure 3-5 shows a schematic of the
transmission experiment. The distance between Tx1 and Rx2 was 1 m. We
measured the interference power level with the variation of antenna position
of Rx2. Figure 3-6 shows the dependence of the interference power level on
the antenna position of Rx2. Txl and Rx2 used same polarization (V
polarization waves). From figure 3-6, interference power level was less than
-75 dBm with the variation of £2 m of antenna position. Thus, isolation
between parallel links i1s 85 dB because output power is 10 dBm. As
explained in Chapter 2, required isolation is more than 60 dB. Therefore, the

interference power levels are much smaller than required value.

< | : Tx1 <_62|\/|HZ )

" 3 Ry 5| Spectrum
analyzer

+2m<—§—>-2m

Figure 3-5. Schematic of transmission experiment to evaluate the
interference power between the bidirectional wireless links with variation of

position of antenna.
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Figure 3-6. Interference power level with the variation of antenna position

of Rx when both links use V polarization waves.

Next, we measured the interference power level with the variation of
antenna direction of Tx1 as shown in Figure 3-7. Figure 3-8 shows the
dependence of the interference power level on the direction of antenna of Tx1.
Tx1 and Rx2 used same polarization (V polarization waves). From figure 3-8,
interference power level was less than -65 dBm with antenna direction of 90
degree, which 1s smaller than the required value.
These results indicate that the configuration for bidirectional data
transmission should provide a BER of better than 1012, even when two links
use same polarization and are close to each other.

These high isolation characteristics are due to the use of high-gain antenna
with narrow radio wave beam width, whose high directivity decreases the
interference outside of the main beam.

Thus polarization multiplexing is not required in this configuration.
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Figure 3-8. Interference power level with the variation of antenna position

of Rx when both links use V polarization waves.
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3-4 Transmission Characteristics of V and H

polarization

As shown in Fig. 3-4, the use of cross-polarized waves is effective for
reducing the distance between parallel wireless links. However, the rain
attenuation of V polarization waves and H polarization waves is different. It
1s well known that the nonspherical shape of raindrops causes radio-wave
propagation effects in rain to be polarization-dependent at microwave and
MMW frequencies [2]. These differences in transmission characteristics
affect the data transmission characteristics of H and V polarization
120-GHz-band wireless link. Several studies on the rain attenuation and
availability of millimeter-wave wireless links have been reported [3-5]. At a
frequency region of over 100 GHz, Utsunomiya et al. had conducted
propagation experiments at 103 GHz [5]. However, the dependence of the
rain attenuation characteristics of 120-GHz-band MMW signals on the
polarization has not been evaluated. Therefore, we compared the
transmission characteristics of V and H polarization waves.

ITU-R recommendation P.838-3 [6] defines the specific rain attenuation
factor y as

y = kR* (dB/km) (1)
where R 1s the rain rate, and k and a are functions of frequency, drop-size
distribution, rain temperature, and polarization of MMW signal. Table 3-1
shows the parameters (k, a) at 120 GHz described in the ITU-R
recommendation P.838-3, the specific rain attenuation factors for V and H
polarization waves calculated using the Eq.(1)and Table 3-1 are almost the
same, 49.5 and 50.1 dB/km at a rain rate of 200 mm/hr, respectively.

We measured the rain attenuation characteristics of V and H polarization
waves for 120-GHz-band MMW signals. The transmission distance was 1 km
and the distance between Txs and Rxs was (Dr= Dr) 0.8 m.

Figure 3-9 shows the time dependence of the one-minute rain rate and
120-GHz-band signal attenuation due to the rain. During the experiment,
the highest rain intensity was 11 mm/hr and the highest rain attenuation
was about 10 dB. The rain attenuation of V and H polarization waves

increases as the rain intensity increases, and no obvious difference between
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the V and H polarization waves is observed.

Figure 3-9 shows the time dependence of the one-minute rain rate and
120-GHz-band signal attenuation due to the rain. During the experiment,
the highest rain intensity was 11 mm/hr and the highest rain attenuation
was about 10 dB. The rain attenuation of V and H polarization waves
Iincreases as the rain intensity increases, and no obvious difference between
the V and H polarization waves is observed.

Figure 3-10 shows the relationship between the rain intensity and rain
attenuation of V and H polarization waves. The experimental rain
attenuation values are obtained by averaging the rain attenuation values in
the same rain intensity condition. The theoretical values calculated by the
Eq. (1) are also shown. The rain attenuation of V and H polarization waves is
almost the same at the same rain intensity. Moreover, the experimental
results coincide with the theoretical values in substance. Figure 3-11 shows
the correlation of rain attenuation between V and H polarization waves. The
rain attenuation of V and H polarization waves is almost the same in the
same rain condition.

These results indicate that the rain attenuation characteristics between V
and H polarization waves are almost the same when rain intensity is below
10 mm/hr.

Table 3-1 Parameters (k, a) at 120 GHz described in ITU-R recommendation
P.838-3.

Frequency ky oy ky Oy
120 GHz 1.4866 | 0.6640 | 1.4911 | 0.6609
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Figure 3-9. Rain attenuation of V and H polarization waves. The
transmission distance is 1.0 km.
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3-5 Data Transmission Characteristics

First, we measured the unidirectional 2ch data transmission characteristics
of the wireless links using polarization multiplexing. The configuration of
the transmission experiment is shown in Fig. 3-12. Table 3-2 shows the
received power and BER of the parallel links for unidirectional 2ch data
transmission. The transmission data was PRBS data with a rate of 10.3
Gbps. The received power was about -34 dBm for both links. When FEC was
not used, the BER of the wireless link using V polarization was below 10-12,
and that using H polarization was 3x1077. We suppose that the difference in
the BER characteristics between the two wireless links arises from the
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side-lobe pattern of the antennas the two wireless links used. These results
indicate that we can obtain a BER below 10-12 even when two wireless links
are set within 1 m of each other, when FEC and polarization multiplexing

are used for each wireless link.

10 Gbit/s 10 Gbit/s

Pulse

V polarization Error
pattern % Tx1 O ' > C RX1| ) detector
generator
0.8 m 0.8 m
Pulse Error
pattern (=== | Tx2 O ' > C RX2| > detector
generator |10 Ghit/s H polarization 10 Gbit/s

S

A

1000 m

Figure 3-12. Configuration for outdoor unidirectional 2 ch data transmission

experiment.

Table 3-2 Received power and BER of 120-GHz-band wireless links using
polarization multiplexing for unidirectional 2ch data transmission. The
transmission distance 1s 1 km and the distance between the two parallel

wireless links 1s 0.8 m.

Polarization Received power w/o FEC With FEC
(dBm)

\ -34 < 10-12 < 10-12

H -34 3x10°7 < 10-12
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Next, we measured the bidirectional data transmission characteristics of the
wireless links using same polarization. The configuration of the transmission
experiment is shown in Fig. 3-13. In Fig. 3-13, there is a windowpane
between Txs and Rxs because Rx1 and Tx2 were set inside the building and
windowpane was not able to be opened. The attenuation by the windowpane
1s about 10 dB.

Table 3-3 shows the received power and BER of the parallel links for
bidirectional data transmission. The transmission data was PRBS data with
a rate of 10.3 Gbps. The received power was about -29 dBm for both links.
When FEC was not used, the BER of both wireless links were 10-12. These
results indicate that we can obtain a BER below 10-12 even when two
wireless links are set within 1 m of each other, when polarization

multiplexing are not used for each wireless link.

Windowpane (10 dB Attenuation)

10 Ghit/s ‘L _— 10 Ghit/s
Error — ,V polarization Pulse
detector e@ < ' TxL [ €= pattern
Lom L0m generator
Pulse Error
pattern  [me—p| Tx2 O l > C Rx2 detector
generator {19 Gpit/s — V polarization 10 Gbit/s
) 180 m .

Figure 3-13. Configuration for outdoor bidirectional data transmission

experiment.
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Table 3-3 Received power and BER of 120-GHz-band wireless links using
same polarization for bidirectional data transmission. The transmission
distance is 180 m and the distance between the two parallel wireless links is
0.8 m.

Polarization Received power w/o FEC With FEC
(dBm)

\Y -29 < 10-12 < 10-12

H -29 < 10-12 < 10-12

3-6 Conclusion of Chapter 3

We first measured radiation pattern of Cassegrain antenna at 125
GHz. Typical antenna gain was about 49 dBi, and the half-power beamwidth
was about 0.4 degree. Next, we measured interference power level for
evaluation of XPI and isolation between parallel links. Measured XPI was 29
dB when distance between parallel links is set 2 m. Measured isolation
between parallel links was 85 dB when distance between parallel links is set
1 m. Measured XPI and isolation between parallel links were high enough
for our requirement explained in Chapter 2. Then, we measured
transmission characteristics of V and H polarizations at outdoor
circumstance. The measurement results show that the rain attenuation of V-
and H-polarization 1s almost the same. Finally, we measured data
transmission characteristics of polarization multiplexing by two Cassegrain
antennas. We succeeded bidirectional 10 Gbps and unidirectional 2 ch 20
Gbps full duplex data transmission with BER below 10-12. These results
indicate that use of two pairs of Cassegrain antennas for space and
polarization multiplexing 1is effective for frequency reuse in the

120-GHz-band wireless link system.
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Chapter 4

Polarization Multiplexing by Two
Pairs of Plate-laminated
Corporate-feed Waveguide Slot Array
Antennas

Chapter 4  describes polarization multiplexing by two
plate-laminated corporate-feed waveguide slot array antennas. The slot
array antenna has been developed by author’s research group [1-2]. Figure
4-1 shows the configuration of a 120-GHz-band planar slot array antenna.
The antenna is made by diffusion bonding of copper laminated planes
patterned by etching. Etching patterns in the laminated plates can provide
high precision, and the diffusion bonding can provide perfect electrical
contacts among the plates even at such higher frequencies. There are 16x16
radiating slots on the top layer fed by a corporate feeding network on the
bottom layer. The total size of the 16x16-element array is 33.6 mm x 33.6
mm and the total thickness is only 1.6 mm. The thin structure of slot array
antennas is suitable for two pairs of antennas configuration because the size
of configuration becomes much smaller than size of using two Cassegrain
antennas. We have succeeded in 10-Gbps data transmission over the
120-GH-band wireless link using them. Moreover, it has been shown that the
planar slot array antenna 1is suitable for polarization multiplexing at
26-GHz-band wireless link [3].

We first measured radiation pattern of slot array antenna. The radiation
pattern is important factor for two pairs of antennas arrangement because
radiation patterns affect for XPI and isolation between parallel links. Next,
we measured XPI and Iop. Finally, we measured data transmission

characteristics of polarization multiplexing by two slot array antennas.
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Figure 4-1 120-GHz-band plate-laminated corporate-feed waveguide slot

array antennas. The measurement frequency is 125 GHz.

4-1 Radiation pattern of the plate-laminated

corporate-feed waveguide slot array antennas

We first measured the vertical (E-plane)- and horizontal (H-plane)-radiation
pattern of the antenna shown in Figure 4-2. The measurement frequency
was 125 GHz. Typical antenna gain is about 32 dBi, and the half-power
beamwidth is 3.5 degree.
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Figure 4-2. Measured radiation pattern of the 120-GHz-band
plate-laminated corporate-feed waveguide slot array antennas. The

measurement frequency is 125 GHz.

4-2 Evaluation of XPI for unidirectional 2 ch data

transmission

We evaluated the XPI (cross-polarization isolation) of the antenna by
using an F-band vector network analyzer. Figure 4-3 shows a schematic of
the measurement setup. The XPI was calculated by the S21 difference of
co-polarization and cross-polarization.

The measured XPI is shown in Fig. 4-4. The XPI is about 40 dB at 100-130
GHz, and it is over 32 dB above 130 GHz. With ASK modulation and an
envelope detection scheme, the required carrier-to-noise (C/N) ratio is over
20 dB for a BER of below 10712, Therefore, the XPI value necessary for BER of
below 1072 for unidirectional 2-ch data transmission is over 20 dB. These
results indicate that the planar slot array antenna can be employed for
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unidirectional 2-ch data transmission using polarization multiplexing.

\Vector network
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Figure 4-3. Schematic of the XPI measurement between two planar slot

array antennas.
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Figure 4-4. XPI of the planar slot array antenna.

4-3 Evaluation of isolation for bidirectional data

transmission

We evaluated the isolation of two planar slot array antennas
adjoined to each other. Figure 4-5 shows a schematic of the experiment. We
arranged two planar slot array antennas, each of which is connected to the
F-band vector network analyzer. In this experiment, the slot directions of the
two antennas were the same polarization, and in the second one, the slots
were orthogonally arranged (cross pol.). For the same polarization, there are
two types of slot direction (same pol. 1 and same pol. 2). The schematics of
the slot directions in cross pol., same pol. 1, and same pol. 2 are shown in Fig.
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4-6.

Figure 4-7 shows the experimental results for the isolation, when 16 x 16
element planar slot array antennas were used. In this case, S21 corresponds
to the isolation between two channels used for bidirectional communications.
For same pol.2, isolation varies from -50 to -70 dB at 115-135 GHz, which is
the occupied frequency band of our 120-GHz-band wireless link. When
antennas are orthogonally arranged, S21 is below -70 dB at 115-135 GHz.
The isolation in cross polarization (cross pol.) is higher than that in same
polarization. When we compare the isolation between the same polarization
arrangements, we find that that of same pol. 1 is much worse than that of
same pol. 2. Figure 4-8 shows simulated E-field patterns of slot array
antennas. The coupling between the slots placed with facing each side of the
long sides of the rectangular waveguide (left side picture (a) of Figure 4-8) is
stronger than that between those placed with facing each side of the short
sides of the rectangular waveguide (right side picture (b) of Figure 4-8),
because magnitude of E-field is strong at the center of the long sides of the
rectangular waveguide and magnitude of E-field is weak at the end of the
long sides of the rectangular waveguide. Transmission characteristic (S21)
between each slot array antennas of picture (a) in Figure 4-8 is -16.5 dB, and
that of picture (b) in Figure 4-8 is -31 dB.
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slot array antennas.
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Figure 4-7. Isolation of two planar slot array antennas adjoined to each
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Figure 4-8. Simulated E-field patterns of slot array antennas.
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4-4 Data Transmission Characteristics

First, we evaluated the BER characteristics of the dual channel
unidirectional 120-GHz-band wireless links. Figure 4-9 shows the
experimental setup. Two planar antennas were arranged orthogonally, and
one link used V-polarization waves and the other one uses H-polarization
waves. The two planar antennas were connected to receivers (Rxs), and two
horn antennas are used at the transmitter (Tx) side. Details of the Tx and Rx
are shown in Ref. 4. Waveguide variable attenuators (ATTs.) were used
between the planar antennas and Rxs in order to adjust the power input into
the Rxs. For the data signal, we used a 223-1 pseudo-random pattern bit
stream (PRBS) data at 10.3125 Gbps. We evaluated the BER characteristics
of the V-polarization link (Tx2-Rx2) when the H-polarization link (Tx1-Rx1)
was ON or OFF. In this case, the received power of Rx2 from Tx1 becomes
the interference power for V-polarization link.

The measurement results are shown in Fig. 4-10. The BER characteristics of
the V link are almost the same and no deterioration has been observed when
the H-polarization link is ON. These results indicate that the dual channel
unidirectional wireless links using the planar slot array antennas can
achieve sufficient isolation when two planar slot array antennas are

orthogonally arranged.

Next, the BER characteristics of dual-channel bidirectional 120-GHz-band
wireless links were evaluated. The experimental setup is shown in Fig. 4-11.
The transmitted data signal was 223-1 pseudo-random pattern bit stream
(PRBS) data at 10.3125 Gbps. In this experiment, one planar slot array
antenna was connected to Tx1, and the other slot array antenna was
connected to Rx2. Tx2 using horn antenna was installed facing the planar
slot array antenna to which Rx2 was connected. In this case, the received
power of Rx2 from Tx1 becomes the interference power for V-polarization
link. Figure 4-12 shows the BER characteristics of the first wireless link that
consists of Tx2 with the horn antenna and Rx2 connected to the planar slot
array antenna. When the two links are set to same pol. 2 shown in Fig. 4-6,
the BER characteristics deteriorate when the Tx1 connected with the planar
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slot array antenna is ON. The received power necessary for BER of below
1012 increases by 2.5 dB. When the second wireless link (Tx2-Rx2) is set to H
polarization, no deterioration of BER characteristics is observed. These
results coincide with the investigations shown in Sec. 4-3 based on the

results shown in Fig. 4-7.

Ep1 | [EDo | V2nable Att PPG2 || PPG1

V polarization Tx2
wave

H polarization Tx1
wave

Variable ATT.

Figure 4-9. Experimental setup for dual-channel unidirectional data

transmission.
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Figure 4-12. BER characteristics of the first wireless link (Tx2-Rx2) when
second wireless link (Tx1-Rx1) is ON or OFF. Data rate is 10.3125 Gbps.

4-5 Conclusion of Chapter 4

We first measured radiation pattern of slot array antenna at 125
GHz. Typical antenna gain was about 32 dBi, and the half-power beamwidth
was about 3.5 degree. Next, we measured XPI and Iop. Measured XPI was
about 40 dB. Measured Iop was about 70 dB. Measured XPI and Iop were
high enough for our requirement explained in Chapter 2. Finally, we
measured data transmission characteristics of polarization multiplexing by
two slot array antennas. We succeeded bidirectional 10 Gbps and
unidirectional 2 ch 20 Gbps full duplex data transmission with BER below
10-12, These results indicate that use of two slot array antennas for space and
polarization multiplexing is also effective for frequency reuse in the
120-GHz-band wireless link system. Moreover, the thin structure of slot
array antennas is suitable for two pairs of antennas configuration because
the size of configuration becomes much smaller than size of using two

Cassegrain antennas.
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Chapter 5
Polarization multiplexing by Finline
Orthomode Transducer

Chapter 5 describes polarization multiplexing by orthomode
transducer. First, we designed and fabricated new OMT because there is no
OMT which has sufficient Iop characteristics for our requirement explained
in Chapter 2. Next, we made portable wireless equipment for polarization
multiplexing data transmission experiments with OMT because the portable
wireless equipment enables easy installation at any places. Finally, we
measured data transmission characteristics of polarization multiplexing by

the portable wireless equipment with OMT.

5-1 Introduction

As explained in Chapter 3 and 4, we have demonstrated
unidirectional 2-ch data transmissions and bidirectional data transmission
in the 120-GHz band using two orthogonally set antennas. Using two pairs of
antennas easily doubles the spectral efficiency, but it makes the system large.
The use of an orthomode transducer (OMT), which can divide and multiplex
cross-polarized waves, enables polarization multiplexing with one antenna.
OMTs are already used for satellite communications system [1] and radio
astronomy [2]. An OMT is a waveguide-based component, and it is smaller
than other quasi-optical components used for polarization multiplexing, such
as Gaussian lens antennas with a wire grid. Using an OMT would therefore
be one of the best ways to increase the spectral efficiency of the
120-GHz-band wireless link. However, OMTSs for satellite communication
system can double the spectral efficiency only for unidirectional 2-ch data
transmission. For example, the required value of XPI for Ku-band satellite
communications is around 30 dB [3] and is possible. However, in

bidirectional data transmission, strong output power from the uplink
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transmitter must be suppressed to a level below the weak received power of
the adjacent downlink receiver to meet the required C/N ratio. Thus, the
required value of Iop for Ku-band satellite communications becomes around
85 dB [3], which is impossibly high for an OMT. As a result, an OMT cannot
double the spectral efficiency for bidirectional data transmission of Ku-band
satellite communications.

However, the required Iop for bidirectional data transmission of the
120-GHz-band wireless link is 60 dB, which is also high but possible (Details
are described in section 5-2). There are many kinds of OMTs based on
different polarization multiplexing methods. The turnstile OMT [4] and the
Boifot OMT [5] are designed with a three-dimensional (3D) symmetrical
structure to achieve high Iop in broad-band operations; however, fabrication
of these devices is difficult because it requires 3D machining. For over 100
GHz, 3D machining with high precision is quite difficult. The septum OMT is
designed with a simple asymmetrical structure for easy fabrication, but its
Top is low [6]. The finline OMT is designed for achieving both high Iop and
easy fabrication [7-10]. The finline OMT has a pair of thin tapered metal fins
that separate orthogonal polarizations, and its simple structure allows easier
fabrication without 3D machining. But in some frequency regions, unwanted
resonance excites the finline structure and decrease the Iop. To decrease the
resonance, a resistive card must be attached to the edge of finline. The
finline OMTs in Refs. 8 and 9 achieved an Iop of over 50 dB at frequencies of
11 and 7 GHz, respectively. However, to achieve high lop for frequencies over
100 GHz, the device has to be precisely scaled down and fine processing of a
small resistive card on the finline is needed, which increase the difficulty of
fabrication. For easier fabrication, we have developed a 120-GHzband
compact and high Iop finline OMT without using a resistive card [11-13]. In
this Chapter, we present the detailed design of our finline OMT for our
120-GHz-band wireless link and a method for improving Iop.
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5-2 The First Design and Fabrication of the New
Finline OMT1
5-2-1 Design of the New Finline OMT1

Fig. 5-1 shows a schematic view of the conventional finline OMT reported by
S. D. Robertson [7]. Such OMTSs consist of a thin metallic fin set inside a
square waveguide. The polarization mode, in which there is an electric field
parallel to the fin, is converted from a waveguide mode into a finline mode
whose energy is confined to the space between the fins. This energy can then
be brought out by curving the fin and bringing the fin out from the wall of
the waveguide, after which the energy is converted back into the waveguide
mode by a gradual outward taper. The orthogonal polarization has an
electric field perpendicular to the fin and passes unperturbed if the fin is
sufficiently thin. In a certain frequency range, unwanted resonant modes are
excited on the finline and this deteriorates Iop, XPI, and the group delay of
transmitted signals. As shown in Ref. 7, the resonance is due to the
excitation of a dominant mode on the finline. The dominant mode is reflected
at both edges of the finline on the X-axis in Fig. 1, and resonance excites the
finline structure when the length between the two edges becomes an integral
number of half wavelengths. To suppress the unwanted resonant modes,
conventional finline OMTs use a resistive card on the edge of the finline as
shown in Fig. 1. The OMT shown in Ref. 8 achieved an Iop of over 50 dB at a
frequency of 11 GHz. However, very high resistance is required for the
resistive card to eliminate the unwanted resonant modes and achieve high
Iop of more than 50 dB. Furthermore, for a 120-GHz-band OMT, the
integration of a small resistive card on the finline complicates the fabrication
process. Thus, we improved the design of the finline OMT to obtain high Iop
and XPI without using a resistive card.
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Figure 5-1. Schematic view of a conventional finline OMT.

Fig. 5-2 shows a schematic view of our newly designed finline OMT. Instead
of using a resistive card, we suppress the resonance by reducing the length of
the finline (La in Fig. 5-2). As explained above, the resonant frequency is
related to the length between the two edges of the finline. In other words, the
resonant frequency can be controlled by the length of the finline. Our
length-reduced finline OMT 1is designed to expel unwanted resonance from
the operation bandwidth of the 120-GHz-band wireless link. Reducing the
finline length causes transmission loss of the horizontal waves because the
horizontal waves propagate between the fins. Reducing the finline length
also narrows the operation bandwidth of the OMT1-A conventional finline is
designed for more than 30% or 70% of fractional bandwidth for use in radio
astronomy.

Since our purpose is to make an OMT for our 120-GHzband wireless link,
whose fractional bandwidth is less than 14%, our approach is sufficient for
achieving high Iop within 116.5 to 133.5 GHz, which is the operation
bandwidth of the link.

Fig. 5-3 shows the simulated S23 (Iop) of finline OMTs without a resistive
card. In the conventional finline OMT, the finline length (La) is more than
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five wavelengths of the operation frequency. Thus, we simulated the Iop with
La of 12 mm (five wavelengths at 125 GHz). There are three peaks in the
operation bandwidth of the 120-GHzband wireless link, and the Iop is
deteriorated. These peaks are generated by the resonance on the finline.
When La is reduced to 1.42 mm, resonance appears at 114 and 137 GHz. As a
result, there is no peak in the operation bandwidth of the 120-GHz-band
wireless link. The simulated Iop (> 61 dB) is high enough for our purposes (>
50 dB). Fig. 6 shows the simulated S21, S31 (transmission loss) and S22, S33
(return loss) when La is 1.42 mm. The other lengths of finline OMT1 are as
follows: Lb=1.67 mm, Lc=1.20 mm. Transmission losses are below 1 dB and
return losses are over 13 dB from 116.5 to 133.5 GHz.

£ Port 2 (V)
Rear part of finline

Finline

y
Port 3 (H

Figure 5-2 Schematic view of a new finline OMT.
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Figure 5-3 Simulated S23 (Jop) of a conventional (L=12 mm) and the new
finline OMTs (L=1.42 mm) without a resistive card. The size of the port 1
waveguide 1s 1.5 mm X 1.5 mm.
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Figure 5-4 Simulated S21, S31 (transmission loss) and Sa2, S3s (return loss)
of the new finline OMT1 (La = 1.42 mm). The size of the port 1 waveguide is
1.5 mm X 1.5 mm.
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Next, we optimized the size of the square waveguide at port 1. Port 1
uses a square waveguide to handle both TEi9 and TEo: basic modes for
polarization multiplexing. However, higher-order modes TE:1 and TMiican
also be excited at port 1 from 106 GHz if the size of the port 1 waveguide is 2
mm X 2 mm, which i1s the same value as the long sides of a standard F-band
rectangular waveguide, and covers from 90 to 140 GHz. Fig. 5-5 shows basic
modes and higher-order modes of the square waveguide, where the arrows
denote electric field polarization.

As shown in Fig. 5-5, TE11 and TM1: have both vertical and horizontal
electric waves and they deteriorate both the 7,, and XPI. Fig. 5-6 shows the
simulated propagation of horizontal waves inside a finline OMT1-at 125 GHz
when the size of the waveguide is 2 mm X 2 mm square. In Fig. 5-6, there is
leakage of millimeter-wave signal from port 3 to port 2. This leakage is
caused by converted higher-order modes of the horizontal waves.

A square waveguide for data transmission should be designed so that port 1
allows only the basic modes of the operation bandwidth of the 120-GHz-band
wireless link, and the basic modes should be used in a frequency band higher
than the cutoff frequency of the basic modes to reduce group delay of signals.
We therefore designed a smaller waveguide for port 1. Cutoff frequency £ of a

rectangular waveguide 1s expressed as

N CEC

where ¢ and i denote the permittivity and permeability, a and b denote size

of waveguide, and m and n denote the number of modes: (TEmn, TMmn). We
finally decided to use a 1.5 mm X 1.5 mm square waveguide. The cutoff
frequency £ of TE19 and TEo: basic modes 1s 100 GHz, and that of TE1; and
TMi1 higher-order modes is 141 GHz. These characteristics are sufficient for
meeting our requirements. Fig. 5-7 shows the simulated propagation of
horizontal waves and vertical waves inside the finline OMT1-at 125 GHz for
the waveguide. In Fig. 5-7 (a) and (b), there is no leakage between port 3 and
port 2. These results indicate that the 1.5 mm X 1.5 mm square waveguide
prevents the excitation of higher-order modes and suppresses leakage. In the
simulations of the I, and transmission and return losses (Figs. 5-3 and 5-4),

we used 1.5 mm X 1.5 mm square waveguides for the same reason.
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Figure. 5-5 Basic modes and higher-order modes of square waveguide,
where the arrows denote electric field polarization.
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Figure. 5-6 Simulated propagation of horizontal waves inside a finline
OMT1 whose waveguide is 2 mm X 2 mm square. E field scale is normalized
with respect to the extreme values in each plot.
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Figure. 5-7 (a) Simulated propagation of horizontal waves inside the new
finline OMT1. The size of the port 1 waveguide is 1.5 mm X 1.5 mm. (b)
Simulated propagation of vertical waves inside the new finline OMT1. The
size of the port 1 waveguide is 1.5 mm X 1.5 mm. E field scale is normalized
with respect to the extreme values in each plot.
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5-2-2 Fabrication of finline OMT1 and its

Characteristics

The waveguide structure of a finline OMT consists of a pair of metal
parts. Normally, these metal parts are fabricated by end milling techniques.
The fabrication error of end milling in the depth direction is + 30 pm, and the
two metal parts are combined to construct the waveguide. The waveguide
structure could therefore have fabrication error in the depth direction of as
much as + 60 pm. Such fabrication errors deteriorate the 7,, of the finline
OMT. To achieve high I, the finline must be set at the center position of the
waveguide in the depth direction, because the resulting symmetry prevents
polarization rotation. Fig. 5-8 shows the relationship between Ss3 () and
waveguide fabrication precision. In order to achieve more than 50 dB of 7,
fabrication precision of better than + 10 pm is required. Thus, we decided to
use milling techniques and laser measuring techniques by turns several
times. By checking the depth after milling each time by the laser measuring
technique, we achieved a waveguide structure with a precision of better than
+ 10 pm.

We fabricated the new finline OMT1 and evaluated its performance. Fig.
5-9(a) shows the outward appearance of the new finline OMT1. Its total
volume 1s 20 mm X 20 mm X 25 mm, and it weighs 74 g. This small volume
and low weight make it easy to build the new finline OMT1 into portable
wireless link systems. Fig. 5-9 (b) shows the inside of the new finline OMT1.
We used 50-um-thick metal plate fins, and the fin gap at the center is 70 pm.
Fig. 5-9 (c) shows the cross section of the new finline OMT1. The lengths of
the sides of the fabricated square waveguide of the OMT1 are 1505 and 1493
pm, which are within + 10 um of the designed length of 1500 pm. Thus, we
succeeded in fine fabrication of the waveguide structure by combining
milling and laser measurement techniques.

Fig. 5-10 shows the Sa3 (L,») and Sa1, Ss1 (XPI) of the new finline OMT1, the
former measured with a vector network analyzer (VNA). In the
measurement, a circular horn antenna and square-waveguide to
circular-waveguide transition were attached to the port 1, because wireless
systems based on polarization multiplexing generally employ a circular horn
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antenna that can transmit radio waves with any polarization.

The 1, is below 33 dB, and the XPI is below 23 dB in the operation band of
the 120-GHz-band wireless link (116.5 ~ 133.5 GHz). Outside the operation
band, there are sharp peaks at 115 and 137 GHz. These peaks come from
resonance on the new finline. The achieved XPI meets our requirement (> 14
dB), but the achieved ., missed the target by 17 dB. This indicated the need

for further improvement to meet our goal of more than 50 dB.

-30

'80110 120 130 140

Frequency (GHz)

Figure. 5-8 Relationship between Ss3 (1) and waveguide fabrication
precision.
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Figure. 5-9  (a) Outward appearance of the new finline OMT1. (b) Inside
of the new finline OMT1. (¢c) Cross section of the new finline OMT1
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Figure. 5-10  First achieved Sgs (1) and Sg1, S31 (XPI) of the new finline
OMT1.

5-2-3 Improvement of OMT isolation (Iop)

We evaluated the time-domain characteristics of 7,,, and we found
out that there were two points where polarization rotation happens. Fig. 5-11
shows propagation paths of radio waves inside the new finline
OMT1-Basically, two kinds of waves determine /,,: a direct wave, for which
we suppose that rotation of horizontal waves occurs due to the difference in
the finline structure between the designed and fabricated finline; and
reflected waves, which are once propagated to port 1, and reflected there,
and then go back to port 2 with polarization rotation. The direct wave
reaches port 2 earlier than the reflected one because its propagation distance
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is shorter by 18 mm. Moreover, the direct wave is mainly affected by the
difference in the finline structure between the design and the fabricated
finline inside an OMT; it is not affected by the reflection characteristics at
port 1.

To achieve high 7,, it is necessary to decrease the intensity of both the direct
and reflected waves. One way to decrease the intensity of the reflected wave
1s to change the circular horn antenna attached at port 1 shown in Fig. 5-12
(a). The square-waveguide-to-circular-waveguide transition causes reflection
at the joint plane. Moreover, radio wave signal can polarize at any direction
on a circular horn antenna. As a result, millimeter-wave signal reflected at
the circular horn antenna easily rotates into another polarization and these
reflected waves degrade the 7,,. In order to decrease the reflection and
rotation of waves reflected at the antenna attached to port 1, we newly
designed and fabricated the square horn antenna shown in Fig. 5-12 (b),
which enables us to omit the square-waveguide-to-circular-waveguide
transition that causes reflection at the interconnection plane. Moreover, the
square horn antenna restricts the polarization to the vertical and horizontal
directions, thereby preventing reflected waves from rotating polarizations.
Fig. 5-13 shows the time-domain measurement results of Sss (1) with the
circular horn antenna and square horn antenna. The first peak (dotted
circle) is a direct wave. Some peaks after 1080 ps originate from the reflected
wave from port 1 and the antenna attached at port 1. With a square horn
antenna, the reflected wave is obviously smaller than that with the circular
horn antenna. These results indicate that the use of the square horn antenna
improves the I, of the new finline OMT.
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Fig. 5-11 Propagation of radio waves inside a finline OMT.

horn antenna. (b) New square horn
antenna for preventing reflected waves from rotating polarizations.
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Fig. 5-13 Measured time-domain characteristics of Sg3 (1,,) with comparison
of using circular horn antenna and square horn antenna.

Next, we investigated whether we could increase the 7, by changing the
sandwiching structure of the finline plane. Fig. 5-14(a) shows a schematic of
the cross section of the new finline OMT1-As shown in Fig. 11(c), the finline
plane is sandwiched by two waveguide blocks. We suppose that the
incomplete sandwich structure between waveguide blocks and finline causes
a gap in the OMT, which deteriorates the I,,. As shown in Fig. 5-14(a)-1, in
the new finline OMT described above (OMT1-a), the finline planes are
sandwiched with flat planes with a wide area. Unevenness at the wide
contact area, due to the limitations of the fabrication process, will cause a
gap as shown Fig. 5-14(a)-2. At the gap, polarization rotation occurs and not
only the intensity of the direct wave but also that of reflected ones
increases. To reduce the contact area between waveguide block and finline
OMT1-b, shown in Fig. 5-14(b), we therefore added a trench structure on the
waveguide blocks as was done in a previously reported OMT [10]. This
structure reduces the probability of gap formation. Fig. 5-15 shows the
time-domain measurement results of Sss (1) for OMT1-a and OMT1-b with
the square horn antenna. Finline OMT1-b successfully decreases the
intensity of both direct and reflected waves.
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Fig. 5-14 Schematic of cross section of the new finline OMT: (a)-1 OMT1-a.
(a)-2 Unevenness at the wide contact area of OMT1-a. (b) OMT1-b with
trench structure for reducing the probability of a gap formation.
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Fig. 5-15 Measured time-domain characteristics of Ses (Z,,) for the new
finline OMT1-a and OMT1-b with a square horn antenna.

5-2-4 Characteristics of the Improved finline

OMT1

Next, we measured the frequency-domain characteristics of new
finline OMT1-b. Fig. 5-16 shows the measured Sg; (Z,,) and Ss1, S31 (XPI) of
OMT1-b with the square horn antenna, measured with a VNA. The /,, is
below 50 dB, and the XPI is below 31 dB in the operation band of the
120-GHz-band wireless link (116.5 ~ 133.5 GHz). Outside the operation band,
there are sharp peaks at 115 and 137 GHz. These peaks come from resonance
on the finline. The achieved I, is insufficient for our requirement (> 60 dB).
Thus, further improvement of finline OMT for higher 7., is necessary. The
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achieved XPI is sufficient for the unidirectional 2-ch wireless link (> 23 dB).
There is a difference between the simulated and measured Z,,, which is
probably due to the differences between the OMT structure used in the
simulation and the actual structure of the fabricated OMT1-b. Fig. 5-17
shows the measured Sa1, S3; (transmission loss) and Sgs, S33 (return loss) of
OMT1-b, measured with a VNA. The transmission loss 1s less than 1.2 dB,

and the return loss is more than 12 dB for both polarization ports.
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Fig. 5-16 Measured Sa3 (1) and Sg1, Ss1 (XPI) of the new finline OMT1-b.
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Fig. 5-17 Measured Sq1, S31 (transmission loss) and Ss2, Sss (return loss) of
the new finline OMT1-b.

5-3 The Second Design and Fabrication of the New
Finline OMT2

5-3-1 Improvement of OMT isolation (Top)

As shown in Fig. 5-16, the measured /,, of OMT1 is more than 50 dB
in the operation bandwidth of the 120-GHz-band wireless link (116.5~133.5
GHz). As explained above, I, must be better than 60 dB for bidirectional
wireless data transmission with an output power of 0 dBm. However,
achieved 1, of 118 and 127 GHz is 50 dB, which misses our requirement by
10 dB. 17, of the OMT should be increased to improve the transmission
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characteristics of the bidirectional 120-GHz-band wireless link.

The best way to increase the isolation is to fabricate the finline OMT much
more precisely, because simulation results for an ideal finline OMT showed
that the isolation would reach more than 60 dB in the operation bandwidth
of the 120-GHz-band wireless link. However, the fabrication accuracy error
of the current finline OMT1 is less than 10 pm, and it is quite difficult to
further improve the fabrication accuracy.

To improve I, we chose to focus on the spectral characteristic of the
120-GHz-band wireless link. As explained in Chapter 2, 120-GHz-band
wireless link uses ASK modulation. A theoretical calculation showed that a
peak with a 50-% total power appears at the carrier frequency in the
spectrum of ASK modulated wireless signal. This strong carrier component
from the Tx module connected to the OMT causes frequency mixing with the
data component of recived signals when the carrier component leaks into the
other port, and it becomes a major source of noise at the receiver module.
Therefore, I, of more than 60 dB is necessary at the carrier frequency of 125
GHz to decrease the frequency mixing noise. As shown in Fig. 5-16, at 123
GHz, there is a point where 1, is over 60 dB. If the high ,, point can be set
at 125 GHz, the frequency mixing noise caused by the leak carrier signal can
be suppressed sufficiently.

We investigated the relationship between the high 7,, point frequency and
the structure of the finline OMT using an electromagnetic simulator with the
finite element method. The simulation results indicate that the high 7,, point
mainly depends on the length of the rear part of the finline, L,shown in Fig.
5-2. And finline lengths L, and I, shown in Fig. 5-2 also affect the high /,,
point. We optimized lengths I, L» and L. to 1.30, 2.20 and 1.30 mm,
respectively, in order to shift the high /,, point to the carrier frequency of the
120-GHz-band wireless link. On the basis of the simulation results, we newly
fabricated a finline OMT2. In that fabrication, we employed a new
waveguide flange [14], which has fewer pins and holes for fine alignment of
waveguide flange. Previous Finline OMT1 uses standard UG387/U-M
flanges for waveguide interfaces, whose fabrication accuracy are within + 30
pm. Fabrication accuracy error at waveguide interfaces causes polarization
rotation, which deteriorates /,, and XPI. For finline OMT2, we therefore
employed a new waveguide flange. The fabrication accuracy of waveguide
flange design of finline OMT2 is within + 15 pm.
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Figure 5-18, 5-19, and 5-20 show the measurement results for OMT2. As
shown in Fig. 5-18, the high 7, point is shifted from 123 to 125 GHz and the
Ip at 125 GHz is 67 dB. The 1, of the previous OMT1 at 125 GHz was 53 dB,
which means that we succeeded in improving /7, at 125 GHz by 14 dB. As
shown in Fig. 5-19, the achieved XPI of OMT2 is more than 42 dB for the
operation bandwidth of the 120-GHz-band wireless link, which is 12 dB
better than that of finline OMT1. Figs.5-20 shows Measured S21, and Ss1
(transmission loss) and Sg2, Ss3 (return loss) of finline OMT2. Achieved
transmission losses and return losses are sufficiently low for data
transmission.

The I, and XPI of finline OMT2 are sufficient for our requirement explained
in Chapter 2, and the achieved I, of OMT2 at 125 GHz is high enough to be

used with an output power of 0 dBm.
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Fig. 5-18. Measured Sg3 (1) of finline OMT2.
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5-3-2 Improvement of group delay variation

Next, we improved the group delay variation of finline OMT2 for
better data transmission characteristics. Figure 5-21 shows a schematic view
of our finline OMT. As explained in Chapter 5-2-1, our finline OMT uses 1.5
mm X 1.5 mm square waveguide in order to use both polarizations and to
allow only the basic modes. The cutoff frequency 7. of TEio and TEo: basic
modes in the 1.5 mm X 1.5 mm square waveguide is 100 GHz, which is
higher than that of a standard F-band waveguide (1.016 mm x 2.032 mm) by
25 GHz. The operation bandwidth of the 120-GHz-band wireless link (116.5 ~
133.5 GHz) is close to the £ of the 1.5 mm X 1.5 mm square waveguide, so
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that degradation of the group delay variation of 120-GHz-band signals occurs.
The group delay variation of 120-GHz-band signals can be decreased by
making waveguide length Ls small, which enables higher order modes to
pass through the port. Thus, OMT waveguide length Lgs should be designed
to accommodate low group delay variation while preventing higher order
modes from passing through. We simulated the relationship between
waveguide length and the transmission characteristics of higher order modes.
As shown in Fig. 5-22, simulation results showed that s can be reduced
from 25 to 17 mm, which prevents transmission of higher order modes lower
than -60 dB in the operation bandwidth of the 120-GHz-band wireless link
(116.5~133.5 GHz). In the actual design, we employed Ls of 18 mm for a
design margin. In addition, we reduced the length of the waveguide
converters used for connecting the OMT waveguide and standard F-band
waveguide. L. and Lrwere reduced from 30 to 25 mm. Fig. 5-23 shows the
group delay variation of finline OMT1 (Ly= 25 mm, L. and Ls= 30 mm) and
the newly designed one (OMT2) (Ly= 18 mm, L. and Ls= 25 mm). The
simulation results (dotted circle) indicate that total simulated group delay
variation of the OMT waveguide is reduced from 60 to 43 ps. Measured group
delay variation of OMT2 is 43 ps, an improvement of 13 ps over that of
OMT1 (56 ps). We use two OMTs for polarization multiplexing and
demultiplexing so that the total group delay variation is reduced from 112 to
86 ps.
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inside a 1.5 mm x 1.5 mm square waveguide (Lq= 17 mm).
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5-4 Wireless data Transmission Equipment using

Polarization multiplexing with OMT

We made portable wireless equipment for polarization multiplexing data
transmission experiments with OMT2.

Fig. 5-24 shows a photograph of the portable wireless equipment. A square
horn antenna is used to transmit both V and H waves. Antenna gain of the
square horn antenna is 22 dBi. The wireless equipment is 18 cm X 18 cm X 30

cm in size and almost the same as the former unidirectional equipment
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which is referred in Chapterl [22].

Fig. 5-25 shows a schematic of the portable wireless equipment assembled
for 10-Gbps bidirectional data transmission. As shown in Fig. 5-25, the Tx
and Rx modules and a square horn antenna are connected to the OMT. Fig.
5-26 shows a schematic of the portable wireless equipment assembled for
20-Gbps unidirectional data transmission. As shown in Fig. 5-26, two sets of
Tx modules and a square horn antenna are connected to the OMT. The
portable wireless equipment for the 20-Gbps unidirectional data receiver is
assembled with two sets of Rx modules.

Square horn antenna
Radlatlon absorbeht

Fig. 5-24. Photograph of portable wireless equipment for polarization
multiplexing.
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5-5 Bidirectional data Transmission Experiment

using Wireless Equipment

We carried out a bidirectional data transmission experiment using

the equipment in an anechoic chamber. Fig. 5-27 is a schematic view of the
setup, where dotted lines show the configuration for measuring data
transmission characteristics, and solid lines show that for testing
connectivity for 10-Gbit Ethernet (10GbE).
To measure the BER characteristics of the equipment, we used a pulse
pattern generator (PPG) to generate 10.3-Gbps pseudorandom bit sequence
(PRBS) data, an error detector (ED) to measure the BER, and FEC to control
errors in data transmission. The FEC uses Reed-Solomon (RS) (255,239)
coding with coding gain of 6 dB, and the output signal of FEC becomes 11.1
Gbps. V polarization waves generated by the equipment on the right are
radiated from a 22-dBi horn antenna. They reach another 22-dBi horn
antenna, and are input into the equipment on the left. At the same time, H
polarization waves generated by the equipment on the left are transmitted to
the equipment on the right. The output powers of both sets of equipment are
basically 0 dBm and can reach 10 dBm by attaching an additional amplifier
module in front of the Tx module. In this experiment, we varied the distance
between the two antennas in order to change the received power and
measure the BER characteristics. We also carried out the same experiment
without FEC.

87



Pulse pattern Error Pulse pattern Error

generator detector generator detector
T A A
FEC ) FEC
. Horizontal waves =

. : |::> v .
10GbE D — — = |.. ! 10GbE

(optical fiber) Vertical waves optical fiber)
<|> FEC FEC 4|>

PC ] PC
Packet time-stamping

Fig. 5-27. Bidirectional wireless data transmission experiment: dotted
line shows the configuration for measuring BER characteristics; and solid

line shows the configuration for testing connectivity for 10GbE.

Fig. 5-28 shows the BER characteristics of the V and H channels. The BER of
the wireless link was below 10712 at both channels without FEC. With FEC,
we succeeded in bidirectional transmission with a BER of below 10712 over a
distance of more than 1.8 m with an output power of 0 dBm and 2.8 m with
10 dBm. With a Cassegrain antenna with a 52-dBi gain and FEC, the
maximum transmission distances calculated using the output power,
antenna gain, received power necessary for BER of 1012, and absorption
coefficient of air (about 1 dB/km), would be about 1.5 km with an output
power of 0 dBm and 2.2 km with that of 10 dBm. As shown in Fig. 5-28, the
BER characteristics of the H polarization channel of 10 dBm are worse than
those of the V polarization channel. These characteristics appear when we
change the polarity of the OMT, indicating that the deterioration of H
polarization channel is due to the characteristics of the MMW amplifier

attached to the Tx module for the H polarization channel.
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Fig. 5-28. BER characteristics of V and H polarization channel in the

bidirectional data transmission system.

We carried out an experiment for connecting the bidirectional wireless data
transmission equipment to 10GbE network. We connected the wireless
equipment to two PCs that have a 10GbE interface, an application for
controlling large numbers of data streams [15], large storage capacity for
recording large data, and a packet time-stamping system. We evaluated the
wireless data transmission characteristics by transmitting 11.2 GB of
uncompressed picture data over the setup shown in Fig. 5-27 by solid lines.
The 11.2 GB of data transmitted from one PC passes through the setup and
is recorded by the other PC. Fig. 5-29 shows the relationship between the
BER and average data transmission time of the 11.2-GB data. For a BER of
below 1012, the transmission time was 9.1 seconds. The averaged bit rate of
the PC is calculated as
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11.2 x 8 + 9.1 = 9.85 Gbit/s .,

The achieved bit rate of 9.85 Gbps is almost same as the theoretical
maximum TCP throughput of 10GbE (9.92 Gbps). When the BER
characteristics deteriorate above 108, the data transmission time drastically
increases. The BER of 108 significantly influences the TCP throughput
because TCP considers every packet loss as an indicator of congestion and
increases the data transmission time accordingly.

Fig. 5-30 shows average delay time versus connecting PCs without wireless
system (only with optical fiber) and with wireless system. The average delay
of using the wireless system was 9.6 us. We suppose that the delay is mostly
due to FEC because electro-optic conversion by the optical transceiver inside
the wireless equipment takes less than 1pus.

These results indicate that the 120-GHz-band bidirectional wireless data
transmission system using polarization multiplexing can be connected to a

10GbE network seamlessly.
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5-6 Unidirectional data Transmission Experiment

using Wireless Equipment

As explained in Chapter 5-4, we reassembled the wireless equipment to
make unidirectional 20.6-Gbps (2 ch x 10.3 Gbps) wireless equipment with
finline OMT2. We carried out a unidirectional 2-ch data transmission
experiment using the equipment in an anechoic chamber. Fig. 5-31 shows a
schematic view of the experimental setup, where the dotted lines show the
configuration for measuring data transmission characteristics, and the solid
lines show that for testing connectivity for multiplexed 12-ch of HD-SDI
(uncompressed HDTV signal). To measure the BER characteristics of the
equipment, we used a PPG to generate 10.3-Gbps PRBS data, FEC to control
errors in data transmission, and an ED to measure the BER. The FEC uses
RS (255,239) coding and the output signal of FEC becomes 11.1 Gbps. The
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pieces of equipment used in this experiment were connected as shown by the
dotted lines in Fig. 5-31. V and H polarization waves generated by the
transmitter equipment on the left are radiated from a 22-dBi horn antenna.
They reach another 22-dBi horn antenna and are input into the receiver
equipment on the right. The output powers of both sets of equipment are
basically 0 dBm and can reach 10 dBm by attaching an additional amplifier
module in front of the Tx module. In this experiment, we varied the distance
between the two antennas in order to change the received power and
measure the BER characteristics. We also carried out the same experiment
without FEC.

PPG PPG ED ED
. : A A
FEC Vertical wave FEC

>.> —>

\ Horizontal wave

X HD-SDI HD-SDI &%
| \ X 6 ch X 6ch /
HD-SDI HD-SDI HD-SDI HD-SDI
Multiplexer x 6 ch X 6 ch Demultiplexer
Fig. 5-31. Unidirectional 20.6-Gbps (2 ch x 10.3 Gbps) wireless data

transmission experiment: dotted line means measuring BER characteristics,

solid line means testing connectivity for multiplexed 12-ch of HD-SDI.

Fig. 5-32 shows the BER characteristics of the V and H channels. The BER of
the wireless link was below 10712 at both channels without FEC.
Measurement results show that using a pair of OMTs increases the required
C/N ratio by 2 dB, so the deterioration of data transmission characteristics
caused by each OMT is 1 dB. With FEC, we succeeded in unidirectional
transmission with a BER of below 1012 over a distance of more than 4.2 m
with an output power of 0 dBm. Because of the limited length of the anechoic

chamber, we evaluated data transmission characteristics with an output
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power of 10 dBm without FEC and achieved transmission with a BER of
below 1012 over a distance of more than 6.2 m. With a Cassegrain antenna
with a 52-dBi gain and FEC, the maximum transmission distances,
calculated using the output power, antenna gain, received power necessary
for BER of 1012 , and absorption coefficient of air (about 1 dB/km), would be
about 3.0 km with an output power of 0 dBm with FEC and 3.9 km with 10
dBm without FEC. As shown in Fig. 5-32, the BER characteristics of the H
polarization channel of 10 dBm are worse than those of the V polarization
channel. These characteristics appear when we change the polarity of the
OMT, indicating that the deterioration of H polarization channel is due to
the characteristics of the amplifier attached to the Tx module for H

polarization channel.
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Fig. 5-32. BER characteristics of V and H polarization channel in the

unidirectional data transmission system.
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We carried out an experiment for unidirectional 12-ch wireless HD-SDI data
transmission. The experimental setup is shown in Fig. 5-31 as indicated by
the solid lines. The data transmission distance was 1 m. We used two
pairs of the HD-SDI multiplexer and demultiplexer to multiplex and
demultiplex six channels of HD-SDI signals. The HD-SDI multiplexer uses
FEC of concatenating RS codes with different structures to achieve 6 dB of
coding gain [16]. RS(986,966) code is used to encode each HDTV line format
and then encoded HDTYV signals are divided into the data packets by packet
formation function inside the HD-SDI multiplexer. RS(252,236) is used to
encode the data packets and then the sum of six channels of encoded data
packets are multiplexed into one optical data stream. The data rate of the
optical data stream rises from the sum of six channels of HD-SDI signals
(approximately 9 Gbps) to 10.3 Gbps. We first evaluated the BER
characteristics using PRBS data generated within the encoder of the HD-SDI
multiplexer and error detector within the decoder of the HD-SDI
demultiplexer. We succeeded in error-free transmission with a BER of below
1012, We next estimated the wireless data transmission characteristics of 12
channels of HD-SDI signals. Transmitted HD-SDI signals show no error,
which was indicated on the HD-SDI monitors. Thus, we succeeded in

transmitting 12-ch HD-SDI data by interconnecting our system.

5-7 Conclusion of Chapter 5

Chapter 5 describes polarization multiplexing by orthomode transducer.
First, we designed and fabricated new OMT. Fabricated OMT shows high
enough Iop and XPI for our requirement. Measured Iop was 67 dB at the
carrier frequency of the 120-GHzband wireless link. Measured XPI was more
than 42 dB for the operation bandwidth of the 120-GHz-band wireless link.
Next, we made portable wireless equipment for polarization multiplexing data
transmission experiments with OMT. The wireless equipment was
successfully assembled 18 cm X 18 cm X 30 cm in size and almost the same as
the former unidirectional equipment which is referred in Chapterl [22].
Finally, we measured data transmission characteristics of polarization

multiplexing by the portable wireless equipment with OMT. The bidirectional
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equipment succeeded in the transmission of 10-Gbps bidirectional data and
seamless connection to a 10GbE network. The unidirectional 2-ch equipment

succeeded in the transmission of 20-Gbps data and 12 channels of uncompressed
HDTYV signals.
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Chapter 6

Conclusion
6-1 Summary of Preceding Chapter

Chapter 1 presents the background of this research.

Chapter 2 presents theoretical calculation of required Iop and XPI for
polarization multiplexing. From the theoretical calculation, required Iop for
bidirectional transmission is more than 60 dB when the output power of Tx is 0
dBm, required XPI for unidirectional two channel data transmission is more
than 23 dB.

Chapter 3 presents the polarization multiplexing using two Cassegrain
antennas. Measured XPI was 29 dB at 125 GHz. Measured isolation between Tx
and Rx for bidirectional data transmission was 80 dB at 125 GHz even when two
pairs of wireless links use same polarization. We have succeeded in outdoor
bidirectional 10 Gbps data transmission and unidirectional 20 Gbps data
transmission. Moreover, we have experimentally shown that the rain

attenuation of V- and H- polarization 120-GHz-band signal is almost the same.

Chapter 4 presents the polarization multiplexing using two planar slot array
antennas. Measured XPI was 40 dB at 125 GHz. Measured Iop was 70 dB at 125
GHz. We have succeeded in bidirectional 10 Gbps data transmission and

unidirectional 20 Gbps data transmission.

Chapter 5 presents the polarization multiplexing using OMT. We have designed
and fabricated finline OMT for high Iop. Measured XPI was z50 dB at 125 GHz.
Measured Iop was 67 dB at 125 GHz. We have fabricated wireless data
transmission equipment using OMT. We have succeeded in bidirectional 10
Gbps data transmission and unidirectional 20 Gbps data transmission.
Moreover we have succeeded in experiment for connecting the bidirectional

wireless data transmission equipment to 10GbE network. We also have
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succeeded in experiment for unidirectional 12-ch wireless HD-SDI data

transmission.

Finally, Chapter 6 summarizes this study and discusses the future study.

6-2 Conclusions for the Future Research and

development

Results of Chapter 3 indicate that the interference between 120-GHz-band
wireless links with high-gain antennas is small even when they are arranged
close to each other, and that space and polarization multiplexing is effective for
frequency reuse in the 120-GHz-band wireless link system for both bidirectional
data transmission and unidirectional 2ch data transmission. High gain
Cassegrain antennas are already practically used for the millimeter wave
wireless links and are suitable for space and polarization multiplexing. The
disadvantage of using Cassegrain antennas is bulky size of them. Using
Cassegrain antennas for space and polarization multiplexing needs wide area
for installation. Thus they should be used at vast area like golf course or rooftop
of big buildings.

Results of Chapter 4 indicate that using planar slot array antennas is also good
candidate for space and polarization multiplexing because of its high Iop and
XPI. Especially, its thin structure allows to be installed at narrow area where
Cassegrain cannot be installed. The disadvantage of using planar slot array
antennas is group delay variation of waveguide inside the antenna. Large
antenna size for higher gain of planar slot array antenna needs long line of
waveguide feeding inside the antenna, which deteriorates the group delay
variation. Moreover, small diameter of the waveguide also deteriorates the
group delay variation. The cutoff frequency of waveguides inside the antenna is
designed close to the lower frequency band of wireless signal in order to make
the diameter of waveguide small. Small diameter of the waveguides is required

because waveguide feeding structure inside the antenna is crowded. Currently,
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new planar slot array antennas which have coaxial cable structure are studied
in Hirokawa Laboratories because coaxial cable structure never deteriorates

group delay variation in principle.

Results of Chapter 5 indicate that using OMTs is also good candidate for
polarization multiplexing because of its high Iop and XPI. An OMT multiplexes
and de-multiplexes V and H wave with one antenna. Using OMT enables
space-saving assembly of wireless equipment which is much smaller than
using two pairs of antennas system and is suitable for portable wireless
system. The disadvantage of using OMT is limitation of Iop. In the OMT, V and
H wave are physically connected and space multiplexing cannot be applied,
that situation increases difficulty of achieving high Iop. The other way of
achieving high Iop is decreasing fabrication accuracy error and is fitting the
Iop spectrum to wireless data spectrum. As explained in Chapter 5,
decreasing fabrication accuracy error is at the limit. As shown in Chapter 5,
fitting the Iop spectrum to wireless data spectrum which uses ASK
modulation has succeeded, but this method cannot be applied to wireless
data spectrum which uses OFDM modulation because it requires high Iop at
the entire operation band. Therefore using OMT for bidirectional data
transmission 1s suitable for short distance usage model like a data
transmission in stadium because current Iop is high enough for that usage.
As the future work, high-gain Cassegrain antenna that uses the OMT is
required for data transmission over a distance of a few kilometers. The
Cassegrain antenna will require new reflector design and new feed antenna
design which are suitable for high Iop and XPI of the OMT.

Figure 6-1 shows relationship between this work and future work. As
explained above, 2 channels multiplexing of 120-GHz-band wireless link
system has succeeded. One of the methods of 2 channels multiplexing is using
two pairs of antennas. Using two pairs of antennas can be categorized as a kind
of space division multiplexing because it uses only one polarization at each
antenna. The other method of 2 channels multiplexing is using OMT. OMT
enables using two polarizations at each antenna. These results indicate that
using both two pairs of antennas and OMT enables 4 channels multiplexing of
120-GHz-band wireless link system. 4 channels multiplexing will enable 20

Gbps bidirectional and 40 Gbps unidirectional 4 ch data transmission.
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