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Wide-Band Millimeter-Wave/Optical-Network
Applications in Japan
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Abstract—This paper describes work on wide-band millimeter- diffraction losses. This results in compact and well-defined cell
}Nave (MMIW%/QDUC&FnethO“(t ?ﬁplfgtlons 'g %alpan—ln pf%rtlf;_u' boundaries. Micro/pico cellular or wireless local area network
ar, projects being pursued at the Advanced Telecommunications ; ; : ; ot
Research Institute (ATR). Digital-signal transmission at 118 Mb/s E:LAI\III) Syﬁ tems, ”|n partllcuIaL, bel?eflt fr-o.m th.ls Chfal’ﬁl Cte.nStIC];
was tested. Results of the experiments demonstrate that high- Finally, the small wavelengtns allow miniaturize of the size o
speed digital-signal transmission, with a total carrier-to-noise Components—such as antennas. Miniaturized components are
ratio (C/N) degradation of less than 1.2 dB from a modem at very important for portable sets as well as base-station (BS)
a BER of 107, is feasible. Similarly, analog FM-signal transmis- facilities, which need to be readily installed.

sion with a weighted S/N of more than 45 dB is also feasible :
at a signal bandwidth of 18 MHz and FM carrier frequency To date, several papers have been published about the

of 43.75 GHz. Based on these results, a demonstration systemP€rformance of MMW optical transmission systems [3]-[6].
was constructed, and the feasibility of the system was confirmed. This paper describes wide-band MMW fiber-optic technolo-
Several key technologies for system construction such as angies being developed in Japan for subcarrier transmission
MMW optical modulator and an MMW high-speed p-i-n detector  gystems to be used in future mobile systems, in particular

and some related technologies are also described. In addition, an iects bei ied t at the Ad d Tel .
advanced system considered suitable for future high-speed mobile projects being carried out a e vance elecommuni-

communications is proposed. This system employs an optical Cations Research Institute (ATR) [7]-{10]. The construction
signal-processing multibeam antenna, where the direction of each of a wide-band MMW/optical network for future high-speed

sharp beam can be adaptively controlled. mobile communications is described. Moreover, experimental
Index Terms—Beamforming network, millimeter wave, mil- results of the system are reported. Digital-signal transmission
limeter wave/optical interaction, millimeter-wave subcarrier sys- at 118 Mb/s was tested. Results of the experiments demonstrate
tem, mobile communication system, optical signal-processing an- that high-speed digital-signal transmission, with a total carrier-
tennas. to-noise ratio (C/N) degradation of less than 1.2 dB from a
modem at a BER of 1t is feasible. Similarly, analog FM-
signal transmission with a weightegfN of more than 45 dB
[. INTRODUCTION is also feasible with a signal bandwidth of 18 MHz and FM

RAPID increase in the number of people usin§arier frequency of 43.75 GHz,

mobile/personal communication systems in Japan hagBased on these results, a demonstration system was con-
pushed the capacity of all channels to their limit, angtructed. The system is composed of two zones and signals
the problem will become even more severe with thare transmitted both ways (up and down links) simultane-
implementation of high-speed data and/or video transmissi@Hsly, proving the validity of the system concept. Other
services. Therefore, there is an urgent need to develop systégigted research in Japan, such as a new optical transmission
that use milimeter-waves (MMW’s). Such systems havecheme for MMW signals using a time-division multiplexing
several attractive features beyond those offered by microwad>M) technique and an intelligent antenna for MMW/optical-
or UHF-wave systems [1], [2]. network systems [11]-[22], is also reviewed.

First, they have a wide frequency bandwidth; therefore, aHowever, some problems still need to be addressed. Due
large transmission capacity can be obtained. This solves tRelarge propagation losses, in this MMW/optical-network
frequency bandwidth shortage problem faced by existing sygystem, large transmission power is required to cover the wide
tems when high-speed mobile communications are consideratka of cell zones. In addition, the effect of the multipath
Secondly, they have large penetration losses through walls d@&tomes serious when the signal bandwidth is wide. To cope

with these problems, we propose an advanced MMW/optical
network which employs an intelligent multibeam antenna
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Fig. 1. Configuration of the TDM fiber-optic link.

shifters when the element number is increased [23]-[2&an be operated in the MMW frequency band have recently
After some system evaluations, this antenna was found to liecome easily available. At ATR, we have already proposed an
suitable for the above advanced system [27]. Based on tM$/W-over-fiber system that transmits an MMW signal over
consideration, the configuration of an advanced MMW(/opticalfiber-optic link [28]—the first of its kind in Japan—and have
network employing an optical signal-processing array antensanstructed a demonstration system. The details are given in
is proposed. Several key technologies needed to constrgig following section.

subcarrier transmission systems are also described. Osaka University has proposed a new optical transmission
scheme for MMW signals using a TDM technique [11],

Il. RESEARCH ONMMW OPTICAL-NETWORK [12]. Fig. 1 shows the configuration of the proposed sys-
SYSTEMS IN JAPAN tem. Fig. 1(a) shows the up-link configuration and Fig. 1(b)

Wide-band and low-loss characteristics of an optical-fibéhows the down-link configuration. In the proposed system
link can most effectively make full use of the advantage®f Fig. 1(a), amplitude modulated MMW signals received by
of MMW'’s [3]-[6]. Several approaches exist to produce &everal sector antennas from several subscribers are sampled
fiber-optic link for MMW's: (i.e., bandpass sampling) and transformed to pulse trains of

1) directly sending the MMW over fiber (MMW-over-fiber)the TDM format in the hold circuit, which then modulate

by using an optical carrier; the laser diode (LD). The amplitude of the MMW signals are

2) sending a low-frequency signal on an optical carrier faeserved. After transmission over the fiber, these signals are

up-conversion at the receiver end,; detected and then divided into individual signals by the time-

3) optical generation and fiber-optic transmission of MMWivision demultiplexer. After being bandpass filtered, these

signals such as with an optical heterodyne scheme us@ignals are demodulated. In contrast, in the down link shown
two coherent laser sources. in Fig. 1(b), as in the case of Fig. 1(a), output signals of the

The first approach is the simplest method. The secofipdulators are sampled and transformed in the hold circuit
approach requires more components, excluding it from b@ pulse trains with the TDMA format. These pulse trains
ing used to construct compact BS’s. The third approach then modulate the LD. After transmission over the fiber, these
more complex and expensive to implement using conventiorggnals are detected and then divided into individual signals
technologies. by the time division demultiplexer and the bandpass filter.

Considering these aspects, we considered that an MMWhey are then up-converted to MMW signals and transmitted
over-fiber system would be the best, although each approdeheach subscriber station.
has its own features. As is described in the following section, The main feature of this method is that it is free from the
external optical modulators (EOM’s) and photodiodes whiakffects of intermodulation because only one signal is applied
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Fig. 2 Configuration of an intelligent antenna for millimeter-wave/optical-network systems.

at a time and direct modulation of the LD is possible because cS

the speed of the sampled signal is much lower than that of:

the MMW signal. The routing technology based on theoretical
140 MHz 2.6 GHz 43.65 GHz

considerations for optical-network systems is of great interest: Digital [TFSK ] o [
H H lor A‘ .‘ E
for Osaka University researchers [13]. data -| : E:i > = B> o
The Communications Research Laboratory (CRL) in Japan, | DRO | M

proposed the first intelligent antenna for MMWo/optical- aahe Ao optica
network systems [14]. Intelligent antennas are expected to 546 GHy. 41,00 GHa optic link | fiber
solve the problems of large propagation losses and multipath |DR0| |DRO| - adio link 50 miy

fading in MMW. They also proposed a technique for
application of radio-on-fiber to an MMW intelligent antenna.
By using this technique, the configuration of users can be
simplified because the radio-on-fiber technique can centralize

(G om DR-<Po]

43.65
GHz
Digital

140 MHz

QPSK
Demodulator

. . data
all information about the users. BS

Fig. 2 shows the configuration of the system in which PS e o
adaptive circuits for the beamforming (attenuators and phase ?&fgggﬂ)na
shifters) modulator and demodulator are centralized in the
control station (CS). In this case, a wavelength-division mul- @
tiplexing (WDM) technique is used to decrease the number cs
of fibers between the CS and the BS. However, in the
system, a low-frequency signal is transmitted over the fiber NTSC w
for up-conversion at the BS. Therefore, a local oscillator R
is necessary at the BS, but as mentioned above this is not E
feasible for making compact BS’s. They have also studied an
adaptive distributed antenna. By combining and equalizing the optitink | ey
signal from the different path, the transmission performance

: . ; NTSC radio link [

under the shadowing and frequency selectivity fading cai—vigs
be improved. The effectiveness of this antenna has beep oo, @< ‘(( RH<—Po]
theoretically confirmed [14]. 75

As another approach to MMW/optical-network systems
the optical generation of an MMW signal using a coher- BS
ent multifrequency light source has been studied, and their PS

transport over an optical frequency-division multiplexing fiber-
optic network has been proposed [15]. Experimental results
have demonstrated 61-GHz MMW generation and 40-km-long
transport.

CS: Control Station BS: Base Station
PS: Personal Mobile Station

(b)
Fig. 3. Block diagram of an MMW fiber-optic link.
IIl. MMW/O PTICAL NETWORK SYSTEM DEVELOPED ATATR \\here 4 digital signal is transmitted, and Fig. 3(b) shows the

Fig. 3 shows a fundamental block diagram of an MMWase where an analog FM signal is transmitted. This system
fiber-optic link developed at ATR. Fig. 3(a) shows the caddistributes MMW signals from a CS to a BS over a fiber. At
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C/N (dB)
Pt transmitting power (W);

G Total gain of the transmitting and receiving antenna;

A wavelength (m);
the BS, the optical signals are translated to MMW signals. This{ propagation distance (m).

means that no frequency conversion is required at the BS. Thesy ysing this equation, the received power can be calculated
configuration allows us to achieve simple, small, and low-cog§ 5 fynction of the propagation distance with the antenna
radio BS’s because there is no need for frequency convertfgin parameter. To transmit more than 50 m, the total antenna
The standard frequency for MMW applications in Japan gin, which is the sum of both the transmitting and receiving
60 GHz. Note, however, that 43.65 GHz has been used djtennas, must be higher than 16.2 dB, assuming a 10-dBm

experiments due to restrictions on the characteristics in thgnsmitted power at 43.65 GHz. To transmit more than 100 m
optical modulator. The characteristics of the optical modulatgfe total antenna gain must be higher than 22.2 dB.

are described in Section IV. Tr_\e optic_al frequency bandwidth characteristics when an analog FM signal is transmitted
exceeds 30 GHz. However, it deteriorates above 50 GHgaye also been evaluated by the system shown in Fig. 3(b).
The transmission rate of the signals was 118 Mb/s afdyas found that a weighte8/N of more than 45 dB can be
QPSK modulation was employed. In the case of digitalichieved with a transmission distance of more than 50 m [29].
signal transmission, a short radio path (4 m) and narrowpggased on these considerations, in order to prove the system
beamwidth (14) horn antennas were employed to measuggncept, a demonstration system was constructed, having one
BER transmission characteristics, and to avoid other eﬁe@g' two radio BS'’s, and two personal mobile stations, as
such as multipath propagation. _shown in Fig. 5. For the broad-band signal source, a moving
Fig. 4 shows the system’'s measured BER characteristiggtyre was used. The signal is the National Television System
The measured C/N, which achieves a BER of40was 15.5 committee (NTSC), which is digitized to be 118 MbJs by
dB. This means the degradation in the BER characteristig®: encoder. Since an MMW fiber-optic link can transmit
of the whole system from the characteristics of the modeghy modulation scheme, an FM analog video signal and
was approximately 1 dB. The characteristics were obtaingdopsk digital signal were simultaneously transmitted. It
without an optic or radio link. They were almost identical tq,55 demonstrated that the moving picture could be trans-
the total system’s BER characteristics. These results show thaked with good quality, as was shown in Fig. 4, and the

the feasibility of digital-signal transmission at 118 Mb/s withystem concept was proved. Fig. 6 shows a view of the
a total C/N degradation from a modem at a BER of 40s experimental setup.

less than 1.2 dB, and analog FM-signal transmission with a

weightedS/Nof more than 45 dB was confirmed with a signal

bandwidth of 18 MHz and FM carrier frequency of 43.75 GHz. IV. KEY COMPONENTS FORBUILDING
The C/N degradation in the system [shown in Fig. 3(a)] A MMW OPTICAL NETWORK

mainly occurs in two sections: the radio and optic links. If it To build the system shown in Fig. 3, an MMW optical

IS ass“”.‘ed that both links h_ave the same C/N, and _the Cr41'\<|)dulator [16] and an MMW high-speed p-i-n detector [17]
in both links has to be kept higher than 18.5 dB to satisfy the
.were employed as key components. These components are

total C/N of 15.5 dB. If we consider that a 0.5-dB margin is . ; .
necessary for the system margin, a C/N of more than 19 ggmmerually available. The MMW optical modulator de

is necessary. Based on this C/N value, the received power sgribed in [16] is available from Sumitomo Cement Company,

. : ; H Funabashi, Japan, and the MMW high-speed p-i-n de-
be calculated as a function O.f the propagation distance Wtezctor (described in [17]) is available from NTT Electronics
the parameter of antenna gain [7].

. . . . Company, Ltd, Atsugi, Japan.
The equivalent input noise powét, is calculated by Fig. 7 shows the frequency characteristics of the EOM

P, =kTBF (1) which was used to build the system. The characteristics

Fig. 4. Measured BER characteristics of the system shown in Fig. 3.
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were measured by an HP83467C component ana|yzer. Tife 7. Frequency characteristics of the EOM that was used to build the

optical frequency bandwidth exceeds 30 GHz. The optic%’lStem'

insertion loss and half-wavelength voltager of this EOM

are 5.4 dB and 5.0 V, respectively. This EOM features trgptical frequency bandwidth exceeds 100 GHz with/a

use of a conventional coplanar waveguide from a practicai 5.1 V, and EOM’s whose optical frequency bandwidth is

manufacturing point of view, and is packaged in a rectangul4p GHz with aV = of 3.3 V could be achieved. The optical

block. A high-frequency response up to the MMW band cansertion losses and the extinction ratios of both types of

be achieved by optimizing the circuit pattern in the input dEOM’s were 5-6 dB and more than 20 dB.

the coplanar waveguide. Specified frequency bands in the MMW band are being allo-
As an MMW optical modulator capable of being operatedated for MMW subcarrier systems. Accordingly, components

at higher frequency bands, a ridged-type optical modulatemployed for these systems should have a high responsivity

has been reported [18]. Such optical modulators have bexnthe specified frequency bands. Based on this concept,

proposed which utilize thin (0.6m) SiO, layers and thick several components have been developed, which achieve better

(294:m) coplanar waveguide electrodes to obtain both a loperformance than conventional ones by optimizing the circuit

drive voltage and low conduction losses under the velocitgt the specified frequency bands. For example, an MMW

matching condition. With this configuration, EOM’s whoseptical modulator was proposed that employs an inverted slot



2202 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 45, NO. 12, DECEMBER 1997

-60 . i ey . S lated estimation. As was expected, a higher frequency response
] compared with that of a straight-electrode optical modulator
-65 ] could be achieved around the 30-GHz band. The frequency re-
_ [ ] sponse of the phase-reversal-type EOM is enhanced by 10 dB
E 0 ] compared with that of the straight-electrode-type EOM. The
o frequency dependent loss ] . .
T st 1.3 SqrtiGHz| dB/em ] measured and modeled responses fit well at low frequencies.
3 ] At higher frequencies, the experimental response has a large
2 ol ripple and a fall in response above 30 GHz compared with the
& L ) ) o
L prediction. The likely cause of the problem is deterioration of
8 g5 [ i the electrode return-loss response at high frequencies.
o experimental data . . .
w The p-i-n photodetector reported in [17] is of the edged-
-90 | oot using coupled waveguide type. In conventional p-InP/i-InGaAs/n-
: ransgpiszion loss InP edge-coupled photodetectors, the thickness of the undoped
95 3 E InGaAs layer determines the coupling efficiency as well as the
100 bttt e NN bandwidth; a tradeoff exists between the coupling efficiency
0 5 10 15 20 25 30 35 40 and bandwidth. This originates from the fact that the InGaAs
Frequency(GHz) layer functions both as a light-absorption/carrier-transit quer
for the photodetector and as a core layer for the waveguide.
(a) . . : . . .
To overcome this tradeoff relationship, the optical field dis-
-66 T T T T T T tribution was enlarged by adding doped InGaAsP intermediate-
experimental data bandgap layers between the InGaAs layers and the InP layers.
-70 The bandwidth went up to 110 GHz and the efficiency became
- frequency dependent loss 50%. However, the p-i-n photodetector employed for the
g 1.3 Sqrt[GHz] . . . . .
o -75 demonstration system described in the previous section could
% [ only operate up to 50-60 GHz and at an efficiency between
g 80 65% and 80%.
e r An impedance-matched transimpedance amplifier was
S g5l | tansmicsion Toss also studied. Fig. 9(a)-(i) shows equivalent circuits of
E | : the metal-semiconductor-metal (MSM) photodetector used
Bogof ] in the simulation. A 50-fF capacitance was chosen for
. the photodetector [31]. When the input resistance of the
.95 [ h transimpedance amplifier is high, the relative response at
_ lower frequency band improves, but the frequency response
100 bt e e i degrades, as is shown in Fig. 9(b). The response in the

0 5 10 15 20 25 30 35 40 lower frequency band was improved proportionally to the
Frequency(GHz) input resistance of the transimpedance amplifier. However,
®) the frequency response in the higher frequency band
proportionally degraded to the input resistance.
Fig. 8. Measured frequency response of a phase-reversal-type EOM. The bandwidth limit of the photodetector was proportional
to 1/2r RC, therefore, as can be seen, the response degrades
line to achieve perfect velocity matching at the specified baddB/octive beyond the bandwidth. A shunt inductance, which
and to achieve deep modulation [19], [20]. is shown in Fig. 9(a)-(ii), was used to improve the response
As another approach, band-operated light modulators, whieyond the bandwidth of the photodetector. Fig. 9(c) shows
can reduce the drive power at the expense of narrowitite inductance dependence of the relative response. The input
the bandwidth, have been reported [21], [22]. Still anotheesistance of the amplifier was assumed to be(5iik this
approach is the use of a phase-reversal-type EOM [30]. case. A 20-dB improvement, which has been expected at
Fig. 8(a) shows the obtained experimental results for thew frequency, could be obtained at frequencies beyond the
straight-electrode optical modulator. This figure also shobandwidth limit of the photodetector.
theoretical calculation curves for when the transmission loss ofBased on this concept, a monolithic heterojunction FET
the electrode is included. In the calculation, two assumptiofldFET)/MSM OEIC receiver for optical signals was designed
for the transmission loss were made: the transmission |laasd fabricated. Fig. 10(a) shows the circuit configuration of
is proportional to 1.3,/ f(GHz), which was experimentally the OEIC receiver. The OEIC receiver has three stages that
obtained, and the measured transmission loss is included [8e HFET’s having a 10@m gatewidth and a 0.2m gate
The dip caused around 15 GHz is due to the dip in tHength. Fig. 10(b) compares the frequency response of the
transmission loss itself, which is probably caused by tHebricated OEIC receiver and that of the MSM photodetector
imperfectness of the coplanar/coaxial transition section. itself. The receiver gives more than a 15-dB improvement
Fig. 8(b) shows the experimental results obtained for tlwrer the MSM photodetector itself in the frequency range of
phase-reversal-type optical modulator, along with the calcbetween 45-50 GHz.
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Fig. 9. Equivalent circuits of the MSM photodetector and their frequency responses.

V. A NoveL OPTICAL BI-PHASE MODULATOR Twsm  [awe.
FOR MMW SUBCARRIER SYSTEMS

. ; ; MSM\
A novel optical modulator for an MMW subcarrier optic L
link is reviewed in this section [10]. The modulator enables Tsm* = awe.

the bi-phase modulation of MMW subcarriers. It simplifies @)

the optic link by unifying such functions as IF modulation,

up-conversion to MMW, and optical modulation, which are '7O‘EP‘RF‘ "oBOM - OdBm | 4

separately equipped in a conventional system. Lp([ 10 MSM : -10 dBm 2 )
Fig. 11 shows system block diagrams of optical modulators B 80 [MSMV,. 5 10V / 19dB

employed as MMW bi-phase modulators. Fig. 11(a) illustrates 2 X receiver @48GHz

a conventional configuration and Fig. 11(b) illustrates a con- g &\’A ]

figuration based on our proposal. In the conventional scheme, 2 90 x@x@%ﬂ :.

a data signal modulates an intermediate frequency signal, is Aok MSM (.Z

up-converted to the radio-frequency band, filtered, amplified, _1005, T T D e

and applied to the optical modulator. In contrast, in the new 30 35 40 45 50

scheme most of these circuits are eliminated and the data signal Frequency (GHz)

is directly applied to a Mach—Zehnder modulator, together (b)

with an unmodulated radio-frequency wave. By performing 1o
several functions, the optical modulator allows a very simple

transmittgr f:onfiguration to be aqhieved. system was evaluated [10]. The bit rate of the input data is
The principle of the proposed bi-phase modulator [shown Mb/s, and is multiplied by a spreading sequence using

Fig. 11(b)] can be explained as follows. During operation, the, o, lusive or XOR) gate at a nominal chip rate of 100
bias voltage and RF drive voltage are simultaneously appliggl,s The result was compared with that of an all-electrical
to the EOM. The bias is equivalent to a phase-shift term, whiglynfiguration using a standard MMW mixer as a phase-shift
defines the operating point of the EOM. Additionally, we applgeying (PSK) modulator. It was found that the measured
a binary data voltage of magnitudel/=/2, which shifts this performance of the system using an optical subcarrier bi-
operating point byt /2. phase modulator is almost identical to that of an all-microwave
Fig. 12 illustrates the operation of the EOM as a bi-phas§stem The degradation of the SNR at a BER of “Lvas
modulator. As can be seen from this figure, switching betweg@sss than 0.4 dB. The proposed configuration was found
the maximum positive and negative in the slope of the EOM simplify the system configuration without degrading the
response causes the phase of the radio-frequency termelfsctrical performance.
reverse, while the dc term is constant. The EOM can also be used as a frequency-doubling subcar-
By employing the EOM as a 40-GHz optical subcarriefier bi-phase modulator. For nonlinear operations, the EOM is
bi-phase modulator, a differential phase-shift keying (DPSKjased at either the maximum or minimum in the bias voltage
signal was transmitted and the BER performance of tiwersus optical output power response of the EOM.

Frequency response of the OEIC receiver and MSM photodetector.
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Fig. 13 illustrates the operation of the EOM as a frequency  -100 '

50 100 150 200

doubling bi-phase modulator. Operating in a nonlinear region
produces an intensity modulation at twice the frequency of the Propagation Distance [m]

applied RF signal, and switching between the maximum ard. 15. Received power versus propagation distance characteristics as a
minimum results in a phase reversal of the RF component fefction of the total antenna gain.

the detected optical signal [10].

To cope with these problems, we propose an advanced
MMW optical network employing optical signal-processing
multibeam antennas. The system configuration is characterized
by the combination of an optical-fiber feed system and opti-

In Section lll, the fundamental signal transmission characal signal-processing multibeam antennas having total optical
teristics of an MMW-over-fiber system were examined ancbmpatibility [27].
the feasibility of this system was confirmed. However, some The system we propose (Fig. 14) is composed of a CS,
problems still need to be addressed. For instance, the syswaweral radio BS’s, and many personal mobile stations (PS’s).
suffers from large propagation losses and multipath fading deeeder links between the CS and BS's are connected by optical
to structural reflections. fibers. Intelligent antennas installed at the BS’s have access

VI. AN ADVANCED MMW OPTICAL NETWORK EMPLOYING
OPTICAL SIGNAL-PROCESSINGMULTIBEAM ANTENNAS
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Fig. 16. Configuration of an advanced MMW/optical network employing an optical signal-processing BFN.

to a number of PS’s by multiple spotbeams. The zones afitenna. In the down link at the CS, signals are switched to a
the BS’s overlap each other, and this causes BS diversityrresponding fiber. At the BS, from the optical signal BFN
as a countermeasure for shadowing and maintains efficiamput, an optical signal is delivered to each optical output
utilization of the frequency under traffic localization [27]. port with the desired phase gradients. After the optical-to-
The fundamental system parameter is evaluated in this setectrical (O/E) converter translates it into an MMW signal,
tion to clarify the system concept. Fig. 15 shows the receivéMW signals are radiated from each element antenna with
power versus propagation distance characteristics assumirthea same phase relation. As a result, the beam is focused to
10-dBm transmitting power at 60 GHz. The procedure fdhe desired direction. The signal flow for the up link is the
the calculation is the same as that described in Section Heverse process of the above.
The parameter different from that used in Section Ill is the The number of signals to be fed from the CS depends on the
operating frequency and signal bandwidth. Here, the standamgmber of spotbeams. Achieving the desired gain necessitates
MMW frequency (60 GHz), and a wider signal bandwidttat least 100 elements. However, within a zone of only 100 m,
(100 MHz) are considered for future application. From thithe number of users might be about ten at most. Accordingly,
figure, it can be seen that to propagate more than 100 mtha number of fibers is much smaller than the number of
total antenna gain of more than 30 dB is required. antenna array elements. Also in this case, the number of fibers
In this system, we consider that the BS should have &etween the CS and the BS can be decreased by using WDM,
intelligent high-gain antenna with a sharp beamwidth, and ts shown in Fig. 2. As was described above, the number of
that PS should have a simple low-gain antenna with a widégnals transmitted between the CS and the BS is the same
beamwidth to enable it to see the BS. The actual gain @ the number of beams. On the other hand, in the case of
a single patch antenna at 60 GHz has been estimated toHig 2, the number is equal to the number of array elements.
around 5 dBi. In this case, the gain of the BS antenna shouidcordingly, for the configuration shown in Fig. 16, the circuit
be 25 dBi. This necessitates a gain of 25 dBi for a BS antenganfiguration of WDM can be simplified compared to the case
with at least 100 patch elements (array-factor gain of 20 dB).af Fig. 2.
would only be a few centimeters square in a two-dimensional
(2-D) array configuration in the MMW band.
Beamforming network (BFN) technologies are essential in
this system. When the antenna element number is very large ag/ork on wide-band MMW/optical-network applications in
described above, an optical signal-processing array antenndapan, particularly those being pursued at ATR, have been
suitable [27]. An optical signal processor in a BFN generatesviewed. Results of fundamental transmission experiments
the desired amplitude and phase distribution for each ardagve shown that the system proposed is capable of transmitting
element by means of spatial parallel-signal processing.  wide-band digital signals and analog FM signals with good
When a large-scale array antenna is needed in our propogedlity, and the feasibility of this system was confirmed.
system, the complexity of the structure does not increaseSeveral key technologies for system construction and some
because of its spatial parallel-processing nature. Moreoverratated technologies have been reviewed. In addition, an
has super-wide-band and RF frequency independent charadvanced system, which is considered to be suitable for future
teristics. Furthermore, since the parallel signal processing daigh-speed mobile communications, has been proposed. It
be directly applied to optical signals sent from the CS, themploys an intelligent multibeam antenna and the direction
system is highly compatible with optical-fiber systems. of each sharp beam can be adaptively controlled. An optical
Fig. 16 shows the basic configuration of an advanced MMWignal-processing array antenna was found to be suitable for
optical network employing an optical signal-processing arrdkiis system.

VII. CONCLUSION
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