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PAPER

TDM Intercell Connection Fiber-Optic Bus Link for
Personal Radio Communication Systems

Hiroshi HARADAT, Satoshi KAJIYAT, Student Members, Katsutoshi TSUKAMOTOf,
Shozo KOMAKIY, and Norihiko MORINAGAT, Members

SUMMARY To connect among many radio.base stations by
using optical fiber bus link in microcellular system, subcarrier
multiplexing (SCM) is excellent in simplicity and flexibility.
But performance degradation due to optical beat noises is severe
problem. To solve this problems, this paper proposes a new type
of intercell connection bus fiber-optic link (ICBL) using time
division multiplexing, called TDM-ICBL. This paper also
analyzes transmission performance of TDM-ICBL theoretically
and compares with SCM-ICBL. The analysis clarifies that while
the number of RBSs connected to SCM-ICBL is severely
restricted by beat noises, TDM-ICBL is more useful than SCM-
ICBL when there are many number of connected RBSs.

key words: TDM, fiber-optic, bus link, bandpass sampling,
optical beat interference

1. Introduction

Future telecommunication trends are found both in
personal communications and in global communica-
tions. Especially in mobile communication system,
microcellular system, whose cell size is reduced to
several 100 meters, has been proposed in order to cope
with a rapid increase in the number of subscribers.
The reduction in cell size improves the frequency
utilization efficiency, reduces the power consumption
of radio equipments and makes portable sets smaller.
But this implementation needs the placement of many
radio base stations (RBS) collecting and delivering
RF signals and the effective connection among so
many RBSs. ‘

To solve these technical problems, it is proposed
that microcells in wide area are connected by optical
fibers and radio signals are transmitted over fiber-optic
link among RBSs and a control station (CS). We can
regard such a fiber-optic intercell connection link
(ICCL) as a virtual free space for radio signals, and we
call this system fiber and radio extension system
(FREx Link) [1]-[7]. By employing FREx system,
RBS is equipped only with an electric-to-optic con-
verter (E/O) and an optic-to-electric converter (O/E),
and all of the complicated functions such as RF
modulation and demodulation, frequency assignment,
spectrum delivery switching and so on, are performed
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at the CS. This system has the following features:
flexible use of RBS’s equipments for various types of
service; high adsorbability for traffic fluctuation due to
spectrum delivery switches centralized in the CS; low
equipment cost for RBSs; and easy execution of hand-
over among microcells. So, various researches on such
optic-radio systems as FREx system are extensively
performed in many countries [1]-[7].

Serious one of the problems in the implementa-
tion of FREX system is the configuration of fiber-optic
links for ICCL. Conventionally, a single star
configuration has been mainly investigated because of
its high reliability and easy maintenance. However, a
problem in this approach is the enormous investment
for the construction of many fiber-optic links and also,
the cost of optical transmitters and receivers equipped
in the CS becomes burden. As an alternative
configuration of ICCL, we have proposed the choice of
the fiber-optic link with bus topology, named Intercell
Connection fiber-optic Bus Link (ICBL) [6],[7]. In
the ICBL system, since all RBSs of microcells share a
fiber, the fiber count and the number of transmitter and
receiver in the CS can be reduced, that is, the ICBL
provides a cost effective approach for the implementa-
tion of FREX system.

FREx systems using subcarrier multiplexing
(SCM) have been demonstrated [1]-[3]. Although
SCM is excellent in simplicity and flexibility, if we
choose SCM as a multiplexing scheme in the JCBL, the
performance degradation due to optical beat noises is
a severe problem at the CS’s receiver [4]-[7]. These
beat noises deteriorate the received carrier-to-noise
ratio (CNR) performance drastically. Furthermore, in
SCM-ICBL, a radio frequency used in one cell can’t be
reused in other cells because the CS can’t distinguish
between the optical signal from a specified RBS and
those with the same frequency subcarrier from other
RBSs. Therefore it is necessary to consider new
multiplexing schemes suitable for ICBL.

In this paper, we propose newly ICBL using time
division multiplexing called TDM-ICBL [7], where
timewise sampled radio signals are transmitted and
multiplexed over fiber-optic link. In TDM-ICBL, no
beat noise arises and a radio frequency used in one cell
can be reused in the other cell. In Sect. 2, the concept
and configurations of ICBL are described. In Sect. 3,
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we analyze transmission performance of TDM-ICBL
theoretically and in Sect. 4, we compare to SCM-ICBL
and investigate the transmitter laser power reduction
by the use of optical switches, theoretically.

2. Concept of Intercell Connection Fiber-Optic Bus
Link (ICBL)

We propose ICBL (Intercell Connection fiber-optic
Bus Link) with the configuration illustrated in Fig. 1.
ICBL system connects among microcells with a fiber-
optic bus link. At each radio base station (RBS)
composed only of a LD and a few equipment, radio
signals from subscribers are received, encapsulated into
the envelope of optical signal by intensity modulation
and transmitted to control station (CS) through a
fiber-optic bus link.

To compensate the losses of couplers and fibers,
optical amplifiers are equipped on ICBL at regular
interval called sub-bus link, into which M RBSs
launch signal lights through optical couplers.

Figure 2 shows the configuration of a sub-bus
link. A number of optical signals enter from the left

ICBL
(Intercell Connection Bus Link)

Optical
Fiber

RBS
(Radio Base Station)

(Control Station)

PP : Preprocessing Unit
OC : Optical Coupler

Y Optical Amp. Y

[OC Jua Sl OC |

Fig.1 Concept of ICBL.

Sub Bus #k

—

RBS #M RBS #i RBS #1

Bu Bi W
Ps E Bi :
P; BiPs"'(l'Bi)Pi

Fig.2 Configuration of sub-bus link.

PyWi/carrier

v(t): ASE
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end of a sub-bus link. Each signal is launched from

. different RBS included in the previous sub-bus links.

We assumed that all these optical signals have the same
power of Ps. Furthermore, assuming that the optical
signal power launched by each of M RBSs in this
sub-bus link is Ps, we calculate the coupling
coefficients of optical couplers to equalize all optical
signal powers transmitted from RBSs included in all
sub-bus links at this sub-bus output. When the cou-
pling coefficient of k-th optical coupler is /3. and the
total loss of optical coupler and fiber is @, [dB], the
optical signal power transmitted from i-th RBS at the
output of the sub-bus link, Py, is given by

Pri:Pslo—idL/lo Ij—;fl(l_ﬁk)ﬁi (izl...M), (1)

and the optical signal transmitted from any RBS locat-
ed in previous sub-bus links, which suffers the whole
loss As of a sub-bus link, has the output power Purougn
given by

Pthrough:Ps/ls, (2)
AS:10~MaL/10 ﬁl(l_ﬁk)' (3)

Consequently, we can find the set of coupling
coefficients to make all optical signal powers transmit-
ted from RBSs equal at the output of this sub-bus link,
ie, Prn=Pp,=-=P.=Puroug as the following
equations:

lo—aL/IO
A =13 10 e

/81'+1 10—(1[,/10

Bi:W (i=1---M —1). (4)

In this paper, it is also assumed that to overcome
the whole loss of a sub-bus link, an optical amplifier is
equipped at the output of the sub-bus link. Figure 2
also shows the model of an optical amplifier provided
by a source of amplified spontaneous emission (ASE),
v (1), and an ideal noiseless amplifier with gain G, [8].
The power spectral density (PSD) of ASE, N, is
given by [8] ‘

Nsp: Tsp Go -1

” G. hy, (5)

where 75 is the spontaneous emission factor, 7, is the
quantum efficiency of the amplifier and 4y is the
photon energy. Then to compensate the whole loss of
a sub-bus link, /s, we set the gain of the optical
amplifier, G,, as

_ 1
G,= A (6)

For example when gain of optical amplifier is 20.5 dB
and ¢=1 [dB], a sub-bus link can connect 13 RBSs.
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3. TDM Intercell Connection Bus Link
3.1 System Model

In ICBL, if we choose SCM as a multiplexing scheme,
the RBS and the CS are constructed as illustrated in
Fig. 3. In the SCM-ICBL, beat noises due to optical
interaction arise in optical receiving process at the CS.
Furthermore, a radio frequency used in one cell can’t
be reused in the other cells, because the CS can’t
receive simultaneously some optical signals modulated
by the subcarrier with the same frequency at different
RBSs.

In this paper we propose TDM intercell connec-
tion fiber-optic bus link (TDM-ICBL) with the
configurations of RBS and CS illustrated in Fig. 4.
For the uplink from RBS to CS, a radio signal received
at RBS is timewise sampled and directly modulates the
laser diode and in consequence, we obtain PAM/IM
(Pulse Amplitude Modulation/optical Intensity Mod-

Downlink

RBS (Radio Base Station) CS (Control Station)
Fig.3 Configurations of RBS and CS in SCM-ICBL.

BPF | |Impulse|
Gen. ¢

Switchj«Count.|| Hold

Time .
i Uplink

PD | | Rec.| (LD |UPlink [Lp |Upln

— —

Downlink Downlink

(a) Sampling-and-hold type (b) Window type

Downlink

(c) CS (Control Station)
Fig. 4 Configurations of RBS and CS in TDM-ICBL.
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ulation) signal. Then the PAM/IM optical signal is
fed into the optical bus link. In the optical bus link
many PAM/IM signals launched by many RBSs are
multiplexed by TDM and transmitted to the CS. At
the CS all received optical PAM/IM signals are detect-
ed by a photodiode and then demultiplexed into one of
each RBS by a distributor. Finally, by bandpass
filtering the radio signal of each RBS is reconstructed
from the demultiplexed PAM/IM signal. For the
downlink from CS to RBS we operate the reverse.

At the CS of TDM-ICBL, in contrast to SCM-
ICBL, no optical beat noise arise and a radio fre-
quency used in one cell can be reused in the other cell
because optical signals from different RBSs are never
received simultaneously.

In TDM-ICBL, a radio signal received at the RBS
in each cell is timewise sampled to yield PAM signal.
Then the PAM signals from each cell are time division
multiplexed on the time slot assigned to each cell.
Thus in this paper we assume that synchronous proce-
dures of sampling and TDM are perfectly performed.

3.2 Bandpass Sampling

Figure 4 illustrates two types of RBS in TDM-ICBL.
These systems are different in sampling method.

Figure 4(a) illustrates sample-and-hold type RBS,
where a radio signal received at RBS, g¢.(?), is
bandpass-timewise sampled [10] with sampling rate fs
determined from radio carrier frequency f. and signal
bandwidth B,. The sampled signal is held and con-
verted into PAM signal. Radio signal g () received at
k-th RBS with spectrum Gx(f) is assumed by

gx (1) =Re[a (1) e, 7

Gu(f) =1 Af —f) +4*(—f )], (®)

where a(¢) is a complex baseband information signal
with bandwidth B, and A (f) is the spectrum of a(¢).

The PAM signal v, (¢) and its spectrum V. (f) are
given by

n(= 3 gu(nTpt—nT), ©)

Valf) =-Sinc(aTf) 3 Gu(f —kf)  (10)

where sampling interval Ts=1/f; and p(?) is a rectan-
gular pulse with unit amplitude and pulse width of T.
Figure 5(a) illustrates V,(f) given by Eq.(10). By
bandpass sampling, V.(f) generates a series of fs
shifted pattern of G.(f) to the left and to the right.
And the energy of A(f) is concentrated around f =0.
Therefore, at CS of uplink, by filtering v, (¢) around
intermediate frequency fi which sets Sinc(zfi=T) to
almost 1, we construct the radio signal with frequency
fir without down-convert.
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Fig.5 Signal spectrum characteristics of TDM-ICBL.

In the above sampling process, we must avoid
overlapping among the reproductions of A4(f) by
using appropriate sampling rate f;. The minimum
sampling rate of bandpass-timewise sampling is given
by [10]

Fomin=g ot (Wot B, (11)
where W,=f.— B,/2 and M is non negative maximum
integer satisfying M < W,/ B,

Figure 4(b), on the other hand, illustrates window
type RBS, where a radio signal received at RBS, g, (?),
is bandpass-timewise sampled by the multiplication
with periodic pulse train, s,(z), given by

%)= 3 p(t—nTy). (12)

The PAM signal v.(¢) and its spectrum, V. (f)
are given by

Ve (£) =ga (2) X 55 (1) ‘ (13)
Ve (f) :Tik:ﬁm Sinc (kxTf:) Gr (f — kfs) (14)

Figure 5(b) illustrates ¥V, (f) given by Eq.(14).
In this case, V. (f) is the arrangement of the reproduc-
tions of A(f) as same as sample-and-hold type.
However, the energy of 4(f) is concentrated around
|f|=fc. Therefore, if we apply this system to down-
link, we can easily construct the radio signal with
frequency f. without upconversion in contrast to the
sample-and-hole type.

3.3 Theoretical Analysis of Received CNR

Assuming that one radio carrier is used in each mi-
crocell and multiplexes all users in each cell, we theo-
retically analyze the received CNR of the radio signal
reproduced at the CS of uplink.

The PAM signal produced from g, (z) at the kth
RBS, v.(?), directly intensity-modulates the LD and
the obtained PAM/IM signal is time-division-

IEICE TRANS. COMMUN.,, VOL. E78-B, NO. 9 SEPTEMBER 1995

multiplexed with other RBS’s signals. TDM optical
PAM/IM signal received at the CS is written by

L () =P, (1+ v (1)), (13)

v (1) :g) ngw ge(nT)p(t—nTs—kT), (16)

where P; is the average received optical power, and N,
is the total number of RBS included in the whole
system, and we assume |vu (1) |<1, e.g, |a(?)|<1. R,
is given by

P ‘
Pr:——s
FZOSS ' (17)

where P; is the transmitted power of each RBS’s LD
and Fioss is the fiber loss between the CS and the most
adjacent optical coupler to CS. The output current of
PD in CS is given by

foue (£) = Py (14 v (1)) + . (8), (18)
where ¢ is the responsibity of PD and #(¢) is given as

1 (1) =iy (8) + dsnor (£) + i (£) +ds—sp (£)
Fisp—sn (1), (19)

where iy (1), isnoe (1), i (1), is—sp () and isp_sp () are
the relative intensity noise current, shot noise current,
receiver thermal noise current, beat noise current
among ASEs and optical signal and beat noise current
among ASEs, respectively. The noise current n(?) is
modeled as white gaussian noise process with one-
sided PSD #, given by

Po= Mgy + Asnot + Men+ Ns—_sp+ Nsp_sp, (20)
where

nenv = (aPy)*RIN, (21)

Nsnor =2ea (Pr+mNgpB,), (22)

P =4—§‘9—, (23)

Rs—sp=4a’mP,Ngp, (24)

Nsp—sp=20"(MNyp)* (Bo— f2), (25)

where RIN, m, B,, e, k, R and @ are the PSD of rela-
tive intensity noise, the number of optical amplifier,
the bandwidth of optical filter at the CS, electron
charge, Boltzman constant, load resistance and noise
temperature, respectively. In Eq.(20), 74 and ngp_sp
are signal-independent noises and the others are signal-
dependent noises.” Generally, as P, increases, signal-
dependent noises become dominant. Next, the distrib-
utor separates PAM signals from the output current,
lou: (), and distributes them to a bank of BPFs and
demodulators illustrated in Fig. 4(c). The k-th out-
puts of distributor is given by

+oo

()= 3] ioue (1) p 1= IT,— kT)
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= Vpan (1) + npan (1), (26)

where the first term vpay (¢) is the demultiplexed PAM
signal of k-th RBS given by ‘

v ()= 3Py (I v (0) p (6= ITs—KT),

(27)
and the second term npay (¢) is given by
npau (1) =n (1) X5 (1), (28)
The autocorrelation function of 7pay (t) is givén by
Rean (7) =Rp (1) X Ra (1), (29)

where the autocorrelation function of s,(#), Rp(7), is
given by

Rp(0)= 3 _f(c—KT), (30)
T_|T|. <T ,

f(r)=~{ T lf= (31)
0 ; otherwise.

and further, since n(¢) is white gaussian noise process,
R, (1) is given by (n,/2)8(r), where §(r) is a delta
function.  Therefore the autocorrelation function
Rpan (r) and the PSD of npay (t), Sean (f), are given
as

Rea (2) =T 71722 5(2), (32)
SP{{M () :TTS' ’;0 . (33)

Finally, by only bandpass filtering, we reconstruct
the radio signal of k-th RBS, g (¢) with frequency fir-
Assuming ideal BPF with the transfer function Hyr D
given as

e Be
H,F<f>:{1’ S (a4

0; otherwise,

the reconstructed k-th radio signal, g (#), is given by
g (1) ZTTaPr Sinc (zfirT) Re[a () 7], (35)

If we choose the intermediate frequency fir which sets
Sinc (7fizT) to almost 1, the carrier power of gr(t) is
given by

<1§>:%<TTS)Z((1PT) 3 (36)

From Egs.(33) and (36), consequently, the received
CNR of reconstructed ratio signal at the CS is derived
as ‘
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4., The Performance of TDM-ICBL
4.1 Comparison with SCM-ICBL

In the following, the performances of the proposed
TDM-ICBL are compared to conventional SCM-ICBL.
Both the SCM- and the TDM-ICBL have the same
fiber-link configuration shown in Fig. 1, which is
composed of some sub-bus links shown in Fig. 2. The
configurations of the RBS units connecting with the
SCM-ICBL and the TDM-ICBL are shown in Fig. 3
and Fig. 4, respectively. And at the CS the received
CNR of radio signal transmitted from each of RBSs is
given as follows [6].

1Byt e (38)

1

C , Tm%)ﬁt(aPT>2
<N >SCM:

where n, is given by Eq.(20). But in SCM-ICBL,
radio signals transmitted from each of N. RBSs and
ASE signals transmitted from each of m optical
amplifiers are received at the CS. Therefore nzmy, #snor,
en, No—sp and Rgp_sp shown in Eq.(20) are given by

Ne
Rriv— kgl RIN (a/Prk) Zs (39)
Nc
nshm=2ea{;‘l Prk+mNspW}, (40)
4k
no =50 (4D)
N¢
ns_sp="4a® kZ:‘.l PrmNsp, (42)
nsp—spzzaz(mNsp)z(Bo _ﬁ;) s (43)

where it is assumed that optical intensity modulation
index mgp: is set to be 1 and P=P, (k=1,2, -, N).
(i%_¢> is.the average power of optical signal-signal
beat noise.

While non-modulated output light of LD has
Lorentzian-shaped spectrum, the spectrum of the out-
put light modulated by a radio frequency carrier has a
periodical Lorentzian-shaped spectrum. Taking into
account this spectrum spread, this paper assumes that
the spectrum of the modulated LD output light at i-th
RBS has the gaussian shaped spectrum with the spec-
tral linewidth (full-width-half-maximum) of Ay; and
the center frequency of f,.. The power of optical
signal-signal beat noise is given by [6]

dio=a 3 3 Pﬁl:erfc{ —2(fot &fin) —Bw}
ik

2«/70‘&
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_ —2(fet 0fin) +Bw}
erfc{ 3/ 20m
—2(fe—8fin) _Bw}
+erfc{ 230
_ —2(fe—0fi) + Buw H
erfc{ 7 20m ,
(44)
where
Ofie=foi— for, 0h=0%+ 03,
Ay
Oi_ 2\/—210g2 (l’ k_1>2’ ,NC)a

and Ay, is the spectral linewidth of the optical carrier
transmitted from i-th RBS. Equation (44) shows that
<i%-s> is dependent on df;,. Assuming that the optical
carrier frequencies, fo; (i=1,2,-+, N,), are mutually
independent random variables with mean of f, and
uniform probability density in the range |fo;—fo|<
Af /2, the p.d.f of 8f; is given by

1 .
(Tf)z(df - |6fikl)= |8fil = Af

P (Ofin) :{ (45)

0 ; laﬁkl>df.

By using Eqgs.(44) and (45), the ensemble average
of optical signal-signal beat noise power, <{i%_ >, is
given by

@ =[ B p(Ofin) dofin (46)

The CNR performances of SCM- and TDM-ICBL
(Egs.(37) and (38)) are discussed below with parame-
ters indicated in Table 1. By G,=20.5 dB, in this case,
we mean that thirteen RBSs per one sub-bus link can
be connected from Egs.(3), (4) and (6) in Sect. 2.

Figure 6 show the relationship between the num-
ber of RBSs connected on ICBL and received optical
signal power required to obtain the received CNR of
20dB at CS. In the CNR of SCM-ICBL, the laser
frequency variance 4f and the laser linewidth Ay are
varied as parameter.

This figure shows that when the number of con-
nected RBSs are small, SCM-ICBL requires -smaller
received power than TDM-ICBL. In SCM-ICBL,
however, as RBS’s number increases, required optical
power of SCM-ICBL increases suddenly due to signal-
signal beat noises, and as Jf or Jv decreases, the
number of connected RBSs is more and more restricted,
because the beat noise spectrum is concentrated on the
radio frequency bandwidth when Af and Ay
decreases.

In TDM-ICBL, on the other hand, although opti-
cal signal power at the CS increases in proportion to
the number of RBSs, the number of connected RBSs is

ver restricted. Therefore TDM-ICBL is useful when

IEICE TRANS. COMMUN.,, VOL. E78-B, NO. 9 SEPTEMBER 1995

Table 1 Parameters used in calculation.

RIN | -152dB/Hz | A | 153um | 5,, | 2.0
N 05 Ga | 205dB | o | 0.8A/W
By, 2MHz fo | 1L5GHz | B, | 1THz
R 509 0 | 300K |ay | 1dB

-15

(Af [GHz), AV [GHz])
=(1,5)

(102,50)

Required received power : Pr [dBm]
Y
B

SCM-ICBL

10 100
The number of connected RBSs : Nc

Fig. 6 Relationship between the number of connected RBSs and

Uplink

Downlink

RBS (Radio Base Station) CS (Control Station)

Fig. 7 Configurations of RBS and CS for switching type TDM-
ICBL.

there are many RBSs or when lasers with small Af or
narrow Ay are used.

4.2 Use of Optical Switch to Reduce the Transmitted
Laser Power

In the TDM-ICBL, an optical switch can simultaneous-
ly perform both the timewise sampling and the time-
division-multiplexing in the bus-link as shown in Fig.
7. In this case, the received signal shape is the same as
window type RBS. By using optical switches, it is
expected that high sampling rate is available. There-
fore we obtain high reliability of received signal. And
the received CNR as a function of transmitting laser
power at RBS, P, is calculated and the results are
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Fig.8 Received CNR as a function of transmitted laser power
at RBS (a.=as=3 dB).

shown in Fig. 8. In the analysis, for the both cases of
using couplers and using switches, it is assumed that 10
RBSs are connected to TDM-ICBL without optical
amplifier and also assumed that the insertion loss of an
optical switch, as, is equal to one of optical coupler a.
This figure shows that by using optical switches, the
transmitting laser power of the RBS of TDM-ICBL can
be reduced in addition to previous features. For
example, even for the farthest RBS (RBS # 10) from
CS, transmitter laser power can be reduced by 2.5dB
than the case of using couplers to obtain received CNR
of 20 dB at CS, because in the case of using couplers
the received signal at CS suffers more coupling loss in
the coupler than in the switch as shown in Eq.(1).
Therefore by using optical switches, it is expected to
obtain higher quality of received signal than the case of
using couplers.

5. Conclusion

In this paper, we have newly proposed TDM intercell
connection fiber-optic bus link for microcellular per-
sonal radio communication system. We analyzed CNR
performances of TDM-ICBL and compared them with
SCM-ICBL theoretically and further, considered the
use of optical switches. As results, followings are
obtained:

The number of RBSs connected on SCM-ICBL is
severely restricted because of large optical signal-signal
beat noises. On the other hand, in TDM-ICBL, though
required optical signal power increases in proportion
to the number of RBSs, the number of RBSs connected
on TDM-ICBL is never restricted. And the use of
optical switches for TDM-ICBL is effective for the
laser power reduction in the RBSs.
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