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SUMMARY Recently, making good use of the advantages
of optical fibers such as wide bandwidth and low loss, it has been
investigated to apply optical fiber link to microcellular mobile
communication systems. This system allows complex equipment
to be located at microcell control station, and can simplify the
equipment of microcell base stations compared with the conven-
tional systems. In this paper, we analyze the performance of
optical fiber link for microcellular mobile communication sys-
tems, taking radio link fading and optical link nonlinear distor-
tions into consideration. From the calculated results, it is
disclosed that the effect of both items does not generate the
significant excess CNR degradation, and the correct CNR can be
approximately calculated by using CNR of non-faded case. And
it is also disclosed that the degradation of CNR due to optical
link nonlinearity is slightly improved by taking adjacent channel
signal fade into consideration.

key words: microcell, radio communication, optical fiber, fad-
ing, nonlinearity

1. Introduction

Because of a strong demand for people to commu-
nicate at any place, at any time, the number of sub-
scribers to mobile communication systems are rapidly
increasing. So it is necessary to provide systems to
satisfy such a demand in future personal communica-
tion. To meet this situation, microcellular communica-
tion system has been investigated.

In this system, service areas are divided into many
small zones called “microcell”, the radius of which is
reduced to several hundred meters, and one can reuse
the same frequency as that used several distance away.

This system has such advantage as effective fre-
quency utilization, and can accommodate a large
number of subscribers. Furthermore, it can reduce the
size of personal station, and can make the launch
power smaller.

This system, however, has such disadvantages that
a large number of base stations are required because
the number of microcells rapidly increase according to
the inverse of the square of the radius of microcells,
and personal stations frequently move across micro-
cells, so channel assignment or hand-off procedure is
much complicated.
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For the solution to this problem, it is proposed to
connect microcell base stations with a microcell con-
trol station using an optical fiber link, in which the
frequency-division multiplexed microwave signals are
transmitted as an intensity modulated optical
signal.(H-®

In this system, base stations have only a role to
upconvert the radio frequency signal to optic signal or
vice versa, so required equipment for base station is
remarkably simplified compared with the conventional
systems. Consequently, the cost of equipment of base
station can be reduced and installation is easy to
operate, and we can flexibly use the equipment of base
stations for various type of new services because there
is no need to replace the equipment of base stations
even when new type of services are introduced.

Furthermore, since signals are transmitted to
microcell control station in the form of the air inter-
faced RF signals, channel assignment and hand-off
procedure are centralized, and each microcell can be
considered as a branch of antenna, inter cell diversity
technique could be easily introduced in this system.

This system consists of two fields of study, radio
communication links and optical communication
links. So the total system parameters, such as total link
quality, should be derived taking both link’s parame-
ters into consideration simultaneously, one of the most
important parameter is signal fading from the former,
and nonlinear distortion that occurs by using a device
such as laser diode from the latter.

In this paper, we analyze the performance of
optical fiber link for microcellular mobile communica-
tion systems by means of computer simulation, taking
signal fading and optical link nonlinear distortions
into consideration.

2. System Configuration

This section summarizes the microcell optical
communication system. Figure 1 shows the basic
configuration of microcellular mobile communication
systems using optical fiber link, schematically. At base
stations, frequency-division multiplexed RF signals are
combined as injection current and drive a laser diode
directly. Intensity modulated optical signal is transmit-
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ted over optical fiber to microcell control station,
where optical signal is directly detected using a device
such as p-i-n photodiode, and bandpass filter is used to
provide RF channel selection. After filtering, each RF
signal is demodulated, separately, and finally it is
connected to the public s itched telephone network.

In conventional sys.ems, channel frequencies are
allocated at each base station to be used by various
channel assignment schemes, so complex processing
equipment such as modems or bandpass filters is
required for each base station. The number of required
equipment is determined by taking peak traffic per cell
and grade of service into consideration, but the chan-
nels are not always used. Using subcarrier multiplex-
ing technique, modems or bandpass filters are required
only at microcell control station, so this system can
reduce the number of surplus equipment.

Subcarrier multiplexing technique, however, has
several disadvantages, one of the most important is the

072 A ¥ ¥ S
RF Signal ! 3
\« ¥ Optical Signal ! BPF L DEM :
E i H

| oE }—E BPF -{ DEM |

/ : BPF i DEM 3

3]

Microcell

Fig. 1 Basic configuration of microcellular mobile communica-
tion system using optical fiber link.
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problem of optical source nonlinearity. This causes
severe interchannel interference when several subcar-
riers are transmitted from a single source (See Fig. 2).

In particular, the received signal level differences
due to fading should be taken into consideration, and
excess degradation in carrier-to-noise power ratio of
the system will be expected, when a specific RF carrier
suffers from fading. ‘

3. Carrier-to-Noise Power Ratio of the System

The carrier-to-noise power ratio (CNR) of a
subcarrier signal is given by following equation:®
1
c_ i
N_ {RIN'I%;,"‘Z'E'Iph+<1%h>}'BW+ O‘?M

(1)

where

m: optical modulation index (OMI),

Ipy: teceived dc photocurrent,

RIN: relative intensity noise of the laser,

{I%>: equivalent input noise current spectral density,
BW: signal bandwidth,

e: charge of the electron,

o3 intermodulation noise,

and the first term of the denominator represents relative
intensity noise of the laser diode, the second term is
shot noise, the third term is thermal noise, and last
term is the degradation due to intermodulation distor-
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Fig. 2 System degradation due to optical source nonlinearity.
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tion.

Intermodulation distortion is caused when multi-
plexed signals are transmitted through a nonlinear
device such as a laser diode. As the second-order
products fall outside of the occupied frequency bands
and can be filtered out by the harmonic rejection filter,
it is not necessary to be taken into consideration.
Higher order products are few in number and are at
low level, making their contribution almost
negligible.!” So we take only third-order intermodula-
tion distortion into account.

The light output of the laser, with one modulating
channel, may be written as

P=Pj1+m cos wt] (2)
where

P: instantaneous light output,
Py: average light output.

Optical power is directly detected, and the
received photocurrent is

in=nP=nP[1+ m cos wt].

(7: detector sensitivity) (3)
Received dc photocurrent is
Lon=7Po. (4)
Signal current is
is=nPym cos wt=Ipnm cos wi. (5)

We assume the nonlinearity of the light output
versus injection current as

P=P0[H-a11+a212+a313+---] (6)

and assume to transmit three unmodulated carriers,
their frequencies are w1, w2, ws (equally spaced), opti-
cal modulation indices are nu, m,, ms, respectively.

In this case:

P=Py[1+m cos w1t + my cos wyt + ms cos wst
+ ax (my cos w1t + my cos wat + ms cos wst)?
+ a3 (my cos Wi+ my cos wal + ms cos wst)®
+] (7)

Among many terms obtained by expanding the
Eq.(7), the signal power with respect to carrier fre-
quency ws is

c:%m;ﬁ,h. (8)

The third-order intermodulation distortion that
falls into carrier frequency wa (= w1— w2+ ws) is gener-
ated by the I* term in Eq.(7):

as(my cos wyt+ my cos wet + ms cos wst)?

= ag[ m§ cos® wrt+ mj cos® wat+ mj cos® wst
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+%m12mz{cos Qw1+ wz) t+cos2awr— ws) t}

+%m12m3{cos Qw1+ ws) t+cos(2w1— ws) t}

—I—%m%mg{cos 2wzt ws) t+cosCaws— ws) t}

+%m1m§{cos (14 2ws2) t+cos(wi—2ws) £}

+%mlm§{cos (w14 2ws) t+cos(wi—2ws) t}

+%m2m§‘{cos(a)z+2ws) t+cos(ws—2ws) t}

—l—%mlmzms{cos(wl + wa+ ws) ¢

+cos(wi+ wz—ws) t+cos(wr1— w2+ ws) t
+cos(wr— w2— ws) t}]. (9)
Hence, third-order intermodulation distortion which

falls into carrier w, is

1(3 2 |
I=7 o asT My L. (10)

Therefore, the carrier-to-intermodulation power ratio
(CIR) is

1
C _2—m221§7h
T 1/3 2, (1)
7<703m1mzm3> I i‘zh

The Eq.(11) shows that signal power is propor-
tional to m?, while the third-order intermodulation
distortion is proportional to m®. Totally, the CIR is
proportional to 1/m*, which means that when optical
modulation index m is relatively small and degrada-
tion due to intermodulation distortion is negligible,
the major source which gives the limitation to CNR is
thermal noise, and CNR can be improved as the value
of m is greater. In contrast, when the value of m is
relatively large, intermodulation distortion is domi-
nant, and CNR is degraded mainly due to inter-
modulation distortion. So we can find optimum
modulation index that maximize the received CNR.

Figure 3 shows the numerical result of calculating
total CNR in the case of my=m,=mz=m. Parameters
are as follows.

laser output power: —3.0 [dBm]|
fiber loss (including connectors): 2.0 [dB]
detector sensitivity: 0.8 [A/W]
relative intensity noise of the laser: —152 [dB/Hz]
equivalent input noise current spectral density:
20 [pA/vHz]
band width: 300 [kHz]
third order coefficient ay; 1072
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Fig.3 Received signal carrier-to-noise ratio (CNR) taking
intermodulation distortion into account.

In this case, we can obtain the optimum optical
modulation index s, mathematically. The result is:

Mope=—17.1 [dB],
(CNR) nax=66.0 [dB].

When modulating the laser diode with many
carriers, the calculations are a little more complicated,
but the procedure of calculation is the same as the case
of three carriers.

4. The Effect of Fading on CNR

In a mobile radio environment, the magnitude of
the received signal will frequently vary over distances.
This rapid variation of the received signal due to the
multipath propagation is known as fading. In most
cases, when measured over distances of a few tens of
wavelength, the received signal envelope has been
found to have a Rayleigh probability density function.
The mean level of the received signal envelope, aver-
aged over many Rayleigh fading cycles, also varies, but
much less rapidly than Rayleigh fading. The slower
variation is due to the shadowing caused by objects in
the path of the radio signal. When measured over
distances of several hundred wavelengths, this shadow-
ing has been found to have an approximately lognor-
mal probability density function.

In this paper, we evaluate how transmission qual-
ity of optical fiber link is degraded, when the RF
signals which suffer from fading in the radio link are
combined to drive a laser diode. It is assumed that
Rayleigh fading is the cause of received signal varia-
tion to simplify the calculation.

In the upstream optical link (from personal sta-
tion to control station), we transmit unmodulated
carrier

s (1) = Acos wt. (12)
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Over Rayleigh fading channel, received signal x(z) at
base station is written as

x(2)=r(t)cos(wt+H(z)) (13)

where #(¢) and §(¢) are random processes, that have
following probability distribution

P =Lrexp( — =), (14)
1
p(8) :ﬁ' (15)

Therefore, optical modulation index m, which is pro-
portional to the amplitude of the signal r, can be
regarded as random variable with the same statistics as
7, and can be characterized following equation

2
p(m) =% exp<—2i02>. (16)

When three carriers are transmitted, each carrier
propagates through a different path from each other,
and the fadings of these paths are mutually indepen-
dent. So we assume that the optical modulation in-
dices my, my, mz are mutually independent random
variables which have the following statistics, respec-
tively.

_m _ mi :
pim) =" exp( — %) (i=1,2,3). (1)
Consequently, received carrier-to-noise ratio,

which is the function of m;(i=1,2, 3) as represenied
in Eq.(18), is time-variant, and its characteristic must
be treated statistically.

77712 bh

‘N {RIN Ty +2-e Ly +<I%>)-BW

1/3 2
+7 Tasmlmzmg Iph

0

(18)

In numerical evaluation of this random variable, we
generate the random variable my, m, mz with about 35
dB dynamic range, and we take the following two
situations into account.

4.1 Fast Fading

The term, fast fading, means the case where the
rapidity of fading (characterized by maximum doppler
frequency f;) is fast compared with signaling interval
Ts (See Fig.4). In this case, we adequately evaluate
CNR by means of average value. Result of the simula-
tion calculation with respect to 3-carriers system is
shown in Fig. 5.

Figure 5 shows that the mean value of m, which is
associated with the mean value of received signal
power, has the optimum value that maximizes the
mean value of CNR, similarly to the case of non-faded
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Fig. 5 The effect of signal fading on average CNR (3-carrier
system).

signal. As to third-order intermodulation distortion,
when signals suffer from fading, average CNR is a little
better. The reason of this is explained as follows: the
third-order intermodulation distortion is the products
of three different RF signals, and the effect of this is
significant only if the signal levels of three different
carriers are simultaneously large, but such a case is
rare. On the other hand, desired signal level randomly
varies according to the Rayleigh distribution. Conse-
quently, the event that CIR is improved compared with
the case of constant optical modulation index frequent-
ly occurs, and so far as we measure the system degrada-
tion by means of average value, total CNR seems to be
improved.

The obtained optimum value of m and achievable
average CNR (denoted as (CNR)ape) by simulation
method are as follows:

Mope=—16.0 [dB],
(CNR) ave=66.5 [dB].

This numerical result shows that CNR is not
degraded in the average point of view and achievable
CNR is nearly equal to that in the case of not taking
fading into consideration (the difference between them
is only within 1dB), while mean value of optical
modulation index m is greater than that in the case of
not taking fading into consideration by about 1 dB.
This means that, when taking signal fading into con-
sideration, we can make the average value of optical
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Fig.7 The effect of signal fading on CNR that gives a specified
outage probability B,

modulation index a little greater than that of non-
faded case to avoid degradation of CNR due to fading.

4.2 Slow Fading

The term, slow fading, means the case where the
rapidity of fading is slow compared with signaling
interval (Fig. 6). In this case, we measure the system
degradation due to fading by means of a statistical
measure of outage probability, which is the probability
of failing to achieve required CNR. From this outage
probability, we can estimate the bit error rate perfor-
mance. Result of simulation calculation is shown in
Fig. 7.

Figure 7 shows that CNR that gives a specified
outage probability P, decrease by about 10 dB as the
value of P, increase tenfold, but as long as the mean
level of the received signal envelope is sufficiently large
not to suffer from degradation due to third-order inter-
modulation distortion, CNR that gives a specified P, is
sufficiently large. For numerical example, if we want
to achieve the outage probability P,=107*, CNR that
gives such an outage probability is over 25 dB, while
the average optical modulation index m is a little
smaller than that of non-faded case.

In Fig. 7, approximately calculated value (denot-
ed as (CNR) 4pp) according to the following Eq. (19) is
also shown to be compared with the value of simula-
tion calculation for the case of fading.
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(CNR) app = (CNR) non—radea 10 longo (19)

In Eq.(19), (CNR) non—saseq stands for the achievable
maximum value of CNR discussed in Sect. 3. Calcu-
lated results in Fig. 7 shows that the relation in Eq.
(19) is valid for P,=10"'~107%, and it is considerable
that the equation is valid for other P,. This result
shows that we can apply the Eq.(19) to estimate thresh-
old CNR P, in the case of taking both signal fading
and intermodulation distortion consideration simulta-
neously.

S. The Relationship between Performance and
Number of Carriers

In the previous section, for the sake of simplicity,
we evaluate carrier-to-noise power ratio under the
restricted condition that three radio frequency carriers
are transmitted. In practice, many more RF signals
will be used when users are concentrated in a specific
cell, and nonlinearity of laser diode degrades the
quality of optical fiber link significantly. Generally,
the carrier which is in the middle of frequency band
suffers from most severe third-order intermodulation
distortion. In this section, we describe the relationship
between the number of carriers transmitted and degra-
dation of CNR with respect to the carrier which resides
in the middle of frequency band.

5.1 The Number of Carrier versus Average CNR

Figure 8 shows the relationship between the mean
value of optical modulation index and average value of
CNR. In the figure, the analytically calculated value
for non-faded case is also shown to be compared with
the result of simulation calculation for the case of
taking fading into consideration. The average value of
CNR decreases as the number of carriers increases, and
system dynamic range decreases. This relationship
between the achievable maximum (CNR) 4,. and the
number of carriers # is shown in Fig. 9. In general, the
number of third-order intermodulation products (three
tone) which fall into the rth carrier among equally
spaced 7 carriers is expressed in the following
equation,®

_rin—r+1)  (n—3)*-5
ZVIM3_ 2 + 4
RICICHUIC)iis 0

In Fig. 9, we observe that, when taking signal fading
into consideration, achievable maximum (CNR) spe
decreases approximately according to »? (in dB,
according to —20 logy #) similarly to the non-faded
case.. That is, achievable maximum (CNR) 4.
decreases by 6 dB if the number of carriers increases
twice.
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5.2 The Number of Carrier versus Outage Probabil-
ity

Figure 10 shows the relationship between the
number of carriers and maximum achievable value of
required CNR (denoted as (CNR)gy) corresponding
to the parameter of outage probability P,. The dotted
line shows the threshold CNR which is approximately
calculated from the analytical calculation for non-
faded case shown in Fig. 5. In this case, threshold
CNR decreases by about 10 dB from the average value
as outage probability P, decreases to one tenth. The
difference between these two values is not much
significant, this shows that the characteristic of CNR
including the effect of both signal fading and inter-
modulation distortion simultaneously is similar to that
of taking only signal fading into account.

Figure 10 also shows that, similarly to the measure
of average value, CNR that gives a specified outage
probability decreases as the number of carriers
increases, and for numerical example, the probability
to fail to achieve CNR of 15dB is 107 in the 11-
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carriers system.

Under the condition of Rayleigh fading, numeri-
cal results shows that the effect of fading is not much
significant in both cases of slow and fast fading, and in
the system design, we can consider that the link param-
eter is not less than the analytical calculation of non-
faded case for fast fading. Moreover, about 1 dB CNR
improvement can be obtainable if we introduce the
larger amount of optical modulation index. But opti-
cal source nonlinearity limits the number of carriers
which can be accommodated per microcell, and we
must take this into consideration in the system design.

6. Conclusion

We discussed the quality of transmission in the
microcellular optical communication system with
numerical evaluation, taking both signal fading and
distortion due to nonlinearity. The results are:

1. In the system design, we must take the degradation
due to both radio link and optical link, that is,
signal fading and nonlinear distortion, into consid-
eration.

2. By numerical evaluation using simulation method,
there is not much difference (within the range of 1
dB) between non-faded case and faded case with
respect to the measure of average value.

3. The number of carriers which drive a single laser
diode (that is, the number of carriers which is
allowed to be used per microcell) is limited due to
the nonlinearity of a laser diode, and this may
restrict the size of microcell.

From obtained results, we can say microcellular
optical communication system is suitable for imple-
mentation of the future networks.
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