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SUMMARY This paper newly proposes radio-over-ﬁber systems using cascaded radio-to-optic direct conversion (ROC)
scheme. The ROC system can convert a radio signal into an
optical signal with the same signal format. The received carrierto-noise ratio (CNR) performance of the radio-over-ﬁber systems using the ROC/heterodyne detection (HD) scheme and
the ROC/self-heterodyne detection (SHD) scheme are theoretically analyzed. The optimization of an optical modulation index (OMI) in each radio base station (RBS) is also presented.
By using the proposed OMI optimization method, the ROC/HD
and the ROC/SHD schemes are shown to provide approximately 16 dB and 14 dB improvement over the intensity modulation/direct detection scheme when the number of RBS is 20
and the radio-frequency (RF) signal bandwidth is 150 MHz, respectively. The ROC/SHD scheme enables a receiver structure
to become simple while still achieving high received CNR.
key words: radio-to-optic direct conversion, radio-over- ber

systems, cascade link, heterodyne detection, self-heterodyne detection

1.

can be much reduced.
Regarding optical modulation schemes for radio signals, intensity modulation/direct detection
(IM/DD) systems have been mainly considered from
the viewpoint of its technical and economical implementation [3]–[7]. Among these systems, radio-overﬁber systems employing star-type inter-cell connection
link [4], [5] and radio-over-ﬁber systems employing bustype inter-cell connection link [6], [7] have been widely
studied. However, beat noises occur in both star-type
and bus-type systems because several laser diodes (LD)
are used. Consequently, the optical transmission performances are severely deteriorated.
To solve the problem above, it is required that
only one light source is used in the system. One solution is to employ a cascade-type inter-cell connection link. The cascaded intensity modulation/direct de-

Introduction

Microcellular communication systems have been extensively studied in order to meet the rapidly increasing
demand for mobile communications. The systems contain smaller cells (microcells) and promise eﬀective frequency utilization, thus satisfy the escalating demand.
However, the number of radio base stations (RBSs) has
been increased in order to start new kinds of radio service and to accommodate more subscribers. Moreover,
as the microcell size shrinks, a large number of RBSs
are required in order to cover a given area. Therefore, it
is essential to develop simpler RBSs. Radio-over-ﬁber
systems have been widely researched recently [1], [2]. In
radio-over-ﬁber systems, radio signals in micro-cells are
encapsulated into an optical signal envelope and then
transferred to their destinations through optical ﬁbers
(Fig. 1). All of the modulators/demodulators and system control circuitry are relocated away from the RBS
to a control station (CS), therefore the RBS becomes
simple. As the baseband modulation/demodulation is
not implemented in the RBSs, therefore the RBSs and
backyard optic-ﬁber networks can be used for various
types of radio services ﬂexibly, so the number of RBSs
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Fig. 1

Radio-over-ﬁber system.
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tection (IM/DD) scheme and cascaded phase modulation/heterodyne detection (PM/HD) scheme have been
proposed in [8], [9], respectively. However, the conventional cascade-link transmission performance suﬀers
severely from intermodulation distortion even if only
one radio subcarrier is used per RBS, since all of the
optical carrier and signals from previous RBSs are modulated together in the RBS.
In this paper, we propose a novel cascaded radioover-ﬁber system. In the proposed systems, the optical
pilot carrier is divided from all signals modulated by radio signals at previous RBSs by the use of a frequency
splitter. After that, the optical modulator converts a
radio signal at the current RBS to an optical signal by
modulating only the pilot carrier. Then, by the use of
a frequency combiner, the optical carrier and all optical signals are combined together again. Therefore
no intermodulation distortion due to cascaded modulators occurs in the systems [10]–[12]. Also, no beat
noise caused by the use of several light sources occurs. For modulation, we employ the radio-to-optic
direct conversion (ROC) scheme [13], [14]. ROC has
been studied for coherent optical transmission systems
which can approach the shot noise limited performance,
make up considerably dense optical frequency division
multiplexing signals, and detect frequency or phase of
the optical carrier. Furthermore, ROC can convert microwave or millimeter-wave signals into optical signals
with their signal formats kept and without any baseband demodulation or modulation.
In the conventional cascaded IM/DD system, the
intermodulation distortion due to cascaded modulators
occurs even if only one radio subcarrier is used per RBS
and the modulation has an ideal linearity. Therefore, to
analyze the fundamental merit of the proposed system,
one radio subcarrier per RBS is assumed in this study.
When the number of radio subcarriers is more than
1, the intermodulation distortion is induced by the nonlinearity of the ROC modulator. The investigation of
this distortion has been performed in Ref. [14]. However, the merit of the proposed cascade system still remains, because the merit is to eliminate the carrier-todistortion-plus-noise-power ratio (CDNR) degradation
due to the intermodulation distortion induced by the
cascaded modulators.
The rest of this paper is organized as follows: In
Sect. 2, radio-over-ﬁber systems using cascaded radioto-optic direct conversion scheme are introduced and
described. The received carrier-to-noise-power ratio
(CNR) performance of the proposed systems is theoretically analyzed in Sect. 3. In Sect. 4, the numerical results are shown and discussed. Also, the optical modulation index optimization method is presented. Finally,
we summarize our results in Sect. 5.

Fig. 2 Conﬁguration of the radio-to-optic direct conversion
scheme.

2.

Radio-over-Fiber Systems Using Cascaded
Radio-to-Optic Direct Conversion Schemes

Figure 2 shows the conﬁguration of the ROC scheme.
The right circularly polarized lightwave is inserted
along the z axis of the electro-optic crystal such as
a LiNbO3 crystal. Also, mutually orthogonal driving
voltage, vx (t) and vy (t) are applied along x and y axis
of the crystal. vx (t) and vy (t) are respectively given by
vx (t) = V (t) sin[2πfRF t + Ψ(t)]

(1)

vy (t) = V (t) cos[2πfRF t + Ψ(t)]

(2)

where V (t), fRF , and Ψ(t) are the amplitude, frequency
and phase of the RF signals, respectively. The output
lightwaves, gx (t) and gy (t), can be expressed as follows
[13]:


gx (t)
gy (t)




√
V (t)
−j
· ej[2πfo t−φo +φs (t)]
= P cos π
1
Vπ


√
V (t)
− P sin π
Vπ


+j
· ej[2π(fo +fRF )t+Ψ(t)−φo +φs (t)]
(3)
1
where P is the average intensity, Vπ is the half-wave
voltage, fo is the optical carrier frequency, φo is the
phase constant, and φs is the phase noise of light source.
It is seen from Eq. (3) that the output lightwave is composed of two components. If the amplitude of the RF
signal V (t) is small enough to yield πV (t)/Vπ  1, the
second term on the right hand side of the equation can
be seen as a replica of the input RF signal in the optical band, which has the same amplitude and phase
as the input RF signal. On the other hand, the ﬁrst
term can be utilized as a pilot carrier because it has
non-modulated amplitude and phase.
Figure 3(a) shows the conﬁguration of the cascaded radio-over-ﬁber system. Figures 3(b) and (c)
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shown in Fig. 3(b), the received light is detected by
a balanced mixing photodetector after matching the
polarization of the received light with that of the local oscillator (LO) light by the PC. The RF signals
are regenerated after passing through bandpass ﬁlters
(BPFs). In this case, the frequency control and the
state of polarization control of the local oscillator is
executed by the use of feedback of the IF signal. On
the other hand, in the case of self-heterodyne detection
shown in Fig. 3(c), the received light is detected directly
by a photodiode and the RF signals are regenerated by
the use of BPF. In this case, the pilot carrier and the
signals encounter the same polarization ﬂuctuation in
the ﬁber, moreover, phase noises of both of them are
also identical. Therefore, phase noises are canceled after detection by the photodiode. Thus, the LO, the
frequency control, and the state of polarization control
are not necessary and the receiver structure becomes
simple.
3.

CNR Performance Analysis

In this study, the received CNR of the cascaded ROC
systems are theoretically analyzed assuming 1 subcarrier per RBS. The loss between each ampliﬁer can be
expressed as follows:
Lsub = Lf Ls Lm Ld

Fig. 3

Conﬁguration of cascaded radio-over-ﬁber system.

where Lf , Ls , Lm and Ld are the ﬁber propagation
loss between two adjacent RBSs, the insertion loss of
the PC, the modulator, and the FS together with the
FC, respectively.
To compensate for the losses occuring in the cascaded systems, optical ampliﬁers are assumed to be inserted after each RBS. The gain of each optical ampliﬁer is set to be identical to all losses between itself and
the previous optical ampliﬁer, thus
G1 =

show the proposed cascaded ROC schemes, and also
the frequency spectrum of the signal at each stage in
the RBS. At the input of an arbitrary k-th RBS, signals
from the previous stations: g1 (t), g2 (t), . . . , gk−1 (t), and
the pilot carrier, gp (t), will be transmitted through a
polarization controller (PC). Then, in order to prevent
the intermodulation distortion, the pilot carrier is divided from the signals (g1 (t), g2 (t), . . . , gk−1 (t)) by a
frequency splitter (FS). By the use of only the pilot carrier (therefore no intermodulation distortion occurs),
the ROC converts the RF signal at the k-th RBS to
an optical signal. Then, all optical signals are combined together again by a frequency combiner (FC).
After compensating the propagation loss of the optical
ﬁber between RBSs and the insertion loss in an RBS by
an optical ampliﬁer, all optical signals are transmitted
to the next RBS.
At the CS, in the case of heterodyne detection

(4)

G=

1
Ls Lm
1

Lsub

for the ampliﬁer in the ﬁrst RBS

for ampliﬁers in other RBSs

(5)

(6)

In cascade-link systems, the ASE noises accumulate
and are ampliﬁed at the following ampliﬁers. At the
receiver input, the accumulated ASE noises can be considered as white noise throughout the total subcarrier
signal band, therefore, the ASE noise has the same
power density in each RF signal band. Assuming that
frequency splitters and frequency combiners can split
and combine frequency spectrum perfectly, the power
spectral density of the ampliﬁed spontaneous emission
(ASE) received at the receiver is [15], [16]
NASE =

nsp (G1 − 1)hν + (p − 1)nsp (G − 1)hν
Lf
(7)
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where nsp , h, ν, and p are the ASE coeﬃcient, Planck’s
constant, the optical frequency, and the number of optical ampliﬁers, respectively.
In the case of heterodyne detection, the LO light
is

(8)
gL (t) = 2PL ej{2πfL t+φL (t)}
where PL , fL , and φL (t) are the LO power, the LO
frequency, and the LO phase noise, respectively.
The intermediate frequency (IF) current after the
balanced mixing photodetector is

k=1

(9)
where iC−HD (t), ik−HD (t), N , and nHD (t) are the carrier, the signal from the k-th RBS, the number of RBSs
connected in the system, and the noise, respectively.
The carrier and the signal from the k-th RBS can be
expressed by

iC−HD = 2eα PC PL · cos[2πfIF t + ∆φ(t)] (10)

(11)

where e, α, PC , Pr,k , fIF , fRF , ∆f , ∆φ(t), and θk (t)
are the electron charge, the electro-optic constant, the
received power of the pilot carrier, the received optical
power of the signal from the k-th RBS, the frequency
of the IF signal (fIF = fO − fL ), the subcarrier radio frequency, the frequency interval between two adjacent RF signals , the phase noise of the optical signal
(∆φ(t) = φO (t) − φL (t)), and the phase of the k-th RF
signal, respectively. The received power of the pilot carrier, PC , and the received optical power of the signal
from the k-th RBS, Pr,k can be expressed as follows:
N
2

PC = Pt Lf ·
cos(πOM Ik )
(12)
k=1


2

k−1


Pt Lf 
Pr,k = (N −k) sin(πOM Ik ) ·
cos(πOM Ij ) 


Lm
j=1
(13)
where Pt is the transmitting optical power and OM Ik
is the optical modulation index (OMI) of the k-th RBS
deﬁned by
OM Ik =

Ak
Vπ

PHD,k = 2e2 α2 Pr,k PL

(14)

where Ak is the amplitude of the k-th RF signal. Hence,

(15)

Considering the relative intensity noise (RIN), ASE
noise, the signal and the LO shot noise, and the receiver
thermal noise, the total noise power can be given by
2
σHD
,total


=

RIN e2 α2 Pr PL + 2e2 αPr + 2e2 αPL
+ 2e2 αNASE Bo +

N

iIF −HD (t) = iC−HD (t)+ ik−HD (t)+nHD (t)


ik−HD = 2eα Pr,k PL
· cos[2π(fIF + fRF + k∆f )t
+ ∆φ(t) + θk (t)]

the power of the signal from the k-th RBS is

8kB T
+ 4e2 α2 PL NASE
RL


2
+ 4e2 α2 Pr NASE + 4e2 α2 NASE
Bo B (16)

where Pr , Bo , kB , T , RL and B are the total received optical power, the bandwidth of an optical ﬁlter, the Boltzmann constant, the noise temperature,
the load resistance, and the RF signal bandwidth, respectively. The eight terms on the right-hand side of
Eq. (16) are the RIN, the signal shot noise, the LO shot
noise, the ASE shot noise, the receiver thermal noise,
the LO-spontaneous emission beat noise, the signalspontaneous emission beat noise, and the spontaneousspontaneous emission beat noise, respectively. The total received optical power, Pr , can be written as
Pr = Pc +

N


Pr,k

(17)

k=1

Therefore, the received CNR of the RF signal from the
k-th RBS is
CN RHD,k =

PHD,k
2
σHD
,total

(18)

In the case of self-heterodyne detection, the output current after a photodiode is
iSHD (t) =

N


ik−SHD (t) + nSHD (t)

(19)

k=1

where ik−SHD (t) and nSHD (t) are the signal from the
k-th RBS and the noise, respectively. The signal from
the k-th RBS can be expressed by

ik−SHD = 2eα Pr,k PC
· cos[2π(fRF + k∆f )t + θk (t)]
(20)
Hence, the power of the signal from the k-th RBS is
given by
PSHD,k = 2e2 α2 Pr,k PC

(21)

where Pr,k is the given by Eq. (13). The total noise
power can be written as
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Table 1

2
σSHD
,total


=

Parameters used in calculations.

RIN e2 α2 Pr2 + 2e2 αPr + 2e2 αNASE Bo
+

4kB T
+ 4e2 α2 Pr NASE
RL


2
+ 4e2 α2 NASE
Bo B

(22)

Therefore, the received CNR of the k-th RBS is
CN RSHD,k =

PSHD,k
2
σSHD
,total

(23)

When the number of subcarrier is more than 1, the
CDNR degradation due to the intermodulation distortion induced by the nonlinearity of the modulator occurs. However, the merit of the proposed cascade system still remains, i.e., the system can eliminate the
CDNR degradation due to the intermodulation distortion induced by the cascaded modulators.
4.

Numerical Results and Discussion

Table 1 shows the parameters used in calculations. In
the calculation, the distance between two adjacent RBS
is assumed to be 100 m, therefore the ﬁber propagation
loss, Lf , between two adjacent RBS is assumed to be
0.02 dB.
4.1 Using Identical Optical Modulation Index in Every RBS
Figure 4 shows the relationship between the received
CNR for ROC systems or the received CDNR for
IM/DD systems and the order of RBS, k, in the case
of using identical optical modulation index (OMI) in
every RBS. The number of the RBS connected in the
system, N , is assumed to be 10. In the proposed ROC
systems, when all OMIs are set to be equal to each
other, the CNR of the signal from the RBS nearest
to a CS is smaller than those from other RBSs. This
is because the optical carrier left to this RBS has the
smallest power due to its use for modulation in previous RBSs. In the case of setting an equal value to all
OMIs, therefore, we set the OMI to be the one which
maximizes the CNR of the RBS nearest to the CS. If
the OMI is too small, although the optical carrier left
to the nearest RBS is still large, but the CNR of this
RBS is small due to the small value of OMI. If the OMI
is too large, the optical carrier left to this RBS is small,
thus the CNR of this RBS is small. The OMI of 0.036
in the ROC/HD system and 0.015 in the ROC/SHD
system are obtained by the method above.
In the IM/DD system, the CDNR of the signal
from the middle RBS in the link is the smallest because
the cascaded connection generates the maximum value

Fig. 4 Relationship between the received CDNR and the order
of RBS in the case of using identical OMI in every RBS.

of intermodulation distortion in the middle subcarrier
frequency band (see Appendix). In this calculation, the
OMI of 0.041 is the one which maximizes CDNR of the
middle RBS. If the OMI is higher than this value, the
CDNR is degraded by the intermodulation distortion.
It can be seen that the received CNR of the
ROC/SHD system is about 1 dB less than that of the
ROC/HD system. This is due to the fact that, in the
ROC/SHD system, the received power of the pilot carrier which is utilized as the local oscillator, is decreased
but not much because the OMI of each RBS is very
small.
4.2 Optimization of Optical Modulation Indices
If we set the OMI of each RBS so that the OMI of the
RBS farther from the CS is smaller than those of the
RBSs nearer to the CS, the received CNR of the signal
from the RBS far from the CS will decrease, and that of
the signal from the RBS near to the CS will increase.
Therefore we can optimize the received CNR performance in the sense that we set each OMI diﬀerently so
that the received CNR of the RBS nearest to the CS
increase and equals that of the RBS farthest from the
CS. Hence, to determine each OMI, we get
CN Rk = CN Rk+1

(k = 1, 2, . . . , N − 1)

(24)
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Fig. 5 Relationship between the optimized OMI and the order
of RBS.

From the relation above, in the case of both ROC/HD
and ROC/SHD systems, it can be expressed as follows:
(sin πOM Ik )2
= Lm (sin πOM Ik+1 )2 (cos πOM Ik )2

(25)

Thus, the optimum OMI of the k-th RBS can be expressed as


1
(26)
OM Ik = arctan
Lm · sin πOM Ik+1
π
To determine the optimum OMIs, we start from
setting the OMI of the N -th RBS which is nearest to
the CS, and then use Eq. (26) to determine the OMIs
of the (N − 1)-th, (N − 2)-th, . . . , and 1st RBS, respectively. In the ROC/HD system, the OMI of the
N -th RBS is ﬁrstly set to 0.5, i.e. using up the whole
optical pilot carrier to achieve the maximum received
CNR. In the ROC/SHD system, however, the received
CNR also depends on the received power of the optical
pilot carrier as shown in Eq. (21). Therefore the OMI
of the N -th RBS should be set to a certain value to
remain the appropriate power in the optical pilot carrier for self-heterodyne detection. In this calculation,
the OMI of the N -th RBS in the ROC/SHD system
which maximizes the received CNR is found to be 0.11
because the signal-ASE beat noise is dominant.
Figure 5 shows the relationship between the optimized OMI and the order of RBS in the case of ROC
modulator insertion loss of 3 dB. It can be seen that the
farther the RBS is located from the CS, the smaller the
OMI of that RBS becomes, so that there is still enough
power of the optical carrier left to the RBS nearer to
the CS. It can also be seen that if a new RBS is added
to the RBS farthest from the CS, we just have to set
the optimum OMI of the new RBS without any change
in other OMIs.
Figure 6 shows the relationship between the received CNR for ROC systems or the received CDNR
for IM/DD systems and the number of RBSs with the
radio signal bandwidth as a parameter. Here, the OMIs

Fig. 6 Relationship between the received CDNR and the
number of connected RBS.

of the ROC systems are optimized using the proposed
OMI optimization method. As a result, the received
CNR of the RBS nearest to the CS in the case of using
optimized OMIs shows a signiﬁcant improvement over
that in the case of using identical OMIs. The ROC systems using optimized OMIs also provide improvement
in the received CNR over the CDNR of the IM/DD system, this is because the intermodulation distortion due
to cascaded connection occurs in the IM/DD system
when the number of RBSs is more than two, deteriorating the received CDNR severely. In the case of radio signal bandwidth, B, of 150 MHz and N = 20, the
ROC/HD and the ROC/SHD systems provide approximately 16 dB and 14 dB improvement over the IM/DD
system, respectively. The diﬀerence between the received CNR of the ROC/HD system and the ROC/SHD
system is approximately 2 dB which is the larger than
that in the case of using identical OMI for every RBS.
This is due to the fact that the entire pilot carrier cannot be used up to achieve the maximum received CNR
performance for the ROC/HD system in the case of
using identical OMI. In the case of B = 50 MHz and
N = 20, the ROC/HD and the ROC/SHD systems provide approximately 18 dB and 16 dB improvement over
the IM/DD system, respectively. The improvement is
better than that in the case of B = 150 MHz. This
is because as B decreases, the received CDNR of the
IM/DD system become higher not as much as that in
the ROC systems, due to the intermodulation distortion.
In the case of adding a new RBS to the RBS farthest from a CS, the optimized OMI for the new RBS
has already been derived by the proposed method, and
no OMI re-optimization of the rest of the RBSs is required. On the other hand, in the case of adding a
new RBS between any two RBSs, how to determine
the OMI for the new RBS is to use the average value
of the OMIs of its neighbor RBSs. This may be a sub-
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Fig. 7 Relationship between the received CNR degradation
and the order of RBS in the case of adding new RBSs in
ROC/HD system, and using the sub-optimum OMIs instead of
re-optimization (One, two, or four RBSs are added in a 10-RBS
system behind the RBS number shown in the horizontal axis).

optimum value. Figure 7 shows the relationship between the received CNR degradation and the order of
RBS in the case of adding new RBSs in the ROC/HD
system, and using the sub-optimum OMIs instead of
re-optimization. One, two, or four RBSs are added in
a 10-RBS system behind the RBS number shown in
the horizontal axis. Here, the CNR degradation means
the degradation from the CNR obtained in the case
of re-optimizing the OMIs. It is seen from this ﬁgure
that the CNR degradation occurs when sub-optimum
values of OMIs are used. In the ROC/SHD system,
the CNR degradation occurs in a very similar pattern
as that in the ROC/HD system. We can compensate
this degradation by two methods. One method is to
prepare a margin in the transmitting optical power
level. That is, the transmitting optical power is set
below its maximum power in the beginning, and then
is increased when new RBSs is added. The other one
is re-optimization of the OMIs. The former method
may be used ﬁrst, and when the transmitting optical power reaches its maximum available level, the reoptimization is performed.
In addition, the selection of the compensation
method depends on the location of the added RBS. As
shown in Fig. 7, without re-optimization, fewer RBSs
can be added to the RBSs located near the CS because
the OMIs of these RBSs are relatively high, thus assigning an average value of OMI of two neighbor RBSs
to the new OMI without re-optimization deteriorates
the CNR more severely in this region. Re-optimization
should be more appropriate in this case.
Figure 8 shows the relationship between the maximum connected number of RBSs and the insertion loss
of the optical modulator. Since the IM/DD system has
only the loss of the modulator, therefore, to compare
the proposed system with the IM/DD system fairly,

Fig. 8 Relationship between the maximum connected number
of RBSs and the insertion loss of the modulator.

only the loss of the modulator is expressed on the horizontal axis. In this calculation, it is assumed that the
required CNR (CDNR for IM/DD systems) is 32 dB
including the margin of 20 dB. This required CNR corresponds with the value to obtain the required bit error
probability of 10−6 for a quarternary phase shift keying (QPSK) signal. We can see that, the ROC/HD
and ROC/SHD systems using optimized OMIs can accommodate much more RBSs than the IM/DD system
even in the relatively high insertion loss of the modulator region. The ROC/SHD system, for example, can
accommodate at least 2 times as many RBSs as the
IM/DD system in the case of total loss of the PC, FS
and FC of 10 dB. The performance of ROC systems reduces to approximately same level as IM/DD systems
when total loss of the PC, FS and FC is 15 dB.
Regarding the nonlinearity of each modulator, although the eﬀects are not exactly the same in the proposed systems and the IM/DD system, it is a common
factor in both systems. Hence, in order to analyze the
fundamental merit of the proposed system, it is ignored
in this study. Therefore, this paper does not include the
nonlinearity in each modulator, RBS’s receiver dynamic
range, and the spurious characteristics.
5.

Conclusion

We have newly proposed the novel radio-over-ﬁber systems using cascaded radio-to-optic direct conversion
(ROC) scheme. We have theoretically analyzed the received CNR performance of the proposed systems using the cascaded ROC/HD scheme and the cascaded
ROC/SHD scheme. The optimization of the optical
modulation index in each RBS has also been presented.
The following results are found:
(1) In the ROC/HD and ROC/SHD systems, the received CNR of the RBS nearest to the CS can
be improved substantially by the proposed optical
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modulation index optimization method.
(2) By using the proposed optical modulation index
optimization method,
(a) in the case of the RF signal bandwidth of
150 MHz and the number of RBS of 20, the
ROC/HD and the ROC/SHD systems are
shown to provide approximately 16 dB and
14 dB improvement of CNR over CDNR of
the IM/DD system, respectively. This is because, in the IM/DD system, the intermodulation distortion due to cascaded connection
of optical modulators occurs and deteriorates
the received CDNR severely. On the other
hand, no intermodulation distortion due to cascaded connection occurs in the proposed cascaded ROC systems.
(b) ROC/HD and ROC/SHD systems using optimized OMIs can accommodate much more
RBSs than the IM/DD system even in the relatively high insertion loss of the modulator region. The ROC/SHD system, for example, can
accommodate at least 2 times as many RBSs
as the IM/DD system in the case of total loss
of the PC, FS and FC of 10 dB.
To realize the proposed systems, the optical nonlinear phenomena, four wavelength mixing, and so on,
should be considered. In our future study, we will consider these phenomena and also evaluate the dynamic
range concerning the intermodulation distortion in each
ROC.
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Appendix
Figure A· 1 shows the conﬁguration of the conventional
cascaded IM/DD system. The loss between two adjacent ampliﬁers is given by
Lsub −IM = Lf Lm

(A· 1)

The gain of each optical ampliﬁer is assumed to be identical to the loss between two adjacent optical ampliﬁers,
thus
1
GIM =
for all ampliﬁers
(A· 2)
Lsub −IM
Therefore the power spectral density of the ampliﬁed
spontaneous emission (ASE) received at the receiver is
NASE −IM =

pnsp (G − 1)hν
Lf

(A· 3)

In the case of employing linearized intensity modulators, the received optical power at the photodiode is
[8]
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Fig. A· 1
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Conﬁguration of the conventional cascaded IM/DD system.
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Since the number of the third order intermodulation
distortion reaches maximum in the middle channel, the
CDNR of the middle RBS is the smallest.
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i1 = i2 = i3

the received CDNR of each RF signal is
CDN RIM

1 2 2
e α (Pt Lf )2 OM I 2
2
=
2
2
σnoise
+ σIM
3

(A· 5)

2
2
is the total noise power and σIM
where σnoise
3 is
the power of the third-order intermodulation distortion
(IM3) expressed by, respectively
2
σnoise
= {RIN e2 α2 (Pt Lf )2 + 2e2 α(Pt Lf )
4kB T
+ 2e2 αNASE Bo +
+ 4e2 α2 (Pt Lf )NASE
RL
2
+ 4e2 α2 NASE
Bo }B
(A· 6)

2
σIM
3 =

1 2 2
e α (Pt Lf )2
2



OM I 3 D3 (N, k)
4

2
(A· 7)

where k is the order of RBS and D3 (N, k) is the number
of three-tone IM3 given by
1
k
(N − k + 1) + {(N − 3)2 − 5}
2
4
1
N
(A· 8)
− {1 − (−1) }(−1)N +k
8
The CDNR of the signal from each RBS is not equal
because the number of the third order intermodulation distortion is diﬀerent in each subcarrier channel.
D3 (N, k) =
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