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Abstract—Recently, microwave photonics techniques have
significantly progressed to realize a new type of communication
system enhancing the synergetic effect of wireless easy access
and photonic broadbandness. This paper describes the concept
of radio highway networks configured by radio on fiber links,
which are transparent for various types of radio formats. Also
as an effective candidate for a multiple-access method of radio
signal into the radio highway network, this paper reports direct
optical switching code-division multiple-access system and shows
its performance theoretically and experimentally.

Index Terms—M icrowave photonics, optical code-division mul-
tiple access (CDMA), radio highway, radio on fiber.

I. INTRODUCTION

ADIO on fiber (RoF) links have the function of transfer-
ring radio signals into remote stations with keeping their
radio format, such as radio frequencies, modulation formats,
and so on. Consequently, RoF links are considered hopeful
candidates for various future cellular access networks, such as
next-generation mobile communication systems, road-to-ve-
hicle radio access links in intelligent transport systems (ITS),
or distribution systems of cable TV signals. Actualy, many
systems employing RoF techniques have been developed and
used for ITS [1] and mobile communication applications in
underground, tunnels, and in buildings that ordinarily become
a dead zone for radio signals[2]-{5]. For this purpose, the
transmission format in the fiber-optic networks is typically
based on analog optical modulation techniques [6]{12].
However, the technologies for radio access systems continue
changing rapidly and many new wirel ess access systemswill ap-
pear to satisfy thetremendousincrease of users' demands. Since
different wireless access services have usually different types
of radio signal formats, different types of radio base stations
(RBSs) and backbone networks should be segregated according
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to their services and operators. Consequently, a long time and
an excessive investment are necessary to start a new wireless
access service or to change its radio format.

In order to solve this problem, the concept of radio highway
networks has been proposed, as illustrated in Fig. 1 [11]. The
radio access zone architecture employs conventional microcel-
[ular or picocellular radio systems. However, the RBS receiving
or transmitting radio signals in each radio zone equip only the
converter between radio signals and optical signals. The RBS
requires neither the modulation functions nor the demodulation
functions of radio signals. The radio signals converted into op-
tical signals are transferred via an RoF link with the benefit of
its low transmission loss. Therefore, the RoF links can be in-
dependent of the radio signals’ format and can provide many
universal radio access methods. This means that radio highway
networks are very flexible to the modification of radio signa
formats, the opening of new radio services, or the accommoda-
tion of some different types of radio signal formats. A remote
central station, called the radio control station (RCS), executes
thefunctions of modulation and demodul ation of radio and other
controls such as channel alocation, handover processing, and so
on. Such concentrated execution of their complicated function
provides a much simplified and cost-effective radio access net-
work and promises easy realization of recent advanced demod-
ulation techniques, such as macro diversity, handover control,
and interference cancellations.

In order to realize radio highway networks, one subject is
which photonic link configuration and multiplexing scheme
is suitable. Three topologies become candidates for the RoF
link configuration: star, ring, and bus configurations. The latter
two can reduce the fiber count; thus they offer cost-effective
and quick construction of networks and also easy extension
of RBSs. Capabilities are very important in realizing radio
highway networks because the density of RBSs increases
according to the number of users, and becomes very high
in recent micro/picocellular requirements. For indoor use,
network flexibility and fiber count reduction are very important
matters, because the reinstallation of fibers is wasteful. In
employing passive fiber-optic topologies such as passive
double star, ring, and bus topol ogies, another important subject
is a photonic access scheme for various types of radio air
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Fig. 1. Concept of radio highway networks.

interfaces. The candidates are subcarrier multiplexing (SCM),
time-division multiple access (TDMA), code-division multiple
access (CDMA), and wavelength-division multiple (WDM)
access. In discussing a suitable photonic multiplexing scheme
for radio highway networks, we should make much of the
cost efficiency, the ease of use, and the simplicity of network
configuration.

As mentioned above, the radio highway networks have the
potential to be universaly used for different radio services
operated by different operators, because the configuration of
RBSs and RoF links can be independent of the radio signal
formats. Such advanced purpose requires further subjects. The
different types of radio services operated by different carriers
will need to be delivered to different RCSsin different locations
in most cases. This means that the networks should include
the routing node that executes routing of radio signals, that is,
distinguishing and switching of radio signals. Therefore, in
selecting a particular multiplexing scheme, it is also important
to make much of the simplicity for the routing of radio signals,
and it is desirable that the routing process should be imple-
mented at the optical stages in order to keep its transparency
for radio signals.

Asamultiple-access method for the radio highway networks,
SCMA methods [6], [13] and TDMA methods [14], [15] have
often been discussed. The SCMA method exceedsin simplicity
and flexibility. However, each radio cell needs a different radio
frequency, and optical signal beat noises severely deteriorate the
carrier-to-noiseratio (CNR) at the RCSif there are no strict con-
trolsof optical wavelengths of laser diodes connected to the RoF
link at each RBS. Reference [16] investigates the reduction of
optical signal beat noises in the SCM/WDM network. On the
other hand, TDMA method is an attractive candidate because
no optical beat noises arise and aradio frequency can be reused
among several microcells. However, this method needs the time
synchronization of the whole system. In the downlink of radio
highway networks, for example, the radio or video distribution

can be provided by the conventional multiplexing method such
as SCMA method. On the other hand, the uplink traffic is not
so large in spite of many potential subscribers, but there exist
various types of radio signals that have different frequencies
and different multi ple-access methods. The CDMA method will
be another candidate as a multiple-access method for the up-
link of radio highway networks. The CDMA method needs the
chip syncronization among the used spreading codes. However,
its asynchronous access property, flexibility, and transparency
for various radio air interfaces are more attractive than SCMA
methods and TDMA methods.

It has been necessary to find new optical CDMA methods for
radio highway networks from the viewpoints of the flexibility
in assigning code sequences and the implementation by RoF
links using the optical intensity modulation (IM). The proposed
direct optical switching (DOS)-CDMA scheme [17] can be
performed only with an optical switch (OSW) at the transmitter
and also an OSW, a photodetector (PD), and an electrical
bandpass filter (BPF) at the receiver. Therefore, any type of
radio signal can be converted into optical IM/CDMA signals.
In the DOS-CDMA scheme, multiplexing is performed by
randomizing positions of optical pulses at an OSW driven with
a pseudonoise (PN) unipolar code sequence such as optical
orthogona code (OOC). Furthermore, when the DOS-CDMA
scheme employs the optical polarity reversing correlator
(OPRC) to use hipolar PN codes which are usualy used in
CDMA radio systems, the number of multiplexed radio signals
can be increased [18].

This paper describes the principle of our proposed
DOS-CDMA scheme, shows some theoretical analysis
results of the system performance, and gives the latest exper-
imental results of the received radio signal quality improved
by using OPRC. Also, this paper experimentally examines
the improvement in carrier-to-(interference plus noise) ratio
(CINR) obtained by assigning even weight of a bipolar code to
optical intensity pulse for the first time.
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The remainder of this paper is composed as follows.
Section |1 describes the principle of the DOS-CDMA for radio
highway networks. Section 1l1 describes the OPRC for the
DOS-CDMA scheme and shows the theoretical analysis results
of the carrier-to-interference power ratio (CIR), which show
that the OPRC using bipolar PN codes can further improve
the number of maximum connected RBSs over the unipolar
type correlator using prime codes as one of OOC. Section IV
describes some experimental results.

Il. DIRECT OPTICAL SWITCHING CDMA METHOD
A. Optical CDMA Method

There are two CDMA methods that can be applied for the
radio highway network. One is the electrical CDMA and IM
method [19], in which radio signals are spectrum-spread in
the electrical domain and converted into optical IM signals at
the laser diode (LD), and their correlations are performed in
the electrical domain after the photodetection at the PD. This
method is the most conventional one, but it is difficult to use
a chip rate of more than hundreds of megachips per second
because of the band limitation of the electrical circuits. As
a result, the spreading gain is rather low and the number of
multiple-access RBSs is limited.

Another is the opticall CDMA method, in which the spec-
trum-spreading of radio signals and their correlations are per-
formed in the optical domain. The optical CDMA method is
more suitable than the conventional electrical CDMA method
because various types of radio signals can be multiplexed in op-
tical domain and high processing gains can be gained with ease
by using the broad bandwidth of optical devices.

Up to this time, various optical CDMA methods have been
studied mainly for digital optical local-area networks. Optical
CDMA methods such as using fiber delay lines [20], optical
phase masks [21], and coherent optical phase modulations [22]
have been proposed. In the optical CDMA method using fiber
delay lines, the encoding and the decoding are performed by de-
laying optical pulsesin the time domain. In the opticdl CDMA
method using optical phase masks, the spectral encoding and the
decoding are performed by phase-modulating optical pulsesin
the domain of optical frequency. These methods can be applied
for optical digital modulation; however, it is difficult to apply
them for multiplexing radio signals for radio highway networks
because the networks are configured with analog IM RoF links.
Furthermore, these methods lack flexibility in assigning code
sequences. The optical coherent CDMA methods use optical
phase modulations; therefore, their correlator is quite the same
asinthe RF spread-spectrum system but needsvery complicated
and fine narrow-band optical filters, which are very sensitive
to temperature changes. On the other hand, the optical CDMA
using optical disk patterns has been proposed [23]. However,
in this method, the assignment of code sequences is not flex-
ible and the application to radio signals has not been taken into
account.

Therefore, it has been necessary to find new opticall CDMA
methods for radio highway networks from the viewpoints of
flexibility in assigning code sequences and the optical CDMA
using the optical IM. The proposed DOS-CDMA[17] scheme
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can be performed only with an OSW at the transmitter, and
also an OSW, a PD, and an electrical BPF at the receiver.
Consequently, any types of radio signal can be converted
into optical IM/CDMA signals. In the DOS-CDMA scheme,
the multiplexing is performed by randomizing positions of
optical pulses at an OSW driven with a PN code. This is quite
different from the random-access discrete address scheme
using quantized pulse position modulation [24].

B. Principle of DOS-CDMA Method

The DOS-CDMA scheme uses ON-OFF type switching spec-
tral spreading. Each radio signal received at each RBSistrans-
mitted to an RCS by anal og-type optical pulse amplitude mod-
ulation (PAM) scheme, and the multiple access among many
RBSs is performed by the DOS-CDMA scheme. The regener-
ation of radio signa is based on the bandpass natural sampling
theory [15], [25]. Fig. 2 showsthe system model toillustrate the
principle of the DOS-CDMA process at the RBS transmitter and
the correlating process at the RCS receiver.

At the RBS, a received radio signal is converted into an
optical IM signal by modulating LD directly, next sampled at an
OSW, which is driven with a certain code sequence c(t), and
the output signal of OSW is transmitted to a receiver through
optical fiber. At the output of OSW in the transmitter, we can
obtain optica PAM/IM signals whose pulses are positioned
according to the code pattern of c(t). At the receiver, many
PAM/IM signals from many RBSs are correlated with the
code sequence ci(t) a an OSW, then directly detected at a
PD and interpolated at a BPF to regenerate the desired radio
signal. It is assumed that the code sequence cy(t) matched
with the one at the RBS is regenerated at the RCS, and the
synchronization between two code sequences is taken. The
radio signal, which is contaminated by all other radio signals, is
fed into a demodulator in order to obtain the information data.

Theradio signal gx(t) at the kth RBS is represented by

g(t) = Re [ak (t)cﬂ’rf*ft] D

where {,; is radio frequency and ay (t) is the complex envelope
with its bandwidth B,;. The optical on—off switching CDMA is
performed at the OSW, driven by a code sequence ¢ (t), whose
frame period and chip width are T (second) and T, respec-
tively. Its pulse amplitude is one or zero. The intensity of the
optical PAM/IM signal at the output of the OSW is given by

Pi(t) = Ps {1 + gu(t) t er(?) 2

whereP, isthe averagetransmitted optical power before optical
switching.

Py (t) is a bandpass natural sampled signal converted from
aradio signal because an optical switching is a window-type
sampling. Therefore, aradio signal can be conveyed by optical
carrier while keeping its signaling format and regenerated from
the pulsed signals by the interpolation at a BPF, if we choose
a sampling period of less than or equal to half of the inverse
of the radio signal bandwidth [< 1/(2B,.;)]. Since a pseudo-
random sequence is chosen as a code sequence that drives the
OSW at the transmitter in the DOS-CDMA system, the dura
tions between optical pulses become various values according
to the kind of code sequence, but each pulse is surely repeated
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Fig. 2. Principle of DOS CDMA transmitter and receiver.

with its frame period of Tr. Therefore, in order to regenerate
the radio signal after interpolation, Ty of less than or equal to
1/(2B,.y) should be chosen. From the viewpoint of simplicity,
however, using Tr of much lessthan 1/(2B,.;) is not effective
because amuch faster speed for OSW isrequired. Hence, in this
paper, Tr is set to be the maximum value, thet is, 1/(2B,.f).

To improve the quality of the regenerated radio signal in a
DOS-CDMA system, acode sequence with the highest possible
autocorrelation and the lowest possible cross-correlation has to
be chosen. In the DOS-CDMA using optical IM/direct detec-
tion (DD) scheme, a unipolar code has to be used as a code
sequence, while PN codes like maximum length code (M-se-
guence) or Gold code are used in a conventiona radio CDMA
system. Reference [20] reported that a prime code sequence is
the best code as a unipolar orthogonal code that can provide the
highest autocorrelation and the lowest cross-correlation of var-
ious orthogona codes. Therefore, in the DOS-CDMA system,
the prime code sequenceis employed as a spread-spectrum (SS)
code.

A set of prime codes has the preferable feature for an IM/DD
CDMA system that there are very few coincidences of ones
among code sequences. Prime codes with length p? are derived
from prime sequences obtained from aGaloisfield GF(p) where
p is a prime number. Table | shows an example of prime se-
guences and prime code sequences for a prime number p of
seven. Each prime sequence element s,,,,, is obtained by the
product of the corresponding r and rn modulo p. Letting ¢,,, =
(€m0s Cmis«+ 1 Cmyjs« + + Cm(p—1)), dENOLE the mth prime code
sequence in which a jth code element c,,,; is given by

_ 1a j = Synn T np
Cmj = {O, otherwise. )

TABLE |
PRIME SEQUENCE AND PRIME CODE SEQUENCES FOR PRIME NUMBER

Prime sequences for p=7

m sm( Sml Sm2 Sm3 Sind Sms Smé6
0 0 0 0 0 0 0 0

1 0 1 2 3 4 5 6

2 0 2 4 6 1 3 5

3 0 3 6 2 5 1 4

4 0 4 1 5 2 6 3

5 0 5 3 1 6 4 2

6 0 6 5 4 3 2 1

Prime code sequences for p=7

m eml Cm1 Cm2 Cmi3 Cm4 Cms Cm6
0 1000000 LO00000 1000000 1000000 1000000 1000000 1000000
1 1000000 0100000 0010000 0001000 0000100 0000010 0000001
2 1000000 0010000 0000100 0000001 0100000 0001000 V000010
3 1000000 0001000 0000001 0010000 0000010 0100000 0000100
4 1000000 0000100 0100000 0000010 0010000 0000001 V001000
5 1000000 0000010 0001000 0100000 0000001 0000100 0010000
6 1000000 0000001 0000010 0000100 0001000 0010000 0100000
Inthe DOS-CDMA scheme using prime codes, Tr(= p*T.)

is set to 1/(2B,.;) in order to gain the largest code length p?
at the same switching speed of the OSW; thus the chip width
T. isgiven by Tr/p?. When an OSW correlator is driven with
the kth prime code sequence c,(t) at the receiver, the optical
PAM/IM signal transmitted from the £th RBS is extracted out
of all CDMA signals. Then the output current of the PD is com-
posed of adesired signal component S (t), interference compo-
nents I(t), and additive noise components N (¢). Sk (t) and I(t)
are, respectively, given by



TSUKAMOTO et al.: DIRECT OPTICAL SWITCHING CDMA SYSTEM

Jrf hf- ;]; hf J}f+%v

Fig. 3. Normalized both-side power spectrum density of signal. (a) Two
components of desired signal and frequently are overlapped. (b) Two
components of desired signal and frequently are not overlapped.

M
It)=aP, Y gi(Be e (5)
=157k

where o, P, and M are the responsivity of the PD, the average
received optical power at the correlator, and the total number
of connected RBSs, respectively. Here, we derive the CIR in
the DOS-CDMA system. We derive the power spectral density
(PSD) of signal component Sy (t) by calculating the autocorre-
lation of Si(t) from (4). The PSD of Sk (t), Sk(f), isgiven by

S =(ar s (141 - %)

p p
X {Gk(f) + ]%pl—l
X i sinc? <]%) Gr(f — 2iB,s) ¢ (6)

i=—00,15%0

where Gg(f) is the power spectrum of gy (t) and sinc(x) is
sin(x)/x.

Fig. 3 shows the normalized both-sides PSD of the signal
component. The first three terms of Sy (f) are the desired signal
component around f,; and —f,;, and the other terms are the fre-
quency shifted components caused by bandpass sampling. Im-
ages of these shifted components cause the distortion in the
desired signal as the self-interference if they overlap over the
signal components as shown in Fig. 3(a). We can perfectly re-
move the self-interference components by setting the value of
theradio frequency f¢ at (j + 1/2) B, or j /T (j isan integer)
as shown in Fig. 3(b). Without such special values of f;;, how-
ever, the salf-interference component may not deteriorate the
signal quality because its power is low compared with that of
the carrier signal component. We examine the carrier signal to
self-interference power ratio (CSIR).

Fig. 4 shows some numerical results for the f,; of 1.93 GHz
and B, of 900 KHz. Inthe small p, the sinc function causes
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Fig.4. Relationship between carrier to self-interference power ratio and prime
code number p.

TABLE I
AVERAGE VARIANCE OF THE CROSS-CORRELATION OF THE PRIME CODE

p Gcz

7 0.272
11 0.298
13 0.303
23 0.318
31 0.322
47 0.326
71 0.328
97 0.329

the up and down in CSIR, but as p increases, CSIR tends to be
asaturated value of more than 30 dB, which is enough to obtain
theradio signal quality in DOS-CDMA.. As p increases, the sat-
urated value of CSIR is determined by the relation between 1,
and B,;. Therefore, inthe following analysis, wewill ignorethe
self-interference components.

From (6), the carrier power of the regenerated radio signal Cy
is given by
5 1 11
P? <1+p p2>' 0
Let o2 denote the average variance of the cross-correlation of
the prime code. Then, the carrier-to-interference power ratio
CIR, is given by

Co = (OéP,)

2

p
CIRy = ———. 8
Table 11 shows o2 for different values of prime number p calcu-
lated by using computer simulation. o2 isalittleincreased as p

increases but has a saturated value of 0.329 for p = 97.

I11. OPTICAL POLARITY REVERSING CORRELATOR (OPRC)
FOR DOS-CDMA UsING PN CobDES

In the DOS-CDMA method described in Section I, only
optical unipolar orthogonal codes such as prime codes [20]
were applied to obtain adesired process gain because an optical
switchisused to decode DOS-CDMA signalsat each correlator.
However, the prime code suffersalimit in the number of distinct
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Fig. 5. Configuration of the DOS CDMA system.

code sequences, which resultsin the limitation of the number of
radio base stations connected to the radio highway network. In
addition, the use of prime codes for the DOS-CDMA scheme
makes the optical power efficiency low because of its quite
low pulse duty. Therefore, we should consider a new type of
correlator for the DOS-CDMA method to which PN codes such
as maximal length codes and gold codes can be applied because
those codes are usualy used in radio systems and generaly
superior in the number of distinct code sequences compared
with prime codes. For digital networks using the optical CDOMA
method, the sequence inversion keyed (SIK) direct sequence
(DS)-CDMA methods have been proposed in [26] and [27].
The method requires specially balanced PN codes. In order to
allow the use of any unbalanced PN codes, the power splitting
ratio of the power divider at the optical correlator has been
controlled [28], and the transmission of two channels using two
wavel engths or two orthogonal polarizations has been proposed
[29]. In SIK-CDMA methods, however, binary digital data
are encoded and transmitted with the positive polarity and the
negative polarity of bipolar codes; thereby their correlators at
the receiver cannot be applied to DOS-CDMA signals that are
converted from radio signals by the on—off switching CDMA
method. In this section, the OPRC for the DOS-CDMA radio
highway network using PN codes [18], [30] is described.

Fig. 5 illustrates the configuration of the DOS-CDMA
system with itstopology of abus-type fiber-optic link. M radio
zones are connected to the bus link, where the radio signals
from radio terminals in each zone are multiplexed by the

DOS-CDMA scheme and transmitted to the RCS. The RBSin
each zone equips only an LD, an OSW, and an automatic gain
controller (AGC) and is connected to a bus link with a passive
optical coupler (OC).

As mentioned in previous section, after the direct-intensity
modulation of LD, the optical on—off switching SSis performed
at the OSW, and in the bus-type fiber link, many optical sig-
nals are multiplexed by DOS-CDMA.. At the receiver, the op-
tical powers of the received DOS-CDMA signalsfrom A RBSs
are different from each other because the optical loss between
each RBS and the RCS is different. Also, IM indexes of the re-
ceived CDMA signals are different from each other because the
radio signal received by the RBS has various amplitudes due
to fading and different distance between terminals and a RBS.
These differences cause the near—far problemin CDMA system.
For thisreason, an RBSis equipped with an AGC to control the
amplitude of areceived radio signal in order to keep the optical
modulation index constant at the LD, and also equipped with an
optical amplifier (OA) to compensate optical loss between two
RBSs. Atthe RCS, optical CDMA signalsfrom RBSsareat first
power-split into each of A receivers, then received at the OPRC
receiver.

A. Principle Of OPRC

The OPRC can be realized with various optical devices such
asoptical switches, matched filters, and Mach—Zehnder interfer-
ometers (MZIs). Fig. 6 illustrates the configuration of the trans-
mitter and the OPRC for the optical CDMA using the PN code
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Fig. 6. Configuration of the transmitter and the OPRC receiver for DOS CDMA using PN codes.

cx(t) having the value of 1 or —1. The c(t) has the frame pe-
riod T and the chip width T.. Intheinterval of T, cx(t) has
the code length of L. chips, and the number of weight ones is
(L+1)/2. At the kth RBS, LD is assumed to be directly mod-
ulated by the radio signal with the optical modulation index of
one. DOS-CDMA is performed by OSW driven with the biased
PN code ¢,.(t) = (1 + cx(t))/2. Then, the intensity of optical
signal from the kth RBS is written by

Ii(t) = P {1+ gr(H)} i (t) ©)

where gi(t) isthe radio signal with the bandwidth B, and the
carrier frequency f.¢, and P, is the average transmitted optical
power before the optical switching.

At the £th OPRC, many IM/CDMA signals are received and
split into two signals at the OC. It is assumed that the biased
PN code ¢} (t) matched with the one at the kth RBS is regen-
erated at the RCS by using the retiming code generator such as
the retiming block, and the synchronization between two code
sequences is taken. Then, the OPRC is driven by the biased PN
code. Inthe case of the OPRC realized withan MZI, the phase of
the optical phase shifter (OPS) is shifted according to the biased
PN code ¢, (¢). When ¢}, (¢) is one, the phase difference between
both arms of MZI is zero, thus IM/CDMA signals are outputted
to the upper port of MZI through the second OC. When ¢, (2) is
zero, the phase difference between both arms of MZI isset to 7;

thus the lower port of MZI outputs IM/CDMA signals through
the second OC. In the case of OPRC realized with two OSWs,
the upper OSW is set to “on” when ¢, (¢) is one, and the lower
OSW issetto“on” when ¢} (¢) iszero. Thus, the output currents
of the balanced mixing PD (BMPD) are expressed as

M

i) =0 Y Pag (OG04 Tin®) (0
M

i)=Y Pag060 20 1int) )

where « is the responsivity of the PD and i, (t) and iyo(t) are
additive noise currents, respectively. Equations (10) and (11)
show that the positive polarity of the desired kth code ck(t)
matches with the kth one at the RBS at the upper port of MZI
or the upper OSW. However, it is obstructed at the lower port of
MZI or the lower OSW. The desired kth signal at the input to
the BPF isabandpass natural sampled signal converted from the
kthradio signa gx(t). Theradio signal can be regenerated from
the pulsed signals by the interpolation at the BPF, as discussed
in Section I1.

On the other hand, for the interference signal 1;(¢)(j # k),
both ports of MZI or both OSWs generate interferences only
when the positive polarity of ¢;(t) coincides with the positive or
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negative polarity of ci(t). Two interferences of BMPD are sub-
tracted and suppressed at the BPF. However, in the unipolar-type
correlator described in Section 11-B, PN codes cannot be applied
becausetheinterferenceis never suppressed though the code se-
guence length increases. Details will be discussed in the next
section.

B. Carrier-To-Interference Ratio Performance

The OPRC can be implemented instead of the unipolar-type
correlator for a prime code at the receiver in DOS-CDMA
system, as shown in Fig. 5. This section investigates the CINR
performance improved by the OPRC for PN codes.

The carrier power C and the interference power I can bethe-
oretically derived from the PSD of the output of BPF at the re-
ceiver by the same manner as Section 11-B. The results are as
follows:

1 [aP(L+1))°
0—5{ T } (12)
ML af)j%&”, for gold codes
I= ML (B %, for maximal (13)

length codes

where P, is the averaged received optical power. Hence, from
(12) and (13), the CIRsfor gold codes and maximal length codes
are written by
4 L(L+1)
CIR = { MEl L?2+5L+47
M1

for gold codes
for maximal length codes.

(14)

It isseen from (14) that the CIR isimproved in proportion to the
codelength L. For comparison, we show the CIR in the case that
PN codes are applied to the unipolar-type correl ator as the same
with the proposed OPRC. The CIR iswritten by

4 4L(L41)?
W =T I 7P 1350415 0r gold codes as)
CIR,. = 4 L(L+1)? . 15
e M—1 A 4512 +7143 for maximal
length codes.

It is seen from the comparison between (14) and (15) that the
OPRC is effective for PN code, while the unipolar type corre-
lator never improves the CIR for any L.

C. Numerical Results and Discussions

In this section, we show some numerical results and dis-
cussions. Parameters used for calculation are summarized
in Table I1l. Fig. 7 shows the relationship between the code
length L and the CIR for the OPRC shown in Fig. 6 and
the unipolar-type correlator shown in Fig. 2 in the case of
using PN codes for M = 10. In the case of the unipolar-type
correlator using maximal length codes and gold codes, there
is no improvement in the CIR though L increases. It is also
seen from (15) that the CIR almost equals 4/ (M —1) regardless
of L. Hence, PN codes cannot be applied to the unipolar-type
correlator. However, it is seen from Fig. 7 and (14) that in the
OPRC, the CIR is improved as the L increases. The results
show that PN codes such as maximal length codes and gold
codes can be applied to the DOS-CDMA radio highway using
the OPRC.
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TABLE 11
PARAMETER USED FOR CALCULATIONS
Responsivity of PD o 0.8A/W
PSD of the relative intensity noise CRIN -152dB/Hz
Bandwidth of optical filter |14 1THz
Noise temperature T 300K
Load resistance Ry 50 Q
Spontaneous emission factor of OA Msp 2.0
Quantum efficiency of the OA nma 0.5
Radio signal frequency .f};f 1.93GHz
Radio signal bandwidth B f 900KHz
Coupling plus insertion loss of OC Lye JaB
Fiber loss between RBS's L ¢ 0. 548
FWHM of the LD Avip 10MH=
Difference of center frequency of the LD Ay 1THz
60 T T T T
M=10
B Gold codes
S50 & maximal length codes
40 1
= 30 Proposed OPRC ]
=
£ J
5 20|
10j 1
Unipolar type correlator
0 - @ - - -E -G - - -~ -8 - - - - - - -
_]U L L 'l L
10’ w: 10’ 10* 10° 10 ¢

Code sequence length L

Fig. 7. Relationship between the code sequence length L and the CIR.

Reference [20] has reported that the prime code is the best
asaunipolar orthogonal code that can provide the highest CIR.
In the next figure, we compare the number of distinct code se-
guences that results in the limitation of the number of RBSs
connected to the radio highway for maximal length codes, gold
codes, and prime codes. Fig. 8 shows the number of distinct
code sequences versus the code sequence length L. Gold code
sequences are generated by combining a pair of preferred max-
imal length sequences using modulo-2 addition if the number
of preferred maximal length sequencesis at least two [31]. On
the other hand, in the case of prime codes, the number of dis-
tinct code sequencesis equal to the prime number p for the code
sequence length of p%. The numbers of distinct code sequences
for maximal length codes and gold codes are larger than that for
prime codes. For exampl e, comparing maximal length codesand
gold codesof L = 32767 with prime codes of p? = 32041, the
numbers of distinct code sequences for maximal length codes
and gold codes are ten times and 183 times larger than that for
prime codes, respectively. Therefore, using the proposed OPRC
can assign a larger number of distinct code sequences to RBSs
in optical CDMA radio highway than using the unipolar-type
correlator using prime codes.

Fig. 9 shows the relationship between the switching speed
1/T. and the number of maximum connected RBSs M,,,,x in
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Fig. 8. Number of distinct code sequences versus the code sequencelength L.
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Fig. 9. Relationship between the switching speed in the DOS-CDMA and the
number of maximum connected RBSs.

the case that the required CINR is 30 dB. The CINR is ana
lyzed assuming the exist of the receiver thermal noise, the rel-
ative intensity noise, and the spontaneous emission noise of
OA. This figure shows that by the OPRC using Gold codes,
the number of maximum connected RBSs can be much fur-
ther improved for small P, such as —10 dBm compared with
the unipolar-type correlator for prime codes—for example, in
the case of 1/T. = 9.8 GHz, which corresponds to a code
length of about 5440. The switching speed can be realized by
the available state-of-the-art switch. The proposed OPRC using
gold codes can accommodate 1.3 and 2.5 times the number of
RBSs to the radio highway with a CINR of 30 dB compared
with the unipolar-type correlator using prime codes for P of
0 dBm and —10 dBm, respectively. In this analysis, however,
the switching waveform and the extinction ratio of OSW are
assumed to be ideal rectangular and infinity, respectively. The
evaluation of the influence from their degradation should be a
further subject.
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Fig. 10. Experimental setup for DOS-CDMA using OPRC receiver.

TABLE IV
SPECIFICATIONS OF EXPERIMENTAL SETUP

DEB Laser

wavcelength A @ 1.3um
output power : 3.4dBm
RIN : -149dB/Hz
etficiency y: 0.103W/A
insertion loss : 6.1 dB
extinction ratio : 35.7 dB
Vrn:6.0V

LD module
(ORTEL 3541C)

[.N intensity modulator
(in transmitter)
(RAMAR corp.)

inscrtion loss:

[.N intensity modulator
(in receiver)
(Sumitomo TMZ1.3-2.5)

6.0 (upp.), 4.4(low.) dB
extinction ratio : 33.2 (upp.), 32.0 (low.) dB
Vr: 1.2 (upp.), 1.0(low.) V

PD(NEC NDL5481P1)

sensitivity : 0.91 A/W

RF modulation

w/4 shift DQPSK

RF carrier frequency 1.9 Gllz
input RF power 10 dBm
chip rate of M-sequence 4.2 Mcps
code length 7~2047
RF bandwidth 300 kl1z

IV. AN EXPERIMENTAL INVESTIGATION OF INTERFERENCE
SUPPRESSION IN OPRC

This section showsthe experimental investigation of CIR per-
formancein DOS-CDMA system. Wewill experimentally show
the CIR performance improved by using OPRC compared to
using the unipolar-type correlator. We will also observe for the
first timethat the CIR performanceisfurther improved by using
the even weight maximal length code compared to using the odd
weight maximal length code.

Fig. 10 shows the experimental setup, the specifications of
which are summarized in Table IV [32]. The transmitter con-
sists of LD and LiNbOs intensity modulator (LN-MOD). The
RF signa intensity-modulates the LD with its wavelength of
1.3 um. ThelM signal ison—off encoded at the LN-MOD driven
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Fig. 11. Waveform and spectrum of DOS-CDMA signal at the output of the transmitter: (a) the waveform and (b) its spectrum.

with the rectangular pulsed M-segquence from the code gener-
ator. The receiver consists of a 3-dB coupler, two LN-MODs,
an optical delay line (ODL), two optical attenuators (ATTS), a
BMPD, a BPF, and an RF amplifier.

At thereceiver, the received optical signal isdivided into two
branches by a 3-dB coupler. The divided optical signals are de-
coded at each LN-MOD. The LN-MOD in the upper branch is
driven with the biased PN code (1—c¢(t))/2, and the LN-MOD
in the lower branch is driven with (1+¢(¢))/2, that isinverse
one of the input M-sequence. At the BMPD, the decoded op-
tical signals are photodetected and subtracted. The output of
the BMPD is the pulsed RF signal, and the interpolation of the
BPF regenerates the desired RF signal and at the same time sup-
presses the interference signal.

Fig. 11(a) shows an example of the waveform of the trans-
mitter output in the case of a code length of seven and a code
rate of 600 kHz. We can seethat the PN patternismappedinto an
RF intensity-modulating signal. Fig. 11(b) shows an example of
the spectrum of the transmitter output in the case of radio signal
bandwidth of 300 kHz. The spectrum has a symmetric sinc type
about the center frequency of 1.9 GHz and the harmonic com-
ponents appear at intervals of the code frequency 300 kHz.

Next, we measured the CINR performance of OPRC for
DOS-CDMA. The desired RF signa power was measured
when the transmitter and the receiver use the same maximal
length code. Code synchronization between the transmitter and
receiver was obtained by using cunning clock. The interference

RF power was measured when the receiver used a chip-shifted
maximal length code as a code different from the desired one.

Fig. 12 shows the experimental result of the relationship be-
tween the code length versus CINR performance in the case of
the chip rate of 4.2 Mchips/s. Inthisfigure, “w/o OPRC” means
to use the unipolar-type correlator. We can observe the CINR
improvement. Thisimprovement iscaused by CIR improvement
obtained by the OPRC receiver. The OPRC can improve CIR in
proportion to the square of code length, while the increase of
the code length never improvesthe CIR performancein the case
of the use of the unipolar-type correlator. The CINR value was
around 6 dB.

When we use bipolar PN codes having a value of 1 or —1
as spreading codes of DOS-CDMA system, there are two
methods in code mapping into optical on—off pulses. Oneisto
map weight “1” of the code into optical on-pulse, and another
is to map the weight “—1" of the code into optical on-pulses.
However, the number of on-pulses in a DOS-CDMA signd
becomes different between these two methods, because the
numbers of the “1” and “—1" weight of bipolar codes such
as maximal length code, gold code, and so on, are ordinarily
different. This fact leads to the difference in the obtained CIR.
A code from maxima length codes has even weight “—1"
and odd weight “—1,” and the number of odd weight “—1" is
larger than that of even weight “—1." In this experiment using
maximal length code, the former is caled the even weight
maximal length code and the latter is called the odd weight
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maximal length code. In the experimental results shown in
Fig. 12, we used the odd weight maxima length code at the
encoder of the transmitter as in the analysisin Sections Il and
I11, because it made the received optical power as large as
possible. However, the obtained CIR should be examined when
using the even weight maximal length code, because it will be
much easier to make the interference RF power between upper
and lower branches at the OPRC quite the same.

Fig. 13 shows the measured CINR performance versus code
length for the even and odd weight maximal length code in the
case of the chip rate of 4.2 Mchips/s. While CINR isimproved
asthe code length increasing for the odd weight maximal length
code, the CINR for the even weight maximal length code has a
fixed value of about 42 dB for any value of the code length,
which is dominated by the noise power. Compared with the
odd weight maximal length code, theimprovement in CINR ob-
tained by the even weight M-sequenceis about 35 and 10 dB for
code lengths of 7 and 127 chips, respectively.

V. SUMMARY

Radio highway networks enable us to operate more flexible
radio air interfaces. Therefore, we can useavariety of frequency
bands without replacing the base station equipment and net-
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works. We have proposed DOS-CDMA method for the radio
highway network and investigated its performance. Theoretical
and experimental results have shown that the proposed OPRC
is effective for DOS-CDMA system using conventional bipolar
PN code and al so confirmed the avail ability of the application of
the even weight maximal length code for DOS-CDMA system.
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