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Multi-Rate and Multi-BEP Transmission Scheme Using
Adaptive Overlapping Pulse-Position Modulator and
Power Controller in Optical CDMA Systems

Takaya Miyazawa and Iwao Sasase

Abstract:  'We propose a multi-rate and multi-BEP transmis-
sion scheme using adaptive overlapping pulse-position modulator
(OPPM) and optical power controller in optical code division mul-
tiple access (CDMA) networks. The proposed system achieves the
multi-rate and multi-BEP transmission by accommodating users
with different values of OPPM parameter and transmitted power
in the same network. The proposed scheme has advantages that
the system is not required to change the code length and number
of weight depending on the required bit rate of a user and the dif-
ference of bit rates does not have so much effect on the bit error
probabilities (BEPs). Moreover, the difference of transmitted pow-
ers does not cause the change of bit rate. We analyze the BEPs
of the four multimedia service classes corresponding to the com-
binations of high/low-rates and low/high-BEPs and show that the
proposed scheme can easily achieve distinct differentiation of the
service classes with the simple system configuration.

Index Terms: Adaptive overlapping pulse-position modulator
(OPPM), multi-BEP, multi-rate, optical code division multiple ac-
cess (CDMA), optical hard limiter, power controller.

I. INTRODUCTION

In recent years, optical code division multiple access
(CDMA) systems have been widely investigated in the area
of high-speed optical networks [1]-[16]. The major advantage
of the optical CDMA systems is the fact that each user can
access the network asynchronously and simultaneously with-
out strict wavelength control and timing synchronization which
are needed in the case of wavelength division multiple access
(WDMA) and time division multiple access (TDMA) [1]-[8].
Based on the ability for effective utilization of the vast amount
of bandwidth, the optical CDMA systems have received much
attention in optical local area networks (LANS) or access net-
works in which the nature of traffic tends to have burst property
[1], [7]. The optical CDMA system assigns a code sequence to
each user, and on-off-keying (OOK) and M-ary pulse-position
modulation (PPM) are major modulation schemes [1]-[5]. The
PPM is preferable to the OOK in terms of power-efficient. In the
PPM, the length of code sequence is defined as a “PPM slot” A
pulse is transmitted in one slot out of A/ PPM slots defined as a
“PPM frame” to represent data which includes logs M bits.

A time-encoding is a major encoding scheme in the optical
CDMA systems [1]-[8]. In the time-encoding scheme, a PPM
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slot is divided into some chips of which the number corresponds
to the code length of a code sequence. The chip duration corre-
sponds to the time-width of a transmitted pulse. In the transmit-
ter, an induced optical pulse is divided and embedded into the
weighted (1’s) chip positions of the user’s signature sequence by
using optical splitter and tapped delay lines [2]. In other words,
time-spreading method is applied for the encoding. In the re-
ceiver, the optical pulses in all weighted positions are collected
by an optical correlator consisting of optical delay lines in order
to generate a peak value. Besides the time-encoding scheme, the
coherent spectral-phase encoding scheme [14], the frequency
hopping scheme [16], and the incoherent time/wavelength two
dimension encoding scheme [12], [13] have been considered
as an encoding scheme in the research area of optical CDMA
systems. In the coherent spectral-phase encoding scheme, a
pseudo-random bipolar code sequence is assigned to each user,
and the temporal shape of transmitted pulse for a given user is
determined by encoding phases in the transmitted spectrum ac-
cording to the assigned code sequence. The coherent spectral-
phase encoding scheme can achieve higher bit-rate than the
time-encoding scheme, but optical phase control causes the
complexity of the system construction. On the other hand, in
the frequency hopping scheme, an encoder slices the spectrum
of an induced pulse and transmits a train of pulses in which
the frequencies are hopping in time domain. The optical CDMA
system with the frequency-hopping achieves a good correlation
property among code sequences, but the maximum number of
users is limited by the number of wavelength while not limited
in the time-encoding scheme. The incoherent time/wavelength
two dimension encoding extends the encoding to wavelength do-
main as well as time domain. In this study, we focus on the 1-D
time-encoding as a simple encoding scheme.

Generally, optical CDMA systems suffer from multiple ac-
cess interference (MAI) originating from other simultaneous
users [1]-[13]. As the number of simultaneous users increases,
the bit error probability (BEP) degrades because the effect of
MAI increases. To mitigate the effect of MAI compared to the
PPM-CDMA system, M-ary overlapping PPM (OPPM) has
been used [9]. The OPPM is considered as a generalization to
the PPM where overlapping is allowed between pulse positions
and achieves more mitigation of MAI, which results in more
improvement of BEP than the PPM. In addition, an optical hard
limiter (OHL) has been used in front of the optical correlator
{2], [8], [10], [12]. The OHL clips at a certain defined signal
intensity which is the threshold value of OHL. If the incoming
intensity is equal to or higher than the threshold value, the out-
put is one (presence of pulse); otherwise, it is zero (absence of
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pulse). The threshold level of the OHL is set to the intensity
of an optical pulse distributed in each weighted position. Using
the OHL, the effect of MAI in each weighted position is up to
only one pulse, which is more mitigated in comparison with the
systems without the OHL.

The single-rate and single-BEP optical CDMA systems as de-
scribed in [1]-[8] can accommodate only fixed rate and QoS
(i.e., BEP). However, since we can expect that future optical
networks include data traffic with multimedia services (e.g.,
text, image, audio, and video), the single-rate and single-BEP
(power) are not suitable for the networks. Therefore, we are
required to evaluate the optical CDMA system which achieves
multi-rate and multi-BEP. Conventionally, the multimedia trans-
mission schemes in which each user can transmit information
data with various “bit rate” and “BEP” have received much at-
tention in the research area of optical CDMA networks [17]-
[24]. In TDMA or WDMA where QoS is usually handled in the
higher levels such as the data link or network layer, a user need-
ing more bandwidth can be allocated more time slots in TDMA
or wavelength channels in WDMA. However, these schemes
waste bandwidth when the traffic has burst property. On the
other hand, optical CDMA has the advantage of providing dif-
ferentiated service at the physical layer [7], [25]. In [17], par-
allel mapping method is employed to achieve various bit rates,
in which the multiple codes in proportion to the bit rate must
be assigned to each user. However, the number of users (not
only the number of high-rate users, but also the number of low-
rate users) are limited due to the total number of codes and the
multiple optical encoders/decoders are required. In addition,
the higher-rate users exhibit very low performance compared
to the lower-rate users due to the large effect of MAI In [18]-
[22], various bit rates (multi-rates) among the users are achieved
by changing the code length or the number of weight (i.e., the
code sequence) for multi-rate optical CDMA networks. Gener-
ally, a long code length is assigned to each user with low-rate
and a short one is assigned to each user with high-rate. Their
schemes require multiple optical encoders/decoders or an op-
tical variable encoder/decoder which can change the code se-
quence flexibly in optical domain. The code reconfiguration is
required when a user changes the destination. In the case, in
practice, the encoder/decoder are reconfigured at the same code-
length and same number of weights. The “optical” processing
of code reconfiguration is rather difficult. Also, when the sys-
tem changes the code-length and number of weights, it needs
to change the detection timing in the demodulator and num-
ber of tapped delay line, respectively. It requires more compli-
cated processing in the receiver, and the implementation is rather
difficult. Recently, multimedia services such as voice-over-IP
(VoIP), video telephony, gaming, and e-commerce have been
rapidly developed [25]-[27]. Thus, we can expect that multime-
dia services in which any kinds of traffic (i.e., video/audio and
data) are simultaneously included increase drastically in future
optical networks. Therefore, it is probable that traffic from a sin-
gle user includes packets with several kinds of service classes
in a short period. This means that the service class might be
changed frequently even if a user sends data to the same desti-
nation. The conventional multimedia scheme in which the code-
length and the number of weights change depending on the ser-

vice class causes the increase of complexity and the implemen-
tation is rather difficult. In addition, the several service require-
ments for bit rate and BEP cannot be easily guaranteed because
the BEP significantly depends on the bit rate in the conven-
tional multi-rate schemes. Actually, in the conventional multi-
rate schemes, only two service classes (e.g., “high-rate and high-
BEP” and “low-rate and low-BEP”) have been considered and
analyzed [18]-[20]. Meanwhile, we must consider the multime-
dia scheme which changes the chip-rate depending on the ser-
vice class. However, changing the chip-rate has a serious issue
that the time-width of a pulse needs to be changed depending
on the service class, which causes the increase of complexity
in the laser-diode. In [23], multicode scheme has been pro-
posed to achieve multi-rate. This scheme changes the number
of transmitted pulses per frame depending on the required bit-
rate of the user. This means that the code sequence does not
need to be changed depending on the required bit-rate of the
user, which results in simple system configuration. However,
the number of available service classes for multi-rate is limited
to the minimum interval between the weighted (1°s) positions
of the code. The future optical networks must guarantee more
service classes for the variety of multimedia services. There-
fore, it is essential to combine a new multi-rate scheme with the
multicode scheme. Meanwhile, in [24], optical power controller
is employed for various BEPs. This scheme is effective because
the difference of transmitted powers has no effect on the bit-rate,
which means that it can control the BEP independent of the bit
rate. Thus, multimedia optical CDMA networks are required to
handle multimedia (i.e., multi-rate and multi-BEP) service re-
quirements more flexibly without changing the code sequence
according to the service class of the user.

In this paper, first, we propose a multi-rate transmission
scheme by using an adaptive OPPM in optical CDMA networks.
Since the bit-rate varies depending on the number of slots M
in the optical OPPM-CDMA systems at the same bandwidth,
the proposed scheme can achieve the multi-rate transmission by
accommodating users with different values of M in the same
network. The proposed adaptive OPPM has an advantage that
it is not required to change the code sequence depending on
the required bit-rate of the user, and the bit-rate can be easily
changed in the electronic domain while the conventional multi-
rate schemes (in [18]-[20]) require to change the code sequence
flexibly in the optical domain. This means that the proposed sys-
tem can maintain the simplicity of the optical encoder/decoder
which one user employs only one code sequence independent of
the user’s required bit-rate as in the single-rate optical CDMA
systems. Moreover, the proposed adaptive OPPM has another
advantage that the difference of bit-rates does not have so much
effect on the BEP. Thus, we expect that the combining with the
multi-BEP system achieves a larger number of service classes.
We also apply an optical power controller to achieve multi-
BEP in the optical multi-rate CDMA networks using the adap-
tive OPPM. Since the BEP depends on the transmitted power,
a multi-BEP transmission can be achieved by accommodating
users with different transmitted powers in the same network.
The power controller requires only power attenuator and the
difference of the power does not cause the change of the bit
rate. In addition, we employ an OHL to eliminate more MAI
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Fig. 1. The block diagram of the transmitter in the proposed system.

with lower power when the desired user transmits optical pulses
with high power. Thus, the proposed scheme using the adaptive
OPPM and power controller can easily achieve a large number
of multimedia service differentiation with simple systern config-
uration by using the combination of value M and optical trans-
mitted power. In this paper, we divide the multimedia service
into four classes that are the class A (high-rate and low-BEP),
B (high-rate and high-BEP), C (low-rate and low-BEP), and D
(low-rate and high-BEP) and analyze the BEPs of the four ser-
vice classes. The adaptive OPPM and power control can be also
applied to the coherent spectral-phase encoding, the frequency
hopping and the incoherent time/wavelength two dimension en-
coding schemes because their encoding schemes can perform
overlapping among pulses (or code sequences) and power con-
trols. However, in this study, we focus on only time-encoding
as a representative encoding scheme and clarify the advantage
of the proposed schemes which can achieve the distinct differ-
entiation of the QoS requirements. We show that the proposed
scheme can achieve distinct differentiation of the four service
classes without changing the code sequence depending on the
service class of the user.

II. PROPOSED SYSTEM

Fig. 1 shows the block diagram of the transmitter in the pro-
posed system. In the transmitter, the adaptive OPPM selects
the value of M corresponding to the required bit rate in elec-
tronic domain and modulates the information data. An opti-
cal pulse is induced in the first chip time of the corresponding
slot by the laser diode, and is sent to the optical power con-
troller. In the optical power controller, the optical intensity be-
comes low by the optical attenuator only when the information
data corresponds to the high-BEP service. Next, the sequence
encoder divides the pulse, embeds the divided pulses into the
weighted positions of the user, and transmits the pulse sequences
to the fiber-optic networks. Here, we employ optical orthogonal
code (OOC), whose out-of-phase autocorrelation and maximum
cross-correlation value are bounded by one, as a set of code se-
quences [6]. We assume that each user is assigned a unique code
of OOC whose code length and number of weights are “L” and
“w,” respectively. Fig. 2 shows the block diagram of the receiver
in the proposed system. At the receiver side, the received optical
pulses are sent to the OHL and the OHL clips at a certain defined
signal intensity which is the threshold value of the OHL. If the
incoming intensity is equal to or higher than the threshold value,
the output is one (presence of pulse); otherwise, it is zero (ab-
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Fig. 2. The block diagram of the receiver in the proposed system.
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Fig. 3. An example of modulation in OPPM-CDMA system (M = 4,
v =2).

sence of pulse). The threshold level of the OHL is set to the in-
tensity of an optical pulse with the low-power or the high-power
according to the service class of the user (i.e., the high-BEP or
the low-BEP). Since the OHL with the low-level threshold clips
at the low intensity independent of the intensity of the incoming
pulse, it has the same ability as the OHL equipped in the single-
rate optical CDMA systems [2]. On the other hand, since the
OHL with high-level threshold is easier to eliminate the MAI
with the low-power, the users with the high-power achieve bet-
ter BEPs than the users with the low-power. After the OHL, the
correlator collects the received optical pulses in the weighted
positions into the same time position, and the photo-diode con-
verts the optical signal to the electronical signal. At last, the
adaptive overlapping pulse-position demodulator recovers the
received bit sequence. The demodulator applies the maximum-
value detection [9]. Fig. 3 shows an example of modulation in
the single-rate OPPM-CDMA system. The number of PPM slots
M = 4, and the number of PPM slots in the pulse spreading time
(i.e., an index of overlap [9]) 7 = 2 (note that the case of v = 1
corresponds to the PPM-CDMA). We define the pulse spreading
time as a “OPPM slot,” and one OPPM slot corresponds to the
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length of code sequence. We assume L = 20, w = 4, and the
weighted positions of the desired user are (0, 3, 11, 15). The
OPPM-CDMA scheme allows the OPPM slots to overlap each
other [9]. Therefore, the OPPM-CDMA system can increase
the code length and number of weights compared to the PPM-
CDMA system under the condition that the bandwidth and num-
ber of subscribers are constant, and can maintain the advantages
of power-efficiency and pulse position multiplicity in the PPM.
As aresult, the OPPM-CDMA system achieves higher tolerance
to MALI, which results in improvement of BEP compared to the
PPM-CDMA systems [9]. Fig. 4 shows an example of transmis-
sions of the four service classes in the proposed multi-rate and
multi-BEP scheme which are (a) M = 4 and high-power, (b)
M = 4 and low-power, (c) M = 8 and high-power, and (d)
M = 8 and low-power. Here the class A, B, and C meet the
applications such as real-time video streaming transmissions,
real-time voice transmissions, image data transmission, respec-
tively. The class D does not guarantee both bit rate and BEP
(i.e., the class with lowest priority, that is, best-effort type). The
code length and number of weights can be kept constant among
all service classes at the same bandwidth (chip-duration). This
means that one user requires only one code sequence for the four
service classes. Note that the proposed system requires the code
reconfiguration at the same code length and number of weights
only when a user changes the destination. In addition, it is very
difficult to frequently change the chip-rate for the differentia-
tion of service classes in the optical CDMA systems because
the time-width of a pulse needs to be changed depending on the
service class, which causes the increase of complexity in the
laser-diode. Therefore, the proposed scheme which does not
need to change the chip-rate achieves simple system configura-
tion. The systems with A/ = 4 and M = 8 transmit two and
three bits at the four and the eight slots, respectively. This means
that the bit-rate of the service class with M = 4 is four-thirds
oftheone with M = 8, and M = 4and M = 8 correspond
to the high-rate and the low-rate, respectively. The service class
with the high-power achieves the lower BEP than that with the
low-power. Therefore, the cases of (a), (b), (¢), and (d) in Fig. 4
correspond to class A, class B, class C, and class D as we define
in Section I, respectively.

III. THEORETICAL ANALYSIS

In this paper, we assume that the received optical power is
large enough to eliminate the effect of noises in the photo-diode
in order to clarify the fundamental performance of the proposed
scheme due to the effect of MAI In addition, we consider a net-
work system in which the total transmission distance is short
such as star formed LANs or access networks [1], [2], where we
can assume that there are no effects due to attenuation, nonlin-
ear characteristic, and dispersions through a fiber in this analy-
sis. In addition, we assume that a frame is asynchronous among
users, and the transmissions among users are chip-synchronous
because the performance in the chip-synchronous case results in
the upper bound on the performance of the asynchronous sys-
tem (8]. Also, we assume that the output of OHL is ideal in this
paper.

First, in order to easily understand the theoretical analysis of
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Fig. 4. An example of the transmissions of the four service classes
(v = 2): (a) High-rate (M = 4), low-BEP (high power), (b) high-rate
(M = 4), high-BEP (low power), (c) low-rate (M = 8), low-BEP (high
power), (d) low-rate (M = 8), high-BEP (low power).

the proposed system, we describe an upper bound on the BEP
of the conventional single-rate OPPM-CDMA system. We as-
sume that the desired user transmits optical pulses at the O-th
OPPM slot. We denote the correlator output in the j-th OPPM
slot by Y;. We also denote the number of simultaneous users
and the number of MAI in the j-th OPPM slot by N and &,
respectively. The reference [9] shows that an upper bound on
the symbol error probability of the single-rate OPPM-CDMA
system, Ps,OPPM’ is expressed as )

Psoppm =

N—-1

Z ((M — 1)PI‘(Y1 > YQ]H() = 07 K1 = l, v = 0)
=0

+(7*1)w(w

A D tbr(vi > Yolwo = 0,50 = Lin = 1)

CPH(Y; > Yolko = 0,k1 = L) = 0)})Pr(n1 ~0). (D)
Here, v is the number of self-interference where an transmitted
optical pulse in the 0-th OPPM slot interferes with a weighted
position in the 1st OPPM slot. In the absence of APD noise and
thermal noise, Y; > Y corresponds to the relation [ = w in the
caseof vy = 0,or]l =w — linthecaseof v; = 1. Pr(k; = 1)
is expressed as [9]

Pr(mzl)z(Nll)

The BEP of the single-rate system, P, qppy. can be obtained

7”2)1(1 _ 7w2)N~171.

ML ML 2)
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from the relation Pb,OPPM = {M/Q(M — 1)}PS,OPPM'

Next, we analyze the BEPs of the proposed multi-rate and
multi-BEP system. The BEPs of the four service classes can
be obtained based on the BEP of the single-rate OPPM-CDMA
system(i.e., (1)). We denote the numbers of simultaneous other
users (i.e., except the desired user) with class A, B, C, and D by
na, N, Nc, and np, respectively.

First, we analyze the BEP for the user with class B (high-rate
and high-BEP) and class D (low-rate and high-BEP). As in the
single-rate OPPM-CDMA system, we derive an upper bound on
the BEP by focusing attention on only the number of MAI at
the 1st OPPM slot and by assuming that the MAI interfering
with the weighted positions at the “0”-th slot does not exist. We
denote the correlator output in the j-th OPPM slot by Y}, and the
number of self-interference where an transmitted optical pulse
in the Oth OPPM slot interferes with a weighted position in the
1st OPPM slot by v;. We also denote the numbers of MAI from
the other users with class A, class B, class C, and class D in
1st OPPM slot by u 4, ug, uc and up, respectively, and total
summation is / = ua +ug +uc +up 0 < uy < ny, 0 <
up < np, 0 < uc < ngand 0 < up < np). In addition,
we denote the numbers of MAI with the low-intensity and the
high-intensity on the (-th weighted position at the 1st OPPM
slot by lg and Iz, (B € 1,2,--- ,w; 0 < g, < (ua + ue),
0 <lg < (up + up)), respectively, where w is the number of
weights. We define the interference state pattern vectors in each
weighted position as follows.

I = (lin, lon, -+ lun) 3)

b= (h,la, - L) “4)

This means that ug +ue = lin+lap+---+l,p andug +up =
Iy +1+- - - +1,;. Here, we define the interference state pattern
vectorl =1 +1; = (l1,12,- -+ ,l,) and the number of nonzero
elements in I by |I|. We denote the occurrence probabilities of
the interfering users with class A, class B, class C, and class
Dby Pr{us|n.), Pr(ug|ng), Pr(uc|nc), and Pr(up|np), re-
spectively. The probabilities are expressed as

Te w? u w? Ne—u
Pr(ucn.) = ( " )(———APZIhL) (1 - J\thL) e
2 2
n YW \u YO \n—u
Pr(uclne) = ( ug )(m) C(l_m) cTH ()

where € € A, B and ¢ € C, D, and M;, and M; are the value of
M corresponding to the high-rate and the low-rate, respectively.
Then, the symbol error probability for the user with class B in
the proposed system, P, g, is based on (1) (i.e., the symbol error
probability of the single-rate OPPM system), and is obtained as

n4a  nB No D
L EDIDIDID

ua=0ug=0uc=0up=0
((]\/[h — 1)PI‘(Y1 > Yolua,up,uc,up; v = 0)

-1
%—){Pr(lfl > Yolua,up,uc,up; vy = 1)

— Pr(Yi > Yolua, up, uo, up; =0)} )

x Pr(ua|na)Pr(ug|ng)Pr(ucinc)Pr(up|np).

+(v-1)

©

In the absence of APD noise and thermal noise, Y7 > Y)
corresponds to the relation |I| = w in the case of v; =
0, or I] = w — 1 in the case of vy = 1. There-
fore, Pr(Y1 > Yylua,up,uc,up;vy = 0) and Pr(Y; >
Yolua,up,uc,up;v1 = 1) are expressed as Pr(|l|] =
wlua,up,uc,up) and Pr([l] = w — llua,up,uc,up), re-
spectively. Pr(|l| = w | ua,uB,uc,up) is expressed as

Pr(ll) = w | ua,up,uc,up) = Z NDP)P(l; Hy)
lEGz,lll:w

M

where H is the set of all interference pattern vectors with total
weights equal to /. G is the set of representative interference
vectors in H with elements in decreasing order. Here, Pr(|l| =
w — lua,up,uc,up) is obtained by changing from “w” to
“w —1"in (7). NDP(l) is the number of distinct permutations
of the vector [ in (G7 and expressed as [8]

NDP@) = - (8)

[[r@)

where R(l;) (1 < i < w) is the number of repetition times of
an element [; in the vector I and the product is taken over 7 for
which [; is distinct. P(I; H) is the multinomial distribution for
the interference pattern vector ! in H; and expressed as [8]

1!
P H) = ——-

WIH(U)

The BEP of class B in the proposed system P}, g can be obtained
from the following relation.

®

Py 5 = {My/2(M), — 1)}P; . (10)
The BEP of class D, Py p, can be obtained by changing from
My, in (5) and (10) to M;, and the desired user transmits the
pulses with class D instead of class B. Therefore, the two BEPs
of class B and class D are slightly different. However, since the
two classes have the similar effects of MAI each other, we can
expect that their BEPs are similar.

Next, we analyse the BEP for the user with class A and class
C (i.e., low-BEP class), P, 4 and P, . Here, we define the
optical intensity of the high-power pulse and that of the low-
power as P, and P}, respectively, and the optical power ratio
R = P,/ P,. We also define the interference state pattern vector
I =(,1%, - ,1,;) as follows.

o If I in l; exceeds P,/ P, the value is “1,” (1 < 8 < w).
o Otherwise, the value is “0.”

In addition, we define the logical addition of two interference
state pattern vector ] U Iy, as J, and the number of nonzero
elements in J = (J1,J2,---,J,) by [J|. The occurrence
probabilities of the interfering users with class A, class B, class
C, and class D (i.e., Pr(ua|na), Pr(ug|ng), Pr(uc|nc), and
Pr{up|np)) are the same as the cases of class B and class D,
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and is expressed as (5). Then, the symbol error probability of
class A, P, 4, is based on (1) (i.e., the symbol error probability
of the single-rate OPPM system) just as the cases of class B and
class D, and is expressed as

np

Pasy 3 3 Y

uAZOU.B=0uc:0uD:0
((Mh ~ 1)Pr(Y1 > Yylua, up, uc,up;vy = 0)
wlw—1
+{v- 1)——(L 3 >{PT(Y1 > Yolua,up,uc,upsvn = 1)
_Pr(Yi > Y()IUA,UB,UC,UD;Vl = O)}>

X Pr(us|na)Pr(up|ng)Pr(ucine)Pr(up|np).

11)

In the absence of APD noise and thermal noise, Y7 > Yg
corresponds to the relation |J| = w in the case of v; =
0, or |[J| = w — 1 in the case of vy = 1. There-
fore, Pr(Yy > Yylua,up,uc,up;v; = 0) and Pr(y; >
Yolua,up,uc,up;v1 = 1) are expressed as Pr(|J| =
wlua,up,uc,up) and Pr(|J| = w — ua,up, uc, up), re-
spectively. Pr(|J| = wlua, up, uc,up) is expressed as

PI'('J| = w‘UA, up,uc, UD) =

I, I—ly Ii—ly = L2y
11;=0 l3;=0 l(w,1)120

lhEG1h7|JI:w
NDP(lh)PGh;H[h![h =us+ UC)

xP(y; Hy|I; =up+up =lu+ly+-+ly) (12)

where Hj, and Hj, are the set of all interference pattern vectors
with total weights equal to I, and I, respectively. Gy, is the
set of representative interference vectors in f1;, with elements
in decreasing order. Here, Pr(|.J| = w — lju4, up, uc,up) is
obtained by changing from “w” to “w — 1" in (12). NDP(l},) is
the number of distinct permutations of the vector I, in G, and
expressed as

|
NDP(ly) = —>—

1R

ip=1

13)

where R(l;,) (1 < i < w) is the number of repetition times
of an element /;, in the vector I;, and the product is taken over
ip, for which [;, is distinct. P(l;; H;,) and P(ly; Hy, ) are the
multinomial distributions for the interference pattern vectors [;
in Hy, and I, in Hj, , respectively, and expressed as

I¢!
wle [T e
te=1

where { € [,h. The BEP of class A in the proposed system,
P, 4, can be obtained from the following relation

Pb,A = {Mh/Q(Mh — 1>}P5,A.

P(l&;HIE) = (]4)

(5)

The BEP of class C, Py, ¢, can be obtained by changing from
My, in (11) and (15) to M, and the desired user transmits the
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Fig. 5. Number of simultaneous users with higher-rate versus the num-
ber of simultaneous users with lower-rate at BEP< 10—°, L = 4500,
w=5v=9.

pulses with class C instead of class A. Therefore, the two BEPs
of class A and class C are slightly different. However, since the
two classes have similar effects of MAI, we can expect that their
BEPs are similar.

IV. NUMERICAL RESULT

In this paper, the code length L, the number of weights w, and
the chip duration 7. are kept constant among all service classes.
We define the numbers of simultaneous users with class A, class
B, class C, and class D as N4, Vg, N¢, and Np, respectively.
This means that, if the desired user transmits the pulse with class
A, we can obtain the relations as Ny = nas + 1, Ng = np,
Ng = ne, and Np = np. Then, the total number of simulta-
neous users N = Ny + Np + N¢o + Np.

First, we clarify the effectiveness of the proposed adaptive
OPPM (multi-rate) scheme compared to the single-rate OPPM
scheme. Fig. 5 shows the number of simultaneous users with the
high-rate versus the number of simultaneous users with the low-
rate under the condition that BEP< 10~9. We set L = 4500,
w = b, v = 9, and we assume that all users transmit pulses
with the same optical power (i.e., the system without the power
controller) to clarify the effectiveness of the proposed adaptive
OPPM scheme. The values of M for the high-rate and the low-
rate, that are M}, and M, are 32 and 64, respectively. This
means that the high-rate and the low-rate correspond to 100
Mbps and 60 Mbps, respectively. We also assume that the de-
sired user is one of the high-rate users. We can see that the
proposed multi-rate scheme can accommodate more simultane-
ous users than the single-rate OPPM scheme. This reason is as
follows. In the single-rate OPPM scheme, since the system can
accommodate only fixed single-rate, the high-rate is assigned to
all users even if some users require the lower-rate. This means
that the single-rate scheme causes the waste of bandwidth. On
the other hand, in the proposed adaptive OPPM scheme, the cor-
responding required minimum bit rate is assigned to each user,
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which results in effective utilization of the bandwidth. There-
fore, the proposed multi-rate scheme can increase the number of
simultaneous users as long as it achieves the BEP< 10~ Note
that, when all users belong to the high-rate users, the proposed
multi-rate scheme is the same as the single-rate scheme.

Next, we clarify the performance of the proposed multime-
dia (i.e., “multi-rate” and “multi-BEP”) scheme. Since the main
advantage of the proposed multi-rate scheme compared to the
conventional multi-rate scheme (i.e., the scheme by changing
the code sequence) is its simplicity of the system configuration,
we do not dare to compare the performances of both schemes in
this paper. We would rather show that the proposed multimedia
scheme can achieve distinct differentiation of the four service
classes (i.e., class A, B, C, and D). Fig. 6 shows the total number
of simultaneous users IV versus BEP where the service classes
are class A (high-rate, low-BEP), class B (high-rate, high-BEP),
class C (low-tate, low-BEP), and class D (low-rate, high-BEP).
The four classes correspond to “Mj; = 32 and high-power,”
“Mp = 32 and low-power,” “M; = 64 and high-power,” and
“M; = 64 and low-power,” respectively, in the proposed multi-

rate and multi-BEP system. We set L = 2500, w = 4, and .

7 = 5, and assume that the bit rates of M; = 32 and M, = 64
are 100 Mbps and 60 Mbps, respectively. We also set the optical
power ratio B = 5. In Fig. 6, we assume the uniform distri-
bution where the numbers of simultaneous users are the same
among all service classes (i.e., Ny4 = Ng = No = Np =
N/4). We can see that the BEPs of the four service classes are
well divided into four cases which are the class A, B, C, and
D. The control for the value of M achieves the various bit rates
without changing the code sequence. On the other hand, the
control for the transmitted power achieves the various BEPs, and
the users with the high-power can achieve lower BEP than the
ones with the low-power because the OHL with the high-power
is easier to eliminate the MAI with the low-power while the
OHL with the low-power cannot eliminate them. The proposed
system with power controller strives to improve the BEP of the
users who require lower-BEP as much as possible by assigning
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Fig. 7. Total number of simultaneous high-rate(M; = 32) users Ny,
versus bit error probability of the four classes where N = 20, L =
2500, w =4,v=5, R=5.

the lower-power to the users who accept higher-BEP (i.e., low-
priority). Generally, in the single-rate optical OPPM-CDMA
system, the system with M = 64 achieves better performance
than that with My = 32 because of the pulse position multi-
plicity. However, in the proposed multi-rate transmission, the
effect of MAI originating from the other users with AM; = 64
decreases for the user with M} = 32 because the number of
MALI per unit time decreases, while the effect of MAI originat-
ing from the other users with M} = 32 becomes larger for the
user with M; = 64. Therefore, the performances of M) = 32
and M; = 64 become similar each other. The optical OPPM-
CDMA systems compare the output of the OPPM slot in which
the desired user transmits the pulse with the outputs of the other
OPPM slots [9]. This means that the MAI in the weighted po-
sitions at the OPPM slot in which the desired user transmits the
pulse does not matter in terms of the BEP. Since the system with
M; = 64 has more number of the other OPPM slots in which
the desired user does not transmit the optical pulse, the BEP of
M, = 64 is slightly worse than that of M, = 32.

Fig. 7 shows the number of simultaneous “high-rate” (M} =
32) users, Ny, versus BEP where L = 2500, w = 4,7 = 5
and R = 5. In Fig. 7, we assume that the number of users with
low-BEP is the same as the one with high-BEP, and set N = 20,
NA = NB = Nhr/2, and NC = ND = N/2 - Nhr/Q. We
can see that the BEPs of all service classes degrade as the value
of N, becomes large. This is because, as the number of users
with M}, = 32 increases, the transmitted pulses from the users
per time increase and the effects of MAI become larger for all
users.

Fig. 8 shows the number of simultaneous “low-BEP” (high-
power) users, Vg, versus BEP where L = 2500, w = 4,y = 5,
and R = 5. In Fig. 8, we assume that the number of users
with the high-rate is the same as that with the low-rate, and set
N =20,Ny =N¢o =N;p/2,and Ng = Np = N/2—N;5/2.
We can see that the BEPs of the users with high-BEP are con-
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stant in any values of N;z. This reason is as follows; The OHL
with the low-level threshold clips at the low intensity indepen-
dent of the intensity of the incoming pulse, and the effect of
MAI on the users with high-BEP (low-power) does not depend
on the intensity of MAL This means that the effect of MAI on
the users with high-BEP does not depend on the value of Nz,
but depends on only value of N. We can also see that the gap
between the BEPs of the users with high-BEP and those with
low-BEP decreases as the value of N;p becomes large. This is
because, as the users with the high-power increases, the effect
of MALI for the users with the high-power becomes larger. In the
case of Fig. 8, the distinct differentiation of the service classes
can be achieved in the range of N < 14.

Fig. 9 shows the total number of simultaneous users /N versus

BEP where v = 9 compared to the case of Fig. 6 (y = 5). This
corresponds to L = 4500 and w = 5 at the same bandwidth and
number of subscribers [6]. We also set R = 5. As we show
in Fig. 9, the BEPs of the four service classes are well divided
into four cases which are the class A, B, C, and D. Also, we can
see that the BEPs of all service classes are lower than those in
Fig. 6. This is because, as the value of -y increases, the values of
L and w increases, which results in the smaller effect of MAIL

V. CONCLUSION

We have proposed the multimedia (i.e., multi-rate and multi-
BEP) transmission scheme using adaptive OPPM and power
controller in optical CDMA systems. The proposed adaptive
OPPM for the multi-rate transmission has the advantage that it
does not need to change the code sequence depending on the re-
quired bit rate of the user and can easily change the bit-rate in
the electronic domain. This results in the simpler system con-
figuration than the conventional multi-rate schemes which need
to change the code sequence in the optical domain. Moreover,
the proposed adaptive OPPM has the other advantage that the
difference of the bit rates does not have so much effect on the
BEP. In addition, the optical power controller for multi-BEP re-
quires only power attenuator, and the difference of the trans-
mitted power does not cause the change of the bit rate. Thus,
the proposed scheme using the adaptive OPPM and power con-
troller can easily achieve the distinct differentiation of many
multimedia services by using the combination of M and opti-
cal transmitted power. We analyze the BEPs of the four service
classes which correspond to “high-rate (M = 32), low-BEP
(high-power),” “high-rate (M = 32), high-BEP (low-power),”
“low-rate (M = 64), low-BEP (high-power),” and “low-rate
(M = 64), high-BEP (low-power).” We show that the multi-rate
transmission system using the proposed adaptive OPPM can ac-
commodate more simultaneous users than the single-rate OPPM
system at the BEP< 107% We also show that the proposed
multi-rate and multi-BEP system can achieve distinct difteren-
tiation of the four service classes without changing the code se-
quence depending on the service class of the user.

In this study, we have considered only four kinds of service
classes, and the QoS characteristics of the service classes are not
so much different. However, we can expect that data traffic with
more service classes will appear in future optical networks. In
addition, it would be much more interesting if the service classes
were very different in bit-rate and BEP. Therefore, we will con-
sider how to achieve a distinct differentiation of more service
classes in future works.
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