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SUMMARY  Optical code-division multiple-access (CDMA) tech-
niques provide multi-user data transmission services in optical wireless
and fiber communication systems. Several signature codes, such as mod-
ified prime sequence codes (MPSCs), generalized MPSCs (GMPSCs) and
modified pseudo-orthogonal M-sequence sets, have been proposed for syn-
chronous optical CDMA systems. In this paper, a new scheme is proposed
for synchronous optical CDMA to increase the number of users and, con-
sequently, to increase the total data rate without increasing the chip rate.
The proposed scheme employs a GMPSC and an extended bi-orthogonal
code which is a unipolar code generated from a bipolar Walsh code. Com-
prehensive comparisons between the proposed scheme and several conven-
tional schemes are shown. Moreover, bit error rate performance and energy
efficiency of the proposed scheme are evaluated comparing with those of
the conventional optical CDMA schemes under atmospheric propagation
environment.

key words: optical code division multiple access, generalized modified
prime sequence code, extended bi-orthogonal code, multi-user interfer-
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1. Introduction

Recently, optical wireless communications have been gain-
ing attention as a complementary technology to radio-
frequency based wireless communications and physical
links through cable or optical fiber. Especially, free-space
optical (FSO) communications have been attracting grow-
ing attention as a solution to connect networks separating
for a few miles economically [1], [2].

Code-division multiple-access (CDMA) technique pro-
vides multi-user data transmission services not only in
radio-frequency based communications but in optical wire-
less and fiber communications [2], [3]. Several signature
codes, such as modified prime sequence codes (MPSCs)
[4], [5], generalized MPSCs (GMPSCs) [6], [7] and modi-
fied pseudo-orthogonal M-sequence sets (MPOMSs) [8]—[11]
have been proposed for synchronous optical CDMA sys-
tems. Some of these signature codes are also used in com-
bination with code-shift-keying (CSK) techniques for opti-
cal communication systems [12]-[14]. Moreover, several
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schemes have been proposed to increase the data rate of op-
tical CSK communication systems. The pseudo-orthogonal
extended prime code set (POEPC) [15] is a combination of
GMPSCs and bi-orthogonal codes [16], and the extended
pseudo-orthogonal M-sequence (EPOM) [17] is a combina-
tion of MPOMs and bi-orthogonal codes. The data rates
of POEPC and EPOM are higher than those of the conven-
tional optical CSK employing a single signature code, while
POEPC and EPOM pay the cost of doubling the chip rate.

In this paper, a new scheme is proposed for syn-
chronous optical CDMA to increase the number of users
and, consequently, to increase the total data rate with-
out requiring to increase the chip rate. In the proposed
scheme, data are spread with a GMPSC and an extended
bi-orthogonal code which is a unipolar code generated from
a bipolar Walsh code. It will be shown that the scheme can-
cels multi-user interference (MUI) completely and achieves
error-free performance under an ideal link. The number of
multiplexing users of the proposed scheme is larger than that
of the conventional scheme using a single GMPSC. Another
advantage of this scheme is that the decision distance of the
proposed scheme does not decrease. We show comprehen-
sive comparisons between the proposed scheme and several
conventional schemes [8]-[18]. Moreover, the bit error rate
(BER) performance and energy efficiency of the proposed
scheme are evaluated comparing with those of the conven-
tional optical CDMA schemes under atmospheric propaga-
tion environment, which is a typical model of FSO links
(11, [19].

The remainder of the paper is organized as follows.
Section 2 reviews GMPSCs and bi-orthogonal codes, and
introduces extended bi-orthogonal codes which are used in
the proposed scheme. Then, the coding procedure and sys-
tem construction of the proposed scheme are presented in
Sect.3. Section 4 shows comprehensive comparisons be-
tween the proposed scheme and conventional schemes. In
Sect. 5, the BER performance and energy efficiency of the
proposed scheme are evaluated comparing with those of the
conventional schemes under atmospheric propagation envi-
ronment. Finally, Sect. 6 offers some concluding remarks.

2. Signature Codes for Synchronous CDMA
2.1 Generalized MPSC

In the optical CDMA system considered in this paper, in-
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tensity modulation and direct detection (IM/DD) are em-
ployed at the transmitter and the receiver, respectively. Sig-
nature codes are expected to be unipolar for optical CDMA
employing IM/DD. MPSCs, sometimes called synchronized
prime codes or modified prime codes in the literature, have
been proposed for synchronous optical CDMA to increase
the number of simultaneous users [4]. An MPSC is a binary
code generated from a prime field GF(p) and has p* code-
words with lengths of p?, where p is a prime number. All
the codewords have a unique weight value of p. The set of
p? codewords can be divided into p groups of p codewords.
The cross correlation between any two codewords is zero
when they belong to the same group. Otherwise, the cross
correlation is one.

Generalized MPSCs (GMPSCs) generated from exten-
sion fields GF(g) have been proposed, where ¢ = p™, p is
a prime number, and m is a positive integer [6], [7]. The
code has ¢* codewords with lengths of ¢* and weights of
q. These codewords are divided into g groups of g code-
words, as with the case of the original MPSCs constructed
from prime fields. The class of GMPSCs includes the class
of original MPSCs as its subset.

Any GMPSC has the same following correlation prop-

erty:
g, ifi; =i and j; = js,
I'(¢i j,¢ij,) =4 0, ifi; =iy and j; # s, M
1, ifi; #1io,

where g is the size of the finite field, ¢;, ;, is the jith code-
word in the i;th group for 7y, j; =0,1,--- ,g—1,and ¢, j, is
the j,th codeword in the i»th group for i, j» =0,1,--- ,q—
1. In Eq.(1), I'(a,b) is the correlation between two se-

quences a = (aop,ai, - ,d,-1) and b = (bo, b1, -+ ,b, 1)
with lengths of n, and defined by
n—1
T(a,b) = )" aby, @)
k=0

where a; > 0 and by > 0. As for GMPSC, n is equal to q*.

Since the proposed scheme described later employs a
GMPSC constructed from GF(2™), g represents 2", where
m is an arbitrary positive integer, in the rest of this paper. As
an example, a GMPSC with ¢ = 4 is shown in Table 1.
This code has sixteen codewords, which are divided into
four groups of four codewords.

2.2 Extended Bi-Orthogonal Codes

The proposed scheme, which will be described in Sect. 3,
uses an extended bi-orthogonal code as well as a GMPSC.
Code-lengths of these two codes are assumed to be the same.
An extended bi-orthogonal code with a code-length of ¢? is
constructed from a bi-orthogonal code [16], which is gener-
ated from a g X ¢ Hadamard matrix as follows.

A Hadamard matrix H, is a ¢ X ¢ matrix, where g = 2.
Hyn is generated by the following recursive algorithm [20]:
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Table1 An example of GMPSC and codeword assignment (¢ = 4).
Group GMPSC codewords Assignment
0 coo | 1000 1000 1000 1000 W0,0
€o,1 0100 0100 0100 0100 Wo,1
co2 | 001000100010 0010 Wip
co3 | 0001 0001 0001 0001 Wi
1 cro | 10000100 0010 0001 W20
¢y, | 0100 1000 0001 0010 W |
ci2 | 00100001 1000 0100 W30
ci3 | 0001 0010 0100 1000 W31
2 c20 | 1000 0010 0001 0100 W40
¢z, | 0100 0001 0010 1000 W41
¢z | 0010 1000 0100 0001 W5
c23 | 0001 0100 1000 0010 Ws |
3 c3po | 1000 0001 0100 0010 W60
c31 | 0100 0010 1000 0001 We,1
c32 | 00100100 0001 1000 W70
c33 | 0001 1000 0010 0100 W71
1 1
H, = , 3
2 [1 _1] (3)
H2m Hzm
H m = 4
2 [Hzm ~Hon |’ @)
where m > 1. For example, Hy is given by
1 1 1 1
1 -1 1 -1
H, = . 5
MO B S B B | )
1 -1 -1 1

Each row of a Hadamard matrix H, is a codeword of Walsh
code whose code-length is g. Walsh codes are bipolar codes
which have perfect orthogonality at zero time delay.

A bi-orthogonal code with a length of ¢ is given by a
2g x g matrix B,, whose upper half is H, and lower half is
—-H, [16].

B, - [_’;;J. ©)

Each row of B, specifies a codeword of a bi-orthogonal code
whose code-length is g. The number of codewords of a bi-
orthogonal code is 2g.

Next, we define an extended bi-orthogonal code with
a length of ¢*. Let the ith row of B, be a sequence
b; = (bio,bi1, -+ ,bi4-1), where b; is a codeword of
the bi-orthogonal code for i = 0,1,2,---,2g — 1. The
ith codeword of an extended bi-orthogonal code is y; =

(Yi0- i1, > Yige-1) and is specified by
_J L it b =1,
v = { 0, if by =-1, @

fori=0,1,2,---,2g—1,j=0,1,--- ,¢*~ 1. InEq. (7), |.x]
is the maximum integer that is not greater than the positive
real number x.

The code-length of the extended bi-orthogonal code
is ¢> = 22" and the number of codewords is 2g = 2!
As an example, a bi-orthogonal code and an extended bi-
orthogonal code with g = 4 are shown in Table 2.
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Table2  Anexample of bi-orthogonal code, extended bi-orthogonal code
and codeword assignment (g = 4).

Codewords of Codewords of Assign-
bi-orthogonal code | extended bi-orthogonal code | ment
by [1 1 1 I [y,| 111111111111 1111 —
b, |1 -1 1 —-1]y, | 11110000 1111 0000 Ws0
b, |1 1 -1 -1]y,| 111111110000 0000 Wo
b; |1 -1 -1 1 |y;| 111100000000 1111 Wi0.0
b, [-1 -1 -1 -1 |y, | 000000000000 0000 —
bs -1 1 -1 1 |ys| 000011110000 1111 Ws,|
b [-1 =1 1 1 |ys| 000000001111 1111 Wo |
b; -1 1 1 -1y, | 000011111111 0000 Wio,1

2.3 Correlation Properties

An extended bi-orthogonal code with a code-length of ¢?
has 2g codewords including an all-one sequence y, and an
all-zero sequence y,. The 2g — 2 codewords excepting y,
and y, are equal-weight codewords. These 2g—2 codewords
have the following correlation property:

G2, ifky =k,
Ly, ¥e,) =4 0, ifky <k,and k, —k; =¢q, (8)
q2/4’ if kl < k2 and k2 - kl * q,

for ki, k € {1,2,--- ,q—1,9+1,q+2,--- ,2q — 1}. Equa-
tion (8) shows that the cross correlation between y,, and y,,
is zero when k| + g = k. Otherwise, the cross correlation is
q*/4.

In addition, any cross correlation between a GMPSC
codeword ¢; ; and an extended bi-orthogonal codeword y, is
always given by

I(eijyi) = q/2, ©))

fori,je{0,1,--- ,g—1}and ke {1,2,--- ,g— 1,9+ 1,q+
2,---,2q—1}.

3. Proposed Scheme

We assume that the system is synchronous, transmission
data are binary, and equal-weight orthogonal (EWO) signal-
ing is adopted [21], [22]. One advantage of the EWO sig-
naling is that the threshold of the decision circuit at the re-
ceiver is fixed to zero, while the threshold for the on-off key-
ing signaling depends on the signal strength and varies with
channel conditions. Another advantage of the EWO signal-
ing is that MUI is canceled completely when an MPSC or a
GMPSC is used as a signature code [12], [18], [23], [24].

3.1 Coding and Multiplexing

It has been reported that the optical CDMA system using
an MPSC or a GMPSC removes background light and MUI
simultaneously at the decoder, when background light inten-
sity is constant during a slot and an adequate MUI canceling
scheme is adopted [25]. The EWO signaling is one of such
schemes which cancel background light and MUI simulta-
neously.
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(b) Multiplexed sequence

Fig.1  Examples of sequences transmitted simultaneously and an exam-
ple of multiplexed sequence (¢ = 4, Ny = 8, N, = 3).

In this paper, a slot represents a time period during
which one codeword consisting of ¢ chips is transmitted,
and a block represents each part of g chips when one slot
is divided into g parts of equal lengths as shown in Fig. 1.
Through the discussion in Ref. [25], we have obtained a fur-
ther result that the background light can be removed at the
decoder when its intensity is constant during each block.
In Appendix A, we will explain how the decoder removes
background light varying by block in the system using a
GMPSC. The decoder also cancels optical signals whose in-
tensity varies by block. This result means that any GMPSC
decoding is free from interference, even if optical signals
encoded by an extended bi-orthogonal code are multiplexed
to GMPSC sequences.

On the other hand, the number of mark chips in each
block is always one for any GMPSC [6], [7]. This fact
means that the decoder of an extended bi-orthogonal code
cancels interference caused by the optical signals encoded
by a GMPSC. As a result, an extended bi-orthogonal code
does not interfere to a GMPSC with the same length, and
vice versa.

The above result is utilized in our proposed scheme in
order to increase the number of users in optical CDMA.
In the proposed scheme, a GMPSC and an extended bi-
orthogonal code with the same code-length of ¢> (g = 2™)
are used as signature codes. Although an extended bi-
orthogonal code has 2g = 2"*! codewords, the proposed
scheme uses the 2"*! — 2 codewords excepting an all-one
and all-zero sequences in the EWO signaling. In general,
the number of total users is Ny = N; + N,, where Ny = 227!
for a GMPSC and N, = 2" -1 for an extended bi-orthogonal
code. As an example, in the case of g = 4, the code-length
is 16, Ny = 8, N, = 3, and Ny = 11. As another example, in
the case of g = 8, the code-length is 64, N; = 32, N, = 7,
and Ny = 39.
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. . . . '
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Table 1 shows the codeword assignment of the EWO
signaling for the GMPSC with ¢ = 4. Two codewords as-
signed to a single user have to be in the same group of the
GMPSC. Table 2 shows the codeword assignment of the
EWO signaling for the extended bi-orthogonal code with

= 4. Though the number of codewords is eight for this
extended bi-orthogonal code, the all-one and all-zero code-
words are not used in the EWO signaling, and hence ex-
tended bi-orthogonal codewords are assigned to three users
in our proposed scheme. In these tables, the two codewords
assigned to the kth user are represented as wy;,, where I
(I € {0,1}) is a datum to be transmitted by the user, and
0 <k <221 42" _2 In general, codeword assignment
for the GMPSC in the proposed scheme is specified by

Wio = Ci2js (10)
Wil = Ci2j+ls (11)

for0 < k < 2¥"'—1, where k = (¢/2)i+j,i=0,1,--- ,g—1,
j=0,1,---,¢g/2 — 1. In addition, codeword assignment for
the extended bi-orthogonal code is specified by

ka() = yk_22r1¢—1+1, (12)
Wk,l = yk_22111—1+q+1, (13)

for 22m=1 < f <221 4 om ),

Figure 1 illustrates examples of sequences transmitted
simultaneously and an example of multiplexed sequence for
q =4,N; =8and N, = 3. InFig. 1, (a) shows the sequences
transmitted simultaneously by eleven users, and (b) shows
the multiplexed sequence of the eleven sequences shown in
(a). The GMPSC codewords are assigned to the Oth through
7th users and the extended bi-orthogonal codewords are as-
signed to the 8th through 10th users.
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Fig.3  Block diagram of EWO decoder.

3.2 System Model and EWO Decoder

In optical wireless communication systems, asynchronous
CDMA can only allow a limited number of simultaneous
users [5]. On the other hand, synchronous CDMA gener-
ally accommodates a larger number of users and provides
higher transmission quality at the expense of complexity for
synchronization. We suppose such systems as down-links
from a base station to subscribers [3] and point-to-point
links with multi-channel transmission using CDMA tech-
niques [2] as applications of synchronous optical wireless
CDMA systems. In such applications, all the encoders can
be implemented in a single transmitter, and the slot timing
and signal-intensity control between the encoders can be es-
tablished easily.

Figure 2 illustrates a model of the optical CDMA sys-
tem employing the proposed scheme. The Ny users are di-
vided into two groups of N; and N, users. Transmission
data from each of the N; users are encoded at an EWO
encoder with GMPSC codewords, and those from each of
the N, users are encoded at an EWO encoder with ex-
tended bi-orthogonal codewords. The sequence generated
by each encoder drives each light source, and optical sig-
nals from all the light sources are transmitted simultane-
ously and multiplexed spatially. The multiplexed optical
signals are received and converted into electrical signals by
a photo-detector (PD) at each receiver. The converted sig-
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Table 3  Comparisons between the proposed and conventional schemes.
A light intensit
Scheme Signature code CDMA or CSK | Code-length Number of users Ny Veri}%‘i 1\1/% uslélr: sy
Proposed GMPSC and EBOC CSK-CDMA™T 22m 22m=T 1 om _ ] T -2
Conventional [12], [18] GMPSC CSK-CDMA ! 22m 22m-1 om-1
Conventional BOC [16] CSK-CDMA 2 om o Q" -1/2
Conventional MPOM s [8]-[11] CSK-CDMA 2 om ] " -1)/2
. Number of bits Average light intensity
Scheme Signature code CDMA or CSK | Code-length transmitted per slot for N sequences
Conventional [15], [17] | GMPSC and EBOC (POEPC) | CSK, N-CSK'3 22m+l log, (2N) +log, (sz”) N/2m+!
Conventional [17] MPOMs and BOC (EPOM) | CSK, N-CSK'3 o log, (*y!) +log, (%) N/4
Conventional [13] MPOMs N-CSK om log, (2'”N-1) +N N/2
Conventional [14] GMPSC VN-CSK 22m log, (2]:; ) x 2™ (channels) N/2™ x 2™(channels)

nal sequence is fed to each receiver’s EWO decoder, and the
decoded data are delivered to each destination.

Figure 3 illustrates a block diagram of the EWO de-
coder, which has been originally introduced in Ref. [21]. For
the EWO scheme, the kth user’s decoder computes "} and
Iy, which are correlation values between the received se-
quence r and the codewords wy; and wy, respectively. I
and I are represented as follows:

Iy =T, wgp),
I'o = I'(r, wip).

(14)
(15)

Then the decoder calculates the difference I} —I'y. If the dif-
ference is greater than or equal to the threshold zero, the de-
coder outputs IAk = 1 as the decoded datum. Otherwise, the
decoder outputs [ = 0. Because the threshold in the EWO
decoder is always zero, this scheme cancels MUI without
needing to estimate the light intensity of mark chips.

Suppose that the channel is an ideal link where the
noise can be considered negligible, and that the received
light intensity of each user’s mark chip is 1. Let A(f;) be the
value I'1 —I') when the user transmits a datum I (I; € {0, 1}).
From Egs. (1), (8) and (9), it is shown that each EWO de-
coder cancels MUI completely even if two kinds of sig-
nature codes are used simultaneously. In Appendix B, we
will explain how each decoder cancels MUI in the proposed
scheme. Since the EWO decoders eliminate the effect of
MUI completely, A(1) and A(O) at each decoder take cer-
tain specific values. At the EWO decoder for a GMPSC,
A(1) and A(0) are certain to be g and —g, respectively. In
contrast, at the EWO decoder for an extended bi-orthogonal
code, A(1) and A(0) are certain to be q2 /2 and —q2/2, re-
spectively. |A(1) — A(0)] is defined as the decision distance
[24]. The decision distance of the EWO decoder for the
GMPSC is 2¢ and that for an extended bi-orthogonal code
is ¢°.

The proposed scheme can remove not only MUI but
also background light varying by slot. In Appendix B, we
explain how the decoder removes background light together
with MUI in the proposed scheme.

4. Comparisons between the Proposed and Conven-
tional Schemes

In this section, comprehensive comparisons between the
proposed scheme and several conventional schemes [8]—
[18] are investigated. @We compare three conventional
CDMA schemes and four conventional CSK schemes with
the proposed CDMA scheme. Table 3 demonstrates code-
lengths, numbers of users, and average light intensities for
the CDMA schemes. In addition, it demonstrates code-
lengths, numbers of bits transmitted per slot, and average
light intensities for the conventional CSK and N-parallel
CSK (N-CSK) schemes. N-CSK is a scheme in which N
codewords are selected from all the codewords depending
on a transmission datum and are transmitted simultaneously.
CSK is a special case of N-CSK when N = 1.

In Table 3, a bi-orthogonal code is referred to as a BOC,
an extended bi-orthogonal code as an EBOC, and a vari-
able N-parallel CSK as a VN-CSK. In addition, the class of
GMPSCs includes the MPSC class as a subset. The nota-
tions f1, ¥2 and 13 in Table 3 are described below.

TTEWO is a special case of CSK when assigned codewords
to each user are equal-weight and orthogonal.

72 CSK-CDMA using MPOM:s or a BOC is sometimes re-
ferred to as sequence inversion keying (SIK)-CDMA
[11]. Because code-weights of MPOMs and a BOC
are half of their code-lengths, SIK has an equivalent
meaning to EWO when CSK-CDMA uses these codes.

3 N-CSK schemes using POEPC and EPOM have a trade-
off between the data rate and BER, and they bring about
significant deterioration of their performances when N
increases [17].

It should be noted that all the schemes in Table 3 except for
N-CSK using POEPC or EPOM achieve error-free perfor-
mance under an ideal link where the noise can be considered
negligible.

Among the three conventional CSK-CDMA schemes,
the scheme with GMPSC has the best performance in energy
efficiency because its code-weight is much smaller than that
of the other two schemes. However, the number of users of
the scheme with GMPSC is limited to 22”"~!, which is a half
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of the code-length. The proposed scheme can increase the
number of users without MUIL.

5. Bit Error Rate Performance

In this section, we investigate the BER performance and
energy efficiency of the proposed scheme comparing with
those of the conventional optical CDMA schemes under at-
mospheric propagation environment using the log-normal
turbulence model [1], [19]. The conventional schemes eval-
uated in this section are optical CDMA schemes with CSK
(EWO) signaling using GMPSCs, bi-orthogonal codes and
MPOMs with code-lengths of 16 and 64. Before the evalu-
ation under atmospheric propagation environment, we have
confirmed by computer simulation that both of the conven-
tional and proposed schemes achieve error-free performance
for an ideal link in which the noise can be considered negli-
gible.

5.1 Atmospheric Propagation Environment

BERSs of the proposed and conventional schemes are eval-
uated by computer simulation considering the effect of
scintillation, background light, and avalanche photo diode
(APD) noise including shot noise and thermal noise. The
scintillation causes the fluctuation of the received light
power in the atmospheric optical communications.

The received light power P(¢) at the APD can be de-
noted by P(t) = X(¢)P,, where P is the received light power
without scintillation at the time ¢ [19]. X(¢) is the scintilla-
tion characterized by the stationary probability process and
its probability density function p(X) is described as

O'z 2
(1nX+ 7)

exXp———=——¢» (16)

X) =
p(X) 207

1
\2ro2X

where the average of scintillation X is normalized to unity,
and o2 is logarithm variance of X. The variance o is deter-
mined by the atmospheric state.

We consider that the receiver uses APD to convert an
optical signal into an electrical signal at every chip duration
T.. The probability that a specified number of photons is
absorbed from an incident optical field by an APD detector
over a chip duration of T is given by a Poisson distribution
[26]. The average number of absorbed photons over a chip
duration is 7.4, where A is the photon absorption rate by
the signal at the time ¢ and given by

_ 1P
=T
In Eq. (17), n is the APD quantum efficiency, & is Planck’s
constant, and f is the optical frequency.

According to Refs.[26] and [27], we assume that the
APD output is a Gaussian random variable. The average u
and variance o> of the APD output are written, respectively,
as

A a7y
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Table4 Nominal parameters in system model.
Name Parameter Value

APD gain G 100
Chip duration T, 0.5 ns
Background light power Py -45 dBm
Equivalent receiver noise temperature T, 1,100 K
Receiver load resistance Ry 1,030 Q
Optical wavelength 1/f 540 nm
APD quantum efficiency n 0.6
APD effective ionization ratio kerr 0.02
APD bulk leakage current Iy 0.1 nA
APD surface leakage current I 10 nA
Modulation extinction rate M, 100
Logarithm variance of scintillation o2 0.1
u=GT(As+ A + I/e) + [T, /e, (18)
o’ = o'ih + a'tzh, (19)

where G is the average APD gain, A, is the average of A, A,
is the photon absorption rate due to the background light, I,
is the APD bulk leakage current, e is the elementary charge,
I, is the APD surface leakage current, F, is the excess noise
factor, 02, is the variance of shot noise, and o7, is the vari-
ance of thermal noise. Ay, F,, 02, and 077, are given by

nPy,
Ay =2, 20
b=t (20)
F, = koG + (1 — ks )(2G — 1)/G, 1)
02 = G*F,T.(A; + A + Iy/e) + [T, /e, (22)
o7, = 2kgT,T./(e*Ry), (23)

where P}, is the received background light power, ks is the
APD effective ionization ratio, kg is Boltzmann’s constant,
T, is the equivalent receiver noise temperature, and R; is the
receiver load resistance. The nominal values of the parame-
ters used in our computer simulation are given in Table 4.

5.2 P, versus BER Performance

In our computer simulation, we assume that the frequency
of the scintillation is much lower than the bit rate. We also
assume that the received light power without scintillation
from every emitting light source is equal. We represent the
received light power without scintillation from each emit-
ting light source is represented by P,,. The actual received
light power P, without scintillation is a total power of the
optical signals transmitted from all the light sources at each
chip.

In this section, the BER performances are evaluated for
each user group classified by the following way:

Gl: Group of users using a GMPSC in the proposed
scheme

G2: Group of users using an extended bi-orthogonal code
(EBOC) in the proposed scheme

G3: Group of users in the conventional scheme using a
GMPSC

G4: Group of users in the conventional scheme using a
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Fig.5 P, versus BER performances (Code-length n = 64).

bi-orthogonal code (BOC)
G5:  Group of users in the conventional scheme using
MPOMs

Figures 4 and 5 show P,, versus BER performances
for G1, G2, G3, G4 and GS5. Figure 4 shows the perfor-
mances when the code-length n is 16, and Fig. 5 shows the
performances when the code-length n is 64. The simula-
tion results show that the group G2, which is the group
of users using an extended bi-orthogonal code in the pro-
posed scheme, achieves the best performance, and the group
G3, the group of users in the conventional scheme using a
GMPSC, achieves the second best among the five groups.
The performances of the remaining three groups are almost
the same.

As mentioned in Sect. 3.2, the decision distance at the
EWO decoder for the GMPSC is 2 v/n and that for an ex-
tended bi-orthogonal code is 7 in the proposed scheme when
their code-length is n. In addition, the decision distances at
the EWO decoders for the MPOMs and bi-orthogonal code
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are n when their code-lengths are n. This means that the dis-
tances for G2, G4 and G5 are +/n/2 times as large as those
for G1 and G3. If the thermal noise is dominant at the re-
ceiver, the BERs for G2, G4 and G5 are lower than those for
G1 and G3. However, the variance of APD output is deter-
mined by not only the thermal noise but also the shot noise.
The shot noise is mainly affected by the signal light inten-
sity, when the background light intensity is low. The signal
light intensities for G4 and G5 are the greatest and that for
G3 is the least among the five groups. As a result, we obtain
the BER performances shown in Figs. 4 and 5.

5.3 E, versus BER Performance

In this section, we introduce the measure average received
light energy per bit Ej,, and evaluate E}, versus BER perfor-
mances. Energy per bit is a widely used metric to evaluate
energy efficiency in digital communication systems, and it
is defined as power per data rate [28], [29]. By using this
metric, it is possible to compare the performances of several
systems having various data rates.

In optical CDMA systems under consideration, the to-
tal data rate is determined by the three parameters, which are
the chip duration, the code-length and the number of simul-
taneous users. In this section, in order to evaluate energy
efficiency of the proposed and conventional schemes with
different parameters, we define E, as the ratio of the total
average received power to the total data rate as follows:

Total received light power
Total data rate
_ Nuser Py wy [ 1

Nyser | 0 T¢)
WH P w Tc’ (24)

b

where n is a code-length, wy is a code-weight, Ny 1S a
number of simultaneous users, and 7' is a chip duration. The
unit of E,, is joules/bit (J/bit or W-sec/bit), when the units of
P,, and T, are watts (W) and seconds (sec), respectively.
Figures 6 and 7 show E}, versus BER performances for
Gl, G2, G3, G4 and G5. Figure 6 shows the performances
when the code-length n is 16, and Fig. 7 shows the perfor-
mances when the code-length n is 64. The simulation results
show that the group G3, which consists of the users in the
conventional scheme using GMPSC, achieves the best per-
formance. They also show that G1 and G2, which consist of
the users using GMPSC and extended bi-orthogonal code in
the proposed scheme, respectively, achieve the second best
among the five groups. The performances of G4 and GS,
which consist of the users in the conventional schemes using
bi-orthogonal code and MOPMs, respectively, are the worst.
In general, the scheme with less code-weight achieves better
energy efficiency in optical CDMA systems. Hence, G3 has
the best performance in energy efficiency. The performance
for the proposed scheme is worse than that for G3 and bet-
ter than those for G4 and G5. However, the total number of
users for the proposed scheme is larger than that for G3.
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6. Conclusions

In this paper, we proposed a new optical CDMA scheme us-
ing a GMPSC and an extended bi-orthogonal code simulta-
neously. The proposed scheme accommodates a larger num-
ber of users, and consequently achieves higher total data rate
without increasing the chip rate comparing with the con-
ventional scheme using GMPSC. We evaluated BER perfor-
mance and energy efficiency of the proposed scheme com-
paring with those of the conventional schemes under the at-
mospheric propagation environment.
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Appendix A: Cancellation of Background Light Vary-
ing by Block in the Conventional Scheme
Using GMPSC

It has been reported that the EWO scheme cancels back-
ground light and MUI simultaneously, when background
light intensity is constant during a slot and a GMPSC is
employed as a signature code [25]. In this appendix, we
show that the EWO decoder in the conventional scheme us-
ing a GMPSC removes background light and MUI simulta-
neously, even if the intensity of background light varies by
block.

We consider an optical CDMA employing a GMPSC
with ¢ = 2™ and EWO signaling. This scheme is referred
to as the conventional scheme in this paper. We suppose a
link where other performance-degrading factors than MUI
and background light are negligible. We also suppose that
intensity of background light is constant during a block, and
the intensity at the ith block is L,(J’) fori=0,1,---,g—1. The
background light is received at PD together with the optical
sequences from a desired and interfering users. Figure A- 1
shows an example of received signals including background
light and users’ sequences.

GMPSC codewords are assigned to ¢>/2 users in total.
From Egs. (1), (14) and (15), the correlation values I} and
Ty calculated at the kth user’s decoder (0 < k < ¢?/2 — 1)
are represented as follows:
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Fig.A-1  Anexample of received signals including background light and
users’ sequences in the conventional scheme using GMPSC (¢ = 4).

g-1
I = gL+ (@ = Ly/2+ Y L), (A1)
i=0
-1
o = q( =)L+ (@ = 9Ly/2+ Y L), (A-2)
i=0

where I, (I; € {0, 1}) is a datum transmitted, and L is the re-
ceived light intensity of each mark chip. In Eqgs. (A- 1) and
(A-2), (¢* - q@)L,/2 and Z:COI Lg) are the terms caused by
MUI and background light, respectively. When the decoder
calculates the difference I'y — Iy, these two terms are elim-
inated completely. Thus, the EWO decoder removes back-
ground light and MUI simultaneously, even if the intensity

of background light varies by block.

Appendix B: Cancellation of MUI and Background
Light Varying By Slot in the Proposed
Scheme

In this appendix, it is shown that each EWO decoder in the
proposed scheme cancels MUI and background light vary-
ing by slot, even if two kinds of signature codes are used
simultaneously. We suppose a link where the noise can
be considered negligible. The received light intensities of
mark chips in GMPSC codewords and those in extended bi-
orthogonal codewords are supposed to be L;. N and N, are
the numbers of users employing a GMPSC and an extended
bi-orthogonal code, respectively. As mentioned in Sect. 3,
Ny =¢*/2=2""1 Ny=g—-1=2"~1,and Ny = N; + N,.
Figure A-2 shows an example of received signals includ-
ing background light and users’ sequences for the proposed
scheme.

From Egs. (1), (8) and (9), the correlation values /" and
I’y calculated at the kth user’s decoder (0 < k < Ny — 1) are
represented as follows:

Iy = qlilLs + (¢ — @Ls/2 + (¢* — @)Ly/2 + qLp, (A-3)
Io=q(1 - L)Ls + (¢* = @)Ly/2 + (¢* — @)Ls/2 + gLy,
(A-4)

where I (I; € {0, 1}) is a datum transmitted. In Eqgs. (A-3)
and (A-4), the second terms, that is, (c]2 — q)L/2, are the
MUI terms caused by the cross-correlation between code-
words in a GMPSC, the third terms, that is, (¢*> — ¢)L,/2, are
the MUI terms caused by the cross-correlation between a
GMPSC codeword and extended bi-orthogonal codewords,
and the last terms, that is, gL, are the terms caused by the
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Fig.A-2  Anexample of received signals including background light and

users’ sequences in the proposed scheme (g = 4).

background light. When the decoder calculates the differ-
ence I'; — Iy, these terms are canceled completely.

On the other hand, the correlation values I'; and Iy
calculated at the kth user’s decoder (N1 < k < Ny — 1) are
represented as follows:

I'i = ¢*LLy/2 + ¢'Ly/4 + (¢ - 2¢°)Ls/4 + ¢°Ly/2, (A-5)
To=q*(1 = L)Ly/2 + @ L/4 + (¢ = 2¢P)Ly/4 + ¢*Ly/2,
(A-6)

where I} (I; € {0, 1}) is a datum transmitted. In Egs. (A-5)
and (A-6), the second terms, that is, q3Ls /4, are the MUI
terms caused by the cross-correlation between GMPSC
codewords and an extended bi-orthogonal codeword, the
third terms, that is, (¢°> —2¢*)L,/4, are the MUI terms caused
by the cross-correlation between codewords in an extended
bi-orthogonal code, and the last terms, that is, qub /2, are
the terms caused by the background light. When the decoder
calculates the difference I'; — I, these terms are canceled
completely.

It should be noted that the received light intensities are
not required to be equal for Ny users theoretically in the pro-
posed scheme in order to cancel MUI and the background
light. This fact can be explained by a similar discussion to
that described in Ref. [25]. It is also noted that background
light whose intensity varies by block affects the performance
for the N, users with an extended bi-orthogonal code, al-
though it does not affect the performance for the N, users
with a GMPSC.

Thus, the EWO decoder in the proposed scheme re-
moves MUI and background light varying by slot, even if
two kinds of signature codes are used simultaneously.
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