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ABSTRACT

In this paper, an asynchronous multi-rate optical wireless puise position modulation-code division multiple
access (PPM-CDMA) is proposed for an indoor non-directed diffuse channel. As a signature sequence for CDMA,
an optical orthogonal code (OOC) is used and an interference cancellation scheme is applied to improve the bit
error rate. It is known that the optical PPM-CDMA has advantages due to its power efficiency. Moreover, it
provides multi-rate services by varying the modulation level with fixed pulse duration. In the proposed multi-rate
PPM-CDMA system with fixed pulse duration, chip rate and sampling time do not change for each transmission

rate and this simplifies overall system structure.

Also, the large size of its detector in comparison

1. INTRODUCTION with infrared wavelength provides inherent spatial

diversity so that infrared links practically are

Recently, an optical wireless channel found immune to multipath fading. There were studies

applications in an indoor wireless communications on optical wireless communication mainly focused

1 As an optical wireless channel has practically on baseband transmission techniques, modulation

unlimited bandwidth, it accommodates wireless schemes, and the characterization of an optical
multimedia. As infrared light does not pass wireless channel ",

through walls, optical wireless communication is As a multiple access scheme, code division

robust against interference and eavesdropping. multiple access (CDMA) is considered for an
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optical wireless system, which was originally
proposed for an optical fiber communication
system with large bandwidth ). CDMA has the
advantage of not requiring symbol synchronization
or tuneable laser diode with high stability for
accurate wavelength control, unlikely to . time
division multiple access or frequency division
multiple access. On-off keying (OOK) is used as
a modulation scheme for an optical wireless
CDMA system in ™ While OOK has an
advantage of simple implementation for an optical
wireless system, pulse position modulation (PPM)
has higher power efficiency than OOK. An
optical wireless PPM-CDMA system has been
proposed over a non-directed diffuse channel ),
In an optical wireless PPM-CDMA system,
successive interference cancellation (SIC) is
adopted to mitigate the multiple access
interference (MAI) which is originally applied to
a radio CDMA system 6

Multi-rate transmission in a CDMA system was
proposed to support multi-media services over
mobile radio channel "\ There are a few methods
to implement multi-rate transmission in a direct
sequence (DS)/CDMA system :
multi-processing gain, and multi-channel. For a

multi-modulation,

multi-rate  DS/CDMA system implemented with
any of methods, the interference cancellation
technique is applied to reduce bit error rate
(BER) degradation ®'®!

In this paper, a multi-rate optical wireless
PPM-CDMA system with fixed pulse duration is
proposed for an indoor non-directed diffuse
channel for which intensity modulation/direct
detection is used. In the proposed optical wireless
PPM-CDMA system, multi-rate transmission is
achieved by varying a modulation level without
changing a chip rate at a transmitter and sampling
time at a receiver, which simplifies overall system
structure. For the proposed multi-rate optical
PPM-CDMA  system,
cancellation scheme is applied to reduce BER.

In Section II, a multi-rate PPM-CDMA system
is proposed. In Section III, the BER of a

wireless interference

PPM-CDMA system is derived for a conventional
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receiver and a receiver with SIC. In Section 1V,
numerical results are given. Conclusions are
drawn in Section V.

II. SYSTEM MODEL

A. Transmitter and Channel

Consider an optical wireless pulse position
modulation-code division multiple access
(PPM-CDMA) system using an optical orthogonal
code (OOC) as a signature sequence for an
optical wireless channel. The performance of an
optical wireless PPM-CDMA system is extensively
studied in [5].

Suppose that there are N users in an optical
wireless PPM-CDMA system. Fig. 1 shows the
block diagrams: of the transmitter and the
conventional receiver of the #-th user. The M
-ary PPM encoder takes I binary source bits of

duration 7T, to produce an M-ary symbol of
duration 7, with M=2%. A single pulse of

duration r exists in one of M pulse positions.
An M-ary symbol of the n-th user at time : is
changed into a vector with M coordinates,

o= (sar’s saa's sau’ )y imm o0 el
1,--,0. Suppose that s, =(0,0,0,..,1,0,0)
e, where ¢, is a unit row vector having
zeros at all components except one at the [,-th
component and /; is a random variable which is
equiprobable over {1,2,..,M}. Then, the PPM

encoded waveform of the #-th user is given by

s(d= 31 p.(t=(L,=Dr=(i=DT),
n=1,2,- N, (1)

where p(f) is a rectangular pulse with

duration 7.

nth | Bray | | vpev|" MPRM Qpticd | %)
e | some P/S _’®—mmmr

Fig. 1 Block diagram of transmitter for M-PPM-CDMA
system
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For an optical CDMA system, an optical
orthogonal code (OOC) is used as a signature
sequence. An (F,K,4,,4,) OOC is characterized
by length F, weight K, autocorrelation constraint
A,, and crosscorrelation constraint A, 19 Each
PPM pulse hés F chips with chip duration T,
r= FT.. Let the signature sequence vector of the
n-th user be denoted by ¢, = (c,i, = .Car)>
cn; €{0,1}, j=12,...F,2=12,,N. Then
the signature sequence waveform of the #-th user

is given by

ed= 3 coiprli—G=DTI, n=1.2,7N,
6]
where pr(f) is a rectangular pulse with
duration 7, and ¢, +r=c,; for any integer ;.
T, is integer times T, ie., T,= MFT.. The
transmitted optical signal of the »n-th user is
given by [5]

u) = MEE (95,8

MEP $1 8 coipri=(G=DTD

€)
p(t— (1= D= (= 1T

where P is the average power of a transmitted
optical signal.

Suppose that an optical signal is transmitted
over an indoor non-directed diffuse channel. The
impulse response of the channel is given by [2]

hiD = B b, &= iT =4, @)

where 4, ; is a channel coefficient of the
j+1-th path of a signal from the n-th
transmitter for the total number of paths J, &%)
is the Dirac-deita function, and 4, is delay for
the signal from the #x-th user. Without loss of
0<4,<T, for
n=1,2,..., N. Suppose that transmitters are chip

generality, assume  that

asynchronous between users in a PPM-CDMA
system, then delay for the signal from the »-th

user is given by
4, = (Ba + 00T, 5

where fj3, is a discrete random variable
uniformly distributed over {0,1,-,M"F—1} for a
maximum modulation level M and p, is a
continuous random variable uniformly distributed
over [0, 1). The received signal of the x-th
receiver is given by

HD = ZrmuD)* 1) + () ©)

where * denotes convolution, 1y, is an

attenuation factor for the #-th user and =z(9 is
an white Gaussian noise with power spectral
density Ny/2.

B. Multi-rate PPM-CDMA
In Fig. 2, a multi-rate PPM signals are shown
with pulse duration fixed. L binary source bits

of duration T, are converted to an M-ary PPM
symbol with duration T,, M=2°. A PPM
symbol has a single pulse of duration ¢ in one
of M pulse positions during T,, 7T,=2°r. By
varying the modulation level of PPM with pulse
duration  fixed, multi-rate  transmission s
implemented. As the modulation level of PPM
increases, power efficiency of PPM increases,
while the source bit rate becomes lower for the
system with fixed pulse duration. Hence,
multi-rate PPM transmission has tradeoff between
power efficiency and the high bit rate.

Chip rate is fixed in a multi-rate PPM-CDMA

4P 18PV

0 1 0 100 1 1. 0 1 [ R

source data sequence
>
I

©100010010000001.. 0000010000000000..

—— [ L
A4k

Fig. 2 Multi-rate PPM signals with fixed pulse duration.

945



FFEAI8}H3 =FA] *00-7 Vol25 No.7A

system with pulse duration fixed while the level of
PPM varies according to the change of a source
rate which makes a system structure simple. For a
multi-rate PPM-CDMA system with pulse duration
fixed, the source bit rate is given by

log ;M
Ron= 35T, ™

where F is OOC length and 7T, is chip
duration, which is proportional to log,M/M for
fixed pulse duration r= FT,. For an example, the
source bit rate of 4-PPM-CDMA is twice as high
as that of 16-PPM-CDMA for the given chip rate.

C. Receiver

Fig. 3 shows the block diagram of the
conventional receiver for the #n-th user in M
-PPM-CDMA system. A received signal is
multiplied by the signature sequence of the n-th
user, integrated over duration r, sampled, and
serial-to-parallel converted into a received symbol
vector 7, = (7u1’, 7az' . Tau'),  Where
i is time index, i=- oo, --,,-1,0,1,-.,,00. At time
index =1, the m-th component of a received

symbol vector for the »-th user is given by

I = —1— e =
T Jo Ao Ddt m=1.2,...M.

T,
®
Received symbol vectors for the »n-th user with
different time index are grouped to form a super
received symbol vector as follows

=0 ' 2 ™) ©

where M is PPM level and M' is the
maximum of modulation level in a multi-rate
PPM-CDMA system.

Ly

— @

1)

Fig. 3 Block diagram of receiver for M-PPM-CDMA
system.

946

. BIT ERROR RATE

A super received symbol vector consists of a
desired signal vector, a self-interference vector, a
multi-user interference vector, and a noise vector.
A super received symbol vector for the x-th user

is given by
Zn=dyt Lyt I, + 2, 10
where d,=( 4,'. d,°'... _d,'"") is a desired

signal  vector, [, ,= (I .1 Linz - Iy pe)iS a
self-interference  vector, I, ,=(l ny Lows -« Lomar)
is a multi-user interference vector, and z, is a
Gaussian noise vector for the =»n-th receiver,

2= (2a 2z o 2aae)s Zamei [ HDoDat,

KN, _
T, » ™= 1,2,....M".

and varlz,.1=

The desired symbol vector of the #u-th user at
time 1 is given by

d, = Ko TF)-

( _Snl, _S,,z,..., _S"M‘IM)

= K&y Sn (11)
where F is the length of an OOC, K is the
weight of the OOC, M is a PPM level, M is
the maximum of modulation level, P is the
average power of a transmitted optical signal,
£, Is the instantaneous optical power of the

first path of a signal from the #»-th user,
o oo Z2)

symbol vector for the xn-th user at time 1,

~ 1 .
, and s, is a super

_§,,1= (_S,,l, _Snz,..-, _S,;M/M)-

Let the signature sequence of the x-th user be
denoted by a row vector ¢, = (c,), *** ,Cnr)-
Then, an M* x FM® optical orthogonal code matrix
for the x-th user is given by

_Cn -071 ot —on
Com| P (12)
9. 0, - <
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where (0, is a zero row vector with F
components.

Let the previous and the current super symbol
vectors for the #-th wuser be denoted by

N —MIM+1 MM M M2 o
Sa =( _s. , S veer _Sn)
~ 1 1 2 MM .

and §,=( _s,'. S ... _Sa ), respecti-

vely. Then, a self-interference vector for the #n-th

user is given by

< " M G
-Is.n = £ Ek,j { Sn e C n(l o
” (13)

where ¢£,; is the instantancous optical power
of the j+1-th path of the #-th user signal and

C,n(m)
matrix C, by m rows downward.

Let a discrete random variable g, be uniformly

distributed over {0,1,- M'F—1} and a
continuous random variable p, be uniformly

is the cyclically shifted version of the

distributed over [0, 1). Then, a multi-user
interference vector for the #-th user is given by

b A~ —MIM+]
-Ic,n= = = 51,/’ 5y "

l#n

, G—MF+8+1)
[{Pl c, ’
, G=MF+B)
+(1-p) C}° }
~l , U+s+1h
+ s {01 c,’
i (14)
, UG+a
+a-e) Cc, )] C
" N
where S M1 and s ,l are the

previous and the current super symbol vectors of
the /-th user, respectively.

The decision device chooses the largest
component out of M components of the received
symbol vector to decide which symbol vector was
transmitted. A detected PPM symbol vector is
decoded into a binary sequence of L bits. Bit
error rate (BER) for a conventional receiver of
the #-th user is given by [5]

Pb,con,n = A‘All_zl E[l—"ﬁz(l

_Q((d,,,+1,",+Im)J—Ei’dMH”ﬁlcnm) ))] (15)

where d,, and d,, are the first and the m
-th components of the desired signal vector ¢,,
respectively, I, ,, and I,,, are the first and the
m-th components of [ ,, respectively, I_,,

and I, , are the first and the m-th components

of I.,, tespectively, Qx)=7%7£me—§dy. The

expectation is taken over independent and

uniformly  distributed super symbol vectors

~ “MIM+1 ~ 1 .
S and s, and random variables

B, and p,, I=1,2,..,N, I#n. By symmetry,

the BER of a conventional receiver is given by
Pb,con = Pb.ccm,n' (16)

In a receiver with SIC, received symbol vectors
are ordered by their power. Then, a multi-user
interference vector with the strongest power is
estimated and subtracted from the received symbol
vector to get a revised symbol vector. From the
revised received symbol vector, the signal vector
with the second strongest power is estimated and
subtracted. This process is repeated until a signal
vector with the weakest power is estimated. The
estimated interference vector for the n-th user is

given by

- o~ ~A —MIM+1

jc,n = ’le 2 El,j I :
I+n ’

~ , G—-MF+ B+1D)
[{ e; C'y ’
~ . G—MF+ B)
+ (1 - p;) C i 7 }

Al oA G+ B+
+ s { or C

17)

G+ FD}] T

+(1_ ?)[) C[ C,,
where B, and 7, are the estimates of g,

. .
and p,, respectively, and g, e

and _.':'/1
are the decision results for the previous and the
current super symbol vectors of the /-th user,
respectively. From (10), a revised super received

symbol vector is given by
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= —dﬂ+ —Is‘n+ —Ic.n - —26,71 + 2y (18)

= 4, + =z,

where ¢, = d,+ I,,+ I.,— 1..,. The
decision device chooses the largest component out
of the M components of _7', to decide which
symbol vector was transmitted. A decided PPM
symbol vector is decoded into a binary sequence
of L bits. BER for the receiver with SIC of the
n-th user is given by [5]

Py sicn = _AAf[_?T E[l—'ﬂz(l—Q(é‘lv%%l))] 19

where ¢,, and ¢,, are the first and the m
-th component of the vector &,, respectively.

Expectation is taken for independent and

uniformly  distributed super symbol vectors

~ —MIM+] ~ 1l
S and Ky,

/=1,2,..,N and [+ »n. By symmetry, the BER
for the receiver with SIC is given by

and B, and o,

Py sic = Py sic,n (20)

V. SYSTEM ANALYSIS

Bit error rate (BER) for the proposed multi-rate
PPM-CDMA system is computed for a
conventional receiver and a receiver with SIC
from (15) and (19), respectively. A (43,3,1,1)
OOC is used as a signature sequence.

The BER of the multi-rate PPM-CDMA is
calculated over a non-directed diffuse channel
which has time dispersive characteristic. In Fig. 4,
the BER of an M-PPM-CDMA system is shown
for single user bound with M= 4, 8 and 16. Fig.
4 shows the BER of the multi-rate PPM-CDMA
with transmission rates of M-PPM-CDMA R, ,
are like follows : R,,= 2 Mbps for 4-PPM,
R,s= 15 Mbps for 8-PPM, and R, ;=1 Mbps
for 16-PPM. In Fig. 4, it is shown that
16-PPM-CDMA and 8-PPM-CDMA are more
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Fig. 4 BER of a multi-rate optical wireless M-PPM-
CDMA system with (43,3,1,1) O0OC. N=1,
Ryy=2 Mbps, R,3=15 Mbps, R, ;=1
Mbps.

efficient in information energy by 3 dB and 1.7
dB than 4-PPM-CDMA, respectively.

Fig. 5 shows the BER of a multi-rate optical
wireless M-PPM-CDMA system without inter-
ference cancellation which has one 4-PPM user
and one 16-PPM user, when R,,=2 Mbps, R,
=] Mbps, and the E,/N, of a 4-PPM user is 3
dB larger than that of a 16-PPM wuser. It is
shown that a 4-PPM user achieves smaller BER
than a 16-PPM user. In Fig. 5, it is shown that a
16-PPM user requires 2 dB less FE,/N, than a

1.0E+00

1.0E-01 |

1.0E-02 |

1.0E-03

BER

1.0E-04

1.0E-05

1.0E-06

——4-PPM
1.0E07 | —a—16-PPM

1.0E-08 :
0 2 4 6 8 10 12 14 16 18 20
Eb/NO
Fig. 5 BER of a multi-tate optical wireless M-PPM-
CDMA system with (43,3,1,1) OOC. N=2,
R,y =2 Mbps, R,,; =1 Mbps.
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4-PPM user to achieve the BER of 107%. This
difference of 2 dB required E,/N, is smaller
than the E,/N, efficiency difference of 3 dB,
which explains why 4-PPM achieves smaller BER
than 16-PPM.

Fig. 6 shows the BER of a multi-rate optical
wireless M-PPM-CDMA system with and without
interference cancellation which has one 4-PPM
and one 8-PPM user, with R,,=2 Mbps for
4-PPM, R,;=15 Mbps for 8-PPM, when the
Ey/N, of a 4-PPM is 1.7 dB larger than that of
an 8-PPM. It is shown that a 4-PPM user
achieves smaller BER than 8-PPM user. In Fig.
6, it is shown that the 8-PPM user requires 1.5
dB less E,/N, than 4-PPM user for the
conventional receiver to achieve the BER of
107%. This difference of 1.5 dB required E,/N,
is smaller than the E,/N, efficiency difference of
1.7 dB, which explains why 4-PPM achieves
smaller BER than 8-PPM. It is also shown that a
4-PPM user and an 8-PPM user with a SIC
receiver require 3.5 dB and 4 dB less E,/N,
than a conventional receiver to achieve the BER

of 1075 ,respectively.
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Fig. 6 BER of a multi-rate optical wireless M-PPM-
CDMA system with and without interference
cancellation. (43,3,1,1) OOC, N=2, R,;= 2

MbpS, Rb‘g =15 MbpS

Fig. 7 shows the BER of a multi-rate optical

wireless M-PPM-CDMA system with and without
interference cancellation which has one 4-PPM,
one 8-PPM, and one 16-PPM user, when R, ;= 2
Mbps, R,s=1.5 Mbps, R, ;= 1 Mbps, when
Es/N, of a 4-PPM is 1.7 dB and 3 dB larger
than those of an 8-PPM and a 16-PPM,
respectively. It is shown that BER of a 4-PPM
user is severely degraded without interference
cancellation, however, significantly improved with
interference cancellation. It is also shown that
there exists about 4.5 dB E,/N, improvement by

SIC for 16-PPM to achieve the BER 107°.

1.0E400

1E-01
106
E® |

&

& 1.E01

1.E-06

1.0606
---%-- B-PPM, convertional recehver
-- -8+ 16-PPM, converional receiver
1.0E-07 | ~—— 4PPM, receiver with IC
—=— 8-PPM, receiver with IC
—o— 16-PPM, receiver with IC

1.CE-(8

0 2 4 6 8 0 12 14 1B 18 2D

Fig. 7 BER of a multi-rate optical wireless PPM-CDMA
system with and without interference cancellation.
(43311) OOC, N=3, Ry,= 2 Mbps, Ry

=1.5 Mbps, R, = ! Mbps.

V. CONCLUSION

In this paper, an asynchronous multi-rate optical
wireless PPM-CDMA system is proposed for an
indoor non-directed diffuse channel. To have
multi-rate transmission according to varying source
bit rate in a PPM-CDMA system, different PPM
levels are used with pulse duration fixed. In the
proposed multi-rate PPM-CDMA system with
pulse duration fixed, chip rate is fixed while the
level of PPM varies according to the change of a
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source rate which makes a system structure
simple. As the modulation level of PPM
increases, power efficiency of PPM increases,
while the source bit rate becomes lower for the
system with fixed pulse duration. Hence,
multi-rate PPM transmission has tradeoff between
power efficiency and the high bit rate.

To reduce multiple access interference (MAI) in
the reverse link, an interference cancellation
scheme is adopted. BER is derived for PPM-
CDMA systems with a conventional receiver and
a receiver with SIC.

It is shown that the system with interference
cancellation reduces MAI effectively to achieve a
significant BER improvement over the system
with a conventional receiver while the latter
suffers from MAI.
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