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  In this paper, we analyze the effects of the nonlinearity in a fiber-optic code division multiple access

(CDMA) communication system using a laser diode, assurning that nonlinearity is represented by the

power series of the injection current of the laser diode, where we use the current transformed into

unipolar one. Furthermore, we use the terrns up to the 3rd-order of the series to express the

distorted signal, and propose the calculation formula of the power spectral density of the despread

signal in the correlator to compute the S/IV of the system. We also justify our formula by compar-

ing the calculated results with the sirnulated ones for typical coefficients of the series. From the

calculation results of the desired and interference components and the signal-to-interferece radio, it

is clarified that the level of the components fluctuates considerably with the simultaneous users, that

the effects of the 2 nd- and 3 rd- order interrnodulation products on the SIN are insignificant, and that

the degradation of the SllV by the increase of the users is almost the same as the case of the

conventional RF spread spectrum systems.

                1. Introduction

  Fiber-optic communications using spread spectrum

techniques have attracted many investigator's atten-

tions. Various optical code division multiple access

(CDMA) systems have been proposed for LAN
applicationsi-3). These systems are performed by

direct or phase modulator. We concern with asyn-

chronous CDMA systems using a laser diode as the

direct modulator. The laser injection current consists

of a dc and the CDMA signal components. At a user's

receiver, the optical signal through the optical fiber is

converted to the electrical CDMA signal using a

photodiode. And the user's desired data is detected by

correlator. Where we use the individual user's infor-

mation data {-1, 1} and the spread spectrum code

{-1, 1} sequence used in conventional RF SS systems.

And in order to apply these biplolar signals to the

direct modulation systems, we transform the signals

into the unipolar ones. Also, we assume that the

nonlinearity in the system is represented by the power

series of the iniection current`). And we consider the

nonlinear effects by using the analytical method Of the

linear, the 2 nd- and 3 rd- order intermodulation prod-
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ucts components in the despread signa15), which is

developed from Bennett6), and compare the calculated

results of the power spectral densities (psds) of the

signal with the simulated ones. Furthermore, using

the calculated results, we clarify the fluctuations of the

desired and interference component levels and the

signal-to-interference ratios which are caused by the

nonlinearity.

              2. SystemAnalysis

  In our analysis, we set the following assumptions.

  (a) The nonlinear effects in the optical fiber and the

photodiode at the receiver are negligible.

  (b) The input sigrial to the laser diode is noise free.

  (c) The information data sequence of the individual

user, (b(.h) ), b`.') E {-1, 1}, E[b`.'}]=O, and E[b`.k'.

b(S)] =O for nS m, where E[X] denotes the ensemble

average of XL

  We define the spread spectrum (SS) code sequence of

the individual user with a period IV} as (a(.M), a(.h) E

{-1, 1} ,and the pulse durations of the transmission

data signal bk (t) and the SS signal ak(t) as T and Tb

respectively. The period of the SS code is A]}== T/7}.

The da'ta signal divided by SS code of user h d(k)(t), is

expressed as



64 Hiroji KusAKA, Masanobu KoMiNAMi, Hiroyuki FuKui and Daisuke KiTAi

           oo IVic-1
   d( k'(t) = 2 2 a( ik' ･ b`.h' ･ gb [t-(nT+ l7})] (1)

          n;-co i=O
where ,gb (t)=1 only for O < t< 7}. Furthermore, we

transform the bipolar signal d(k}(t) into the unipolar

signal i(k) (t) as follows.

     i(h)(t) :-li- [d(k)(t)+1] (2)

  Then, the input signal of the laser diode as shown in

Fig. 1, i (t), is expressed as

           K
     i(t)=I2i(h)(t-T,) (3)
           k;1
where I is the amplitude of the input signal, K the

number of the simultaneous users, Z the transformer,

and Tk the delay representing the asynchronous system.

  And we assume that the output signal r(t) of the

laser diode can be approximated by the power series up

to the 3rd-order of the input signal`). Let ao'N･a3 be

the coefficients of the series, then

     r(t)=cro+aii(t)+a2i2(t)+a3i3(t) (4)

  Now, set d`,hKt)= d(h}(t- Tk), let 25., and 2E･., 2,"･.,"'

(it7't ･･･) be denoted by £k and 2 'iJ" respectively, then

the output signal r(t) is expressed as

     r(t)=I3b+,t(t) (5)
where

     I% = ao +2m'ai LK +2-2 a2I2K(K + 1)

           +2-3a3I3K2(K+3> (6)
and assume that

lll :ill [:lf2'.Z2StK.;,?X2fiilill'3."2,'3"-2)] l

 16k=2-3a3I3,K>3 - J
then

bi (t) dt (t)

     ai(t)

Tl Tl

   i(t)

Z

TK TK

(7)

(Ola,(Xi,eq,OC})

bK(t)

aK(t)

dK(t)

Optical Fiber
laser diode

r(t)+n(t) IDF
H(co)

AZn(i)

              ai(t)

 photodiode

Fig. 1 Fiber-optic CDMA communication system.

  2b(t)=P,2d(e)+&2'd(? d(e)+I3b 2 ' d(? d(? d(e) (8)

         k i,k i, i,k
  And provided that the Gaussian noise n(t) with the

psd WN(w) and the mean zero is added on the trans-

mission line, the inputs of the correlators on the receive

side are expressed by r (t)+n (t).

  The output signal of the multiplier in the correlator

of user 1, that is, despread signal, u(t), is expressed as

     u(t)=[r(t)+n(t)]ar(t) (9)
where ai(t) is the replica of the code signal for spread-

ing the spectrum of the user 1's data signal on the

transmission side.

  Let ud(t) and uc(t) be the average and the continuous

components of despread signal u(t) respectively, then

     ud(t)=E[u(t)]=I3bai(t) (10)
     uc(t)=u(t)-E[u(t)]

         =[rb(t)+n(t)]ai(t) (11)
  The signal-to-noise ratio (S/N) of the system under

the consideration is examined by using the psd of the

signal u(t). The spectral shaping function M<k)(o)

shown in Ref. (5) becomes 1 under the assumptions for

the data sequence (b(A)), where k=1, 2, . . .,K

  Since the term ud (t) is a periodic function with the

period T as shown in (10), the line spectral density

caused,by the term, YVIi) (w), can be expressed by the

powers of the harmonic components of the frequency

wd =2 T/T as

    vvl') (w)= ::il .=S-. fla2( W2Ti ) so) (w7i,)

             '6(do-nwd). (12)
  The psd of the continuous component uc (t) can be

expressed by those of the desired signal, the interfer-

ence, and noise components as the followings.

  Assume that d{ti) and ai (t) are perfectly synchroized,

then the psd of the desired signal Pid(ti)ai (t), W(i) (w),

is similar to that of the data signal bi (t) as

     vv{p (w)= z3?sa2( W2T ) (13)

where

     Stz(x)= sin x/x

  The psd of the interference component Pid{tk}ai (t)

from other user le, W;k) (w), is expressed as

    vvsk' (w)= ;llflii ,=ili. ¢o) ( 2i?i :i )

         ･ ¢(h' (w7," 2i?il:l ), k22 (14)

  Furthermore the psds of the 2nd- and 3rd- order
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intermodulation product components x3bdPd(th)ai (t) ij#

k) and P3 dS"dPd(tk'ai(t) (i #j #k), WS';iji) (w) and Wi'Xj' k'

(bl), are expressed as

  WSIIIk' (w)= 2t223. ,=ili. ¢(i' ( 2i?illll )

    . LOO. ¢(" (., 7})

    .¢{k) [(w-wi) 7}-2i?(Ill] doi (ls)

  VVii';iji' k) (w)=(2T.)3,Piv& ,, ,=S-. ¢(') ( 25i!i )

    ･ f-OO. ,Ll7[].o(D (wi T}) ¢M [(to2-wi)7nyl]

    ･ ¢[h) ((.-.,)z,- 2i?llllll ) d., do,. (16)

respectively, where we set

              Nc-1 Nc-m-1  S(k)(x)==1+]?ez .E., llE., a<ih)a(,h.).cos(mx). (17)

     ¢{k) (x)=stx2(-ig-)s(h} (x), (ls)

  The psds of the 2 nd- and 3 rd- order intermodulation

products are expressed by 2',･, kW?Mk) (bl) and 2'i, j, h

VVSii' i' le) (w) respectively. Therefore, the psd of the

interference components, Wi (tu), becomes

     W, (w)= 2 MZSk} (w)+2,wZ,k) (.)

             h(>2) i, k

              +£r WS;' ii･ k) (.,). (19)
                tik
  The psd of the noise component n (t) ai (t), Vl4i (w),

becomes

  VVN((h))=Xz] ,.i;.Wn ( mp-2Trri ) tp(i) ( 2i2Gli ) . (2o)

  The psd of u, (t), VZ, (w), becomes as

     ViPiZ (tu)= Ui(i} (w)+ Mii ((h))+ WN (bl) (21)

and that of the despread signal u (t), I)V (bl), is expres-

sed as

     W (tu)= WL" (az))+ VP'2, (a") (22)
                            A  The desired signal component Z(A) at the output of

the integrate-and-dump filter (IDF) in the correlator at

time (n+1) T becomes

     2(n"= Pi b`A' (23)
  The nomalized system function of the IDF, H (o), is

expressed as H(w)=Stz (eDT/2) e'jwT12. The desired

signal power (8{si} )2, the line spectral component power

("c(Li) )2, the interference signal power (3i)2, and the noise

power crk at the output of the IDF H (w) are

Diodes in Fiber-(iptic CDrm Systems

    ("cr(,i) )2 =E [(2Li' )2] =P?

    (aL) )2 =21. Loo. WL') (w) I H(w) 12do

    (3i )2= 21. JL?!. VVi (w)lH(w) 12 dw

    ok=2i. Ilco. vvN(bl)lH(bl)12 do

                           A  respectively, and the SIAI; SNRi, is given by

        sAAi[R,=[(3,L,),Sct/`i-Il]2+.i,] '

65

(24)

(25)

            3. Calculation Results

   In the following calculations, we assume that the

Gold code sequences are used as spread spectrum code
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Fig. 2 The power spectrums of despread signals, (a): i
      (t) ai (t), (b): i2 (t) ai (t), and (c): op (t) a, (t); Gold

      code, NC=63, K =3.

,



66 Hiroji KusAKA, Masanobu KoMiNAMi, Hiroyuki FuKui and Daisuke KiTAi

  30
cr 2o

v
･S 10

Eo
e
5 -io
og .2o
ts -3e

B
8 -4o

  t50

         A.

 -"'ljV" Sl cS `i tn }-,, i2, yi ''st.ti gettf ,kxlj.? .tstL..,} Flrv?

---- -- ,-- ------÷ t'---------- -- K- -,t'-' --------- :x

      D li ÷1･ ･x           Bli il･ i      E il li l--------------- il---------------i-÷---------------Il
o   O,5 1 1.5 2 2,S            frequency fT

The power spectrum of despread signal; Gold
code, AJ}=63, K=3; A: 2 [W(i) (w)+ PV I'}(w)+

VVi(w)]17; B: 2VV(i) (w)1 T; C: 22k(>.2.) WrSk)(w)1

7; D: 2 2',, W S'S,lt}1 1; E: 2 2, .,, WSS' iS h)1 I; F:

simulated results.

3

ca
V 26
･fi

o
'= 24
N
8
E 22

e
e 2o

a
6
t 18
re
z
z'a 16

A '-･･- B

Fig. 3

  20

M IS

g
k"io

.!l) s

fo
･g

8-s

 -10

   AA:SIR
   AB : SIR'

                 D ..----'"

              ---" C -....."."....".---･----･･･-･-

              "'- B
  --t;f"""
....ssi"

                 A

   number of users, K

         (a)

9

2

Fig. 5

an

v
= 28
,--

o
'v
pt

" 26

g
g.24

a
'T 22

9
,

re
= 20
ua
.es

        number of users, K

Signal-to-interference ratio; Gold code, IV}= 511;

A, s[AR,=(3ki))21[(a2,)2+3i], B: sZk,･=(aki))21

[(31'))2+(3,)2].

2 3

A
B
C

le

2

   5

   o
co
V -5
q
'S -iO

8 -is

e
e -2,

ec -2S

'- -30

  .3S

D

6
iii'

A".".v...------

Fig. 6

    !"s.'
 .--;t-"

--
;;-;lt

     23456789 10                  number of usrs, K

                        (b)

  Fig. 4 (a) Desired and (b) interference, ek') and 3i; Gold

        code, ,Nb=511; A: ai= 1, a2 == a3=O; B: ai=1, a2=

        1/2, a3=O; C: ai ==1, ev2=O, a3=116; D: ai=1, a2=

        112, a3=116.

sequence (aSk.) ) of the systems and the amplitude of the

injcetion current l=1. Futhermore, as an example,

we assume that the nonlinearity of the laser diode is

represented by the terms up to the 3rd- order of

exponential function expanded in a series, then the

coefficients cvb=O, ai=1, a2=1/2, and a3=1/6. Fig-

ure 2 shows the calculated and simulated results of the

psds of the first-, 2 nd-, and 3 rd- order terms, i (t) ai (t),

i2 (t) ai (t), and i3 (t) ai (t) in Eq.(4) respectively, which

        number of users, K

Signal-to-interference ratio; Gold code, IV}=511;

A: s2A[R,=(3(,i))2132,)2, B: s"1"[R,=(3 ki))21(at,)2, c:

3 IVb12 (K-1).

are in good agreement. Also, these results make it

clear that the characteristics of the nonlinear distor-

tion due to the laser diode can be given by the presept-

ed calculation formulas of the psds and the S/Ar:

Figure 3 shows the calculated results of the psd [ W(')

(tu)+ WLi} (w)+ VVi ((h))]/T and the simulated results,

which are in good agreement. Figure 4 (a) and (b)

show that the levels of the desired and the interferene,

3gr and 3i, fluctuate considerably with the simultane-

ous users.

  And we set the additive noise is zero, for examing

the effects of the 2 nd- and 3 rd- order intermodulation

                                    Aproducts on the S/IV; and calculate the SMi==(3ge)Z/

[(aL")2+3i] and SL2)?i'=(3ki')2/[(3Li')2+("cr'i)2] for the

                             A OOnumber of the users, K where (a'J)2=(1/2 n) f..

[2le ()2) WSk) (w) l H (w) l 2] dw, as shown in Fig. 5.

Assume that the dc component x3b of the electrical

signal is cut off at the output of the photodiode, then

the despread spectrum is represented by the continuous

component VVI(tu). The signal-to-interference ratios

            AAin this case, Sl:R and SIR'. are shown in Fig. 6, where

SL[R=("a',i))2/("di)2 and SIR'=(3(,i))21("cr'i)2. Futher-
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                                           Amore, in the distortion free, the relationship SIR' :

3 Nc/2 (K-1) can be abtained from the approxima-

tion formulas of the S/IV in Ref. (7). The calculated

results are shown in Fig. 6. The results show that the

effects of the intermodulation products on the S/IV are

insignificant.

4. Conclusion

  we transform the bipolar CDMA signals into the

unipolar signals to use a laser diode in a fiber-optic

communication system. And, in order to analyze the

effects of nonlinearity of the system due to the laser

diode, we derive the calculation formula of the psd of

each component in the despread signal in the receiver.

We show that the contribution of each component to

the S/N is clarified by these formulas. The calcula-

tion results show that the effects of the 2nd- and 3rd-

order intermodulation products on the S/N are insig-

nificant and the line spectrum in the despread one

causes some degradations for the S/IVL The non-

linearity exists not only.in the laser diode but also in

the optical fiber and the photodiode in the receiver. It

is a subject for further research to clarify the nonlinear

effects in the receiver.

Referenees

1) P. R Prucnal, M. A. Santro and T. R. Fan, "Spread
   Spectrum Fiber-Optic Local Area Network Using Optic
   Processing", J. Lightwave tech., LT-4, 5, p. 547 (1986).

2) W. C. Kworg, P. A. Perrier, and P. R. Prucnal, "Perfor-

   mance Comparison of Asynchronous and Synchrous
   Code-Divison Multiple-Access Techniques for Fiber-Optic

   Local Area Networks", IEE Trans., COM-39, 11, p. 1625
   (1991).

3) Y. Takushima and K. Kikuchi, "Photonic switching using
   spread spectrum techinque", IEE EIectronics letters, 30, 5,

   p. 436 (1994).

4) J. C. Daly, "Fiber-Optic Intermodulation Dsitortion",
   IEEE Trans., COM-30, 8, p. 1954 (1982).

5) H. Kusaka, S. Ikuta, L Chen and M. Kominami, "An
   Analytical Method of Nonlinear Distortion in Direct
   Sequence Spread Spectrum Multiple Access Communica-
   tion Systems in Baseband", Proc. of IEEE Int. Conf. on
   Computer and Commun., Control and Power Eng., 3, p. 87,

   Beijing (1993).

6) W. R. Bennet, "Statistics of Regenerative Digital Trans-

   mission", BSTJ, 37, p. 1501 (1958).

7) M. B. Pursley, "Performance Evaluation for Phase-Coded

   Spread-Spectrum Multiple-Access Communication-Part I:
   System Analysis", IEEE Trans., COM-25, 8, p. 795 (1977).


