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Abstract: Optical code division multiple access (OCDMA)
provides another dimension to multiple access systén which
each user is assigned a unique code. This alloels ®&bscriber to
simultaneously access the medium without any caioten
However, simultaneous access of multiple usersduires multiple
access interference (MAI) which primarily detertes the
performance of OCDMA systems. This paper proposesvacode
called diagonal double weight (DDW) code to elevate
performance and cardinality of spectral amplitudelicg (SAC)
OCDMA systems. Performance of our proposed codeatuated
using comprehensive analytical analysis followed diypulation
analysis. Examination of bit error rate shows BBW code along
with single photodiode detection technique providefficient
performance, with added benefits of simplified dasi large
cardinality and ease of implementation.

Keywords: Optical code division multiple access, spectra
amplitude coding, diagonal double weight code, Isimghotodiode
detection technique, complementary subtractionatiete scheme,
cardinality.

1.

Exponential growth in internet traffic over the tlasvo
decades has brought many challenges for networtatmps,
especially in the access domain [1-2]. Optical cdikgsion
multiple access (OCDMA) systems are anticipateddive
the last mile bottleneck between high-speed metitapo
networks and access networks. OCDMA provides amoth

I ntroduction

dimension for multiple access systems, in which heaaechniques:

subscriber is assigned a unique code also calleatidress.

structures in OCDMA system can efficiently reducé&IlM
Spectral amplitude coding (SAC) techniques succdgsf
eliminates MAI and reduces phase induced intensitge
(PIIN) [3]. SAC splits the entire spectrum into iby an
encoder, which is then assigned to individual user¢he
form of SAC codes based on the set of occupied[dins
Another limitation observed in SAC-OCDMA systemglig
consumption of extensive bandwidth by lengthy codéss
problem not only limits the number of users, busoal
introduces complexity in system design. Severalesodnd
detection techniques have been proposed in SAC-OEDM
family to accommodate large number of users while
providing an error free transmission. However, tise of a
suitable code and detection technique is still panoissue.
Fnhanced double weight (EDW) code, modified double
weight (MDW) code, zero cross correlation (ZCC) eod
diagonal eigenvalue unity (DEU) codand multi diagonal
(MD) codes, random diagonal (RD) code, and primeéeso
etc. have been proposed to develop an efficient -SAC
OCDMA system. However, they suffer from drawbadks |
long code lengths, increased cross correlation
complexity of implementation [5-12].

This paper discusses the design and implementatiamew
code called diagonal double weight (DDW) code, Wwhic
provides efficient transmission and increased caildy for
SAC-OCDMA systems. Analytical analysis is usedirt o
analyze the performance of DDW code using two dietec
single photodiode detection (SPD) and
complementary subtraction detection technique. ditor

and

Figure 1 show a basic OCDMA system, where eadfate (BER) and signal to noise ratio (SNR) is uged

subscriber modulates the data with assigned code uging
an encoder. A decoder at the receiving end is tsedllect
the intended signal. Decision of the received diggmanade
by correlating with a specific code sequence arssipg the
total received energy through a threshold devite [1

/
| Encc.)der] H MZM |-> g KQ g_’| Deco.del-l H PIN |
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Figure 1. Basic OCDMA system

Simultaneous access of multiple users allows eabbkcsiber
to utilize the entire bandwidth of the fiber optmedia.
However, it creates problems like multiple accederence
(MAI). Multiple access interference is the primagurce of
performance deterioration in large cardinality OCAM
systems. Efficient coding techniques and robusedet

evaluate the performance of our proposed code. |&iion
analysis using Optisystem is then performed toh&amt
analyze the performance of DDW code.

Rest of this paper is organized as follows. Sedtiautlines
the design of DDW code, followed by introduction $®D
and complementary subtraction detection techniqires
Section lll. Section IV gives an analytical anasyfollowed
by simulation analysis of our proposed code inisacV.
Finally, Section VI concludes the paper.

2. Design of Diagonal Double Weight Code

An efficient code must provide maximum number oéngs
with minimum code length, flexibility of implemeritan,
ideal cross correlation and effective weights. |dsithe
above mentioned properties three parameters areé tose
design DDW cod&N,w, A.), whereN represents length of
the codey represents the weight, aid represents the cross
correlation property of the code.

DDW codes are developed usingkax N code matrix,
whereK rows andN columns represent the number of users
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and length of the code respectively. DDW matridésigned converted to electrical domain, which significandievates

such that: the system performance and allows maximum users to
»  Weight of each code is equal to 2. simultaneously access the medium [13]. SPD tecleniqu
« Cross correlation between only two codes in a set ésing AND mechanism can be mathematically expreased
equal to 1. . C (i) = i"element of X code
» Length of code is always equal Ko+ 1. (D) = it"element of Y code
. Coc;nbizatipn of 1,2,1 is |mtaintaifnfd between only two 3 (xy) = YN, €, (i)C,(i)
pp odes having cross correlationof 1. 21X = B GD(CDGO)
as_us, a basic matrix with two codes can be espe 2.(XY) — A, (XY)X =
' 21 GG = XL G (G D)

DDW = [(1) 1 (1’] @)

U 0

—b| Decoder H S-Decoder H PIN |

A simple mapping technique is applied to increake t I:|
number of users, such that the above mentionedepiep 0
remain valid. For 4 users DDW matrix can be expdrake

1100 @)
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Figure2. Block diagram representation of SAC-OCDMA
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HereK = 4,N = 5 for w = 2. Code word for each user in

the system according to (2) becomes: 3.2 Complementary Subtraction detection technique
user 1: 15, 2, SAC-OCDMA system using complementary subtraction
user 2: Ay, A5 detection technique is shown in Figure 3. It splite
EMD = received signal into two branches. One branch awta

user 3: 43,1,

user 4: Ay, Ag

If C,.(i) denotes thé*" element of\th DDW code sequence,
then the autocorrelation and cross correlation gntigs of
DDW code can be written as:

decoder arrangement with same spectral respongeatsf
the encoder, while another branch contains a Ceowith
opposite spectral response (complement) as compauriud
decoder. This enables complementary subtractioacten
technique to cancel interfering signals from midtipodes
SN (D)D) Z{W: k=1 (3)  [8]. Outputs from both branches are subtractedr afte

i=1 "k ! 1, k=#l signal is converted to electrical domain. Completan

Equation (2) and (3) shows that, DDW code has=1 subtraction detection scheme can be mathematically
between only two codes. This significantly mininsze €XPresses as:

crosstalk between multiple users simultaneouslyessiog C (i) = it"element of X code
the medium. Equation (2) also shows that code matri  (,(i) = it"element of Y code
maintains weight position in pairs, therefore agl@rencoder A.(XY) = 3N, C.(DC, (D)
and decoder with bandwidth twice as that of chidttvican 1XY) =3V, C.C )

implement this code, which simplifies the designSRC- 3 (xy) — 1.(XY) = ¥V, C.()C, () — T, C.()C, (D)
OCDMA system. Moreover, optimué of DDW code can

reduce the use of extensive bandwidth for code
implementation during system design. This enabl&AD l:| m l:|
code to accommodate large number of users withnmoimi F g 5
impact on system performance. - 01(} — g @ g
| ncoder |—}| |—’ é) SMF _ch
3. Spectral Amplitude Coding Detection g g C-Decoder f PIN2
Techniques p I |:|

Detection techniques or signal decoding primarigfirtes
the performance of SAC-OCDMA systems. Efficient Figure3. Block diagram representation of SAC-OCDMA
implementation of detector structures can signifiga System with SPD technique
reduce system cost, design complexity, MAI, andNRdffect
[13-15]. This section discusses two techniques,ciwtare i ;
selected for the analysis of DDW code. 4. Analytical Analysis
! . . . Gaussian approximation is used to analyze SNR &R &f

3.1 Single photodiode detection technique the proposed DDW code for complementary subtraction
SAC-OCDMA system using SPD technique is shown ifetection, and SPD techniques. SNR is the aveiggalgo
Figure 2. Decoder section consists of a low cdsrfbragg
grating (FBG) filter having same spectral respoaséhat of
the encoder in order to detect the received sigita. output denotes the current received at the photodiode, a@hd
of FBG is then transferred to the s-decoder, whiahcels represents the variance of the noise signal, gwen
interfering signals from multiple codes. SPD tecjua
cancels both PIIN and MAI before the received digsa o

2
noise power of the received signdlNR = [%] where |

2 = Lot + oun + Tnermar (4)
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Equation (4) can be further elaborated as: WhereP,, is the power received from a single optical source
4K,T,B (5) Av represents the optical source bandwidth in heatd

0% = 2eBl + I*’Bt, + u(v) represents a unit step function. Current receatedIN

) ] ) ] photodiode during a single bit period can be deitgzth by
Noise variance parameters used in (5) are repembent jntegrating equation (11).

L

Table 1.
_ _ % Py RO ORS v
Table 1. Noise variance parameters =Jo Ly =1k | NCEC (i {u [—]}
e Charge of Electron i=1 Cx (l)( (l)Cl(l))
B Electrical bandwidth noise equivalen (12)
I Incident current : K _ . -
2 Sevar Srenel fmng (P il U§|ng (8), (9), angdr_; d;, = w [10], (12) can be simplified
T, Source coherence time as:
K, Boltzmann constant Psrw Psrw
T, Absolute receiver noise temperature [w+1] - [1+1]
R, Receiver load PSTW[ +1] - PSTW [1+1]
It is assumed that maximum electrical bandwidthmisch foo G(w)dv = Psyw W — 1) (13)

smaller than the total optical bandwidth. Moreovsehot

noise and intensity noise collectively follows ntgg Now the total incident current using (13), becomes:
binomial distribution [8][15-16]. Incident curreand source

—RPV ) — 14
coherence time at photodetector output are given by I=% N w-1) (14)
- Shot noise power at the receiving photodiode foD SP
I=R[ Gwdv (6) technique can be determined using (5) and (14):

P ew)?av (7) Pgw (15)
[f;o G(v)dv]z Ishat = 2eBR T (W - 1)

WhereG (v) represents the PSD of a single sideband opticy‘e noise power of PIIN while using (7), is equal t

source andi represents the responsivity of photodioékeis 2 f 6(v)2dv (16)
ne i L Ly = R U G(v)dv ] —_——
equal to( /hv ), wheren is the quantum efficiencyh )dv] dv
[

represents the plank’s constant, amgd is the central After simplification:
frequency of the broadband optical pulse [17].Talyre the 5 (o 2
proposed code, it is assumed that: Ifuy = R°B fo G(v)“dv 17
» Spectrum of each light source is flat over the renti ; ; o 2. .

bandwidth. For SPD using a single Pll)ﬁ(j G(v)“dv is equal to:
 Light sources are ideally un!oolarlzed. o = :Z]Z L ACDIZE, dy C (DK Cm(i)]}
» Spectral width of each optical source is identiabthe R

receiver. =N {(Ce @D ) [ER=1 di Ci (l)][z m Cn (D1}
» Each user receives same power signal at the receive (18)

These assumptions are important for mathematiogdl&ity ~  kw
and analysis of our proposed code. Without thed®y USINg the average value Bt Ci(D) = 7 [16], (18)

assumptions, the system becomes difficult to aea§}{8]. becomes:
4.1 SNR single photodiode detection technique = ‘1’52‘: [KTW] YE_ZN. C.()CD)] -
If C,(i) denotes thé&" element ofkth DDW code sequence, Pgw [Kw] g N : : .
then the property of DDW code for SPD detectiortégue NAv [N ] Li=1 [Zi:l D, (l)cz(l))] (19)
using AND subtraction becomes: Using correlation properties of DDW code for SPD
' ' w; k=1 8 technique, (19) can be further simplified as:
IR OLTO R S ®) o b e
; =ﬁ[—]w+1] 5 [ J11+1]
And p2 Kw (20)
N 1: k=1 (9) f G(U) dv = Sr (W_ 1)
2in1 GGG M) = {1; k+1 Using (20), total PIIN noise power becomes:
Therefore, the output of SPD technique using (8) @) can ) R2BP2, Kw? (21)
be written as: Iy = —5,— (w=1)
N ] ) — -1 k= 10
{ NZFl G — } - Lk=1 10 Now using (5), (14), (15) and (21), tot&NR for the
2ic1 C (D (€ (D C,(D) 0; ke#1 proposed DDW code, when probability of each usedisg
Now PSD at the receiving end during one-bit peritat, bit “1” at any instant is %2 becomes:
SPD technique is equal to: R2pZ w2 2
_ —az WD
C) = Psrz LG — { [Av]} SNR = ZeBNPoyw | SPEPERWE T K, TaB
(w-1)+ Zpp WD)
e DGO G ) ! A E

s, (22)
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42 SNR for Complementary subtraction detection Now:

technique NG dy = v [KW] YK N G (DG )]
If C,(i) denotes thé" element of{th DDW code sequence, 1)y = Nav ke iz TR

then the property of DDW code for complementary{ G,(v)%dv = PSTW[ ]Z [ZNICk(z)C,(i)]

btraction detection tech b itt
subtraction detection technique can be written as: [ 6,(v)dv _psrw [KW][ 1] (37)
O O) ={W; k=1 (23) o (38)
i=1%k L 1; k+1 f GZ(‘U)Zd‘U —
And 0
N _ 1, k=1 (24) Therefore, the total PIIN noise power due to Commaetary
2i=1 GG ) ={1. k%1 subtraction detection technique using (37) and K@8pmes:
Therefore, the output of complementary subtraction ) 25 psrw Kw (39)
detection technique using (23) and (24) becomes: Iy =B [ ] w+3)
N, C@C@ - w—1 k=1 Now using (5), (32), (35) and (39), the total SN& fhe
NGOG0 = {0 k=1 proposed DDW code using complementary subtraction
=1 ’

- ) ) ) detection, when probability of sending bit “1" byaah
PSD at the receiving end during one-bit period #tM1 and  sypscriber at any instant is % becomes:

PIN2 is equal to:

- . . Av M
G (v) = ZETK s dy (2 GO CDHu [F]} SNR = S
ZeB‘.RPsrw, WL 2BP%, Kw? _4KpTnB
(25) w+3) INZay —(W+3) Ry
PST
G,(v) =223k di (Z, GO} u |7} (40)
(26) Using Gaussian approximation, BER can be expreased
The amount of current received at PIN1 and PIN2ngua 1 SNR (41)
single bit period can be determined by integratiggation SNR = —erfc |[—
(25) and (26): 2 8

wpsr Figure 3 and 4 shows the performance of DDW codlegus
f G (v)dv = f k=1 di {ZI Ck(l)cl(l)}{ [ ]} dv complementary subtraction detection and SPD scheme,

(27) based on system performance parameters in Table 2.

f0°° G,(v)dv = Analysis is performed at 622 Mbps of data and -Bohcbf
© Py vi received power, while BER and SNR using (22), (49},
fo Av Thor di {Z C"(l)cl(l))}{ [ ]} dv (28) are observed against different number of subsaiber
Using (23) and (24), (27) and (28) can be simplifes: Table 2. System performance parameters
L _ Psrw Parameters Values
fooo G,(v)dv = o (w+ 1] i T
Jy, 61 (w) dv == [w + 1] (29) e 1,602 x 101
o Psy K, 1.38 x 10°23
Jo G:(w)dv = TW [1+1] T: 300 K
o — Porw 30 R 1030 Q
Jy G0 dv = N [1+1] 59 Av 3.75 x 1012
The total received current can be written as: n 0.6
oo o h 6.6260 x 1073
I=%], ?Rl(”) -RJ, G.(v) (31) 2 1550 nm
Pgrw
[=——=Ww-1) (32) It is shown that SNR and BER are interrelated, thaBER

Shot noise power can be determined using (5), 486)(30): of the received signal increasgs as SNR decremlts_
also show that DDW code using SPD technique pravide

120 = 2eB[R[° G, (v) dv + R [, G,(v)dv]  (33) better performance in terms of SNR and BER as coepia

I2,,, = 2¢BR [Per w+1)+2% 1+ 1)] (34) complementary subtraction detection techniques &vident
N N from the fact that SPD eliminates MAI and PIIN iptioal
12,,; = 2eBR Per( +3) (35) domain, which elevates the quality of the receisigphal. It
is also observed that BER increases as we incrdsse
PIIN noise power for complementary subtraction di®®@ number of users, and performance of DDW using SPD
technique can be determined as: scheme deteriorates respectively. However, itilsatile to
By = ERZBUOOO G, (v)2dv + fOOO G, (v)zdv] (36) maintain efficient communication witBER < 107, at large

number of users. Therefore, DDW code suing SPDnigcle

© 2 © 2 . .
Jo G1(¥)*dv and ]~ G,(v)*dv can be written as: is an efficient choice for the implementation of xne

[ G, (v)?dv = Hryn CD[Zk=1 dic GO generation OCDMA networks.
o ™1 Nav 2L K d C ()] It is evident from above analysis that DDW codevjies
® 2dp = efficient performance with SPD scheme as compared t
Jy G2(v)?dv
Psr complementary subtraction detection technique. dfoee,
S 2i- LG [Ekar di GO [EF=1 dim G (D]} dv rest of the analysis for our proposed codes isoped

using SPD technique only. Figure 5 shows the \ariabf
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BER with received power for 32 and 64 users onlyp22

Mbps of data. Figure shows that our proposed cedble to 185
provide efficient performance at effective receiyexver of 1E-10
-15 dBm and above. This is because the interferémee
other users is reduced in DDW code due to its fizguks
correlation property, which significantly reducedNPand
elevates system performance [8]. This enables mpgsed
code to provide efficient performance even at smedeived
powers.

Figure 6 shows the performance of DDW code usin® SP
technique for different data rates at -10 dBm nesbipower

and 32 active subscribers. It is shown that ouppsed code 1540 —=— 32 Users
is able to provide efficient transmission of 2.5pGtof data 1E-45 —=— 64 Users
while maintaining the nomindER < 10~? criteria.

1400
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Odle -5 dle —10cliBm —15cliBm -20 Eij
Received Power
Figure5. BER vs.P,, for DDW code using SPD technique
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Figure 3. SNR vs. No. of subscribers for DDW code using &%

SPD and complementary subtraction detection teciesiq ' > 25 5
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Figure 6. BER vs. data rate for DDW code using SPD
technique at -10 dBm and 32 users

5. Simulation Analysis

Optisystem is used to evaluate the performance WD
code using SPD technique. For a single user, Hrestnitter
consists of a laser, which is encoded using metltipt
encoder. Wavelengths assigned to first user &fe=
1550 nm and 4, = 1550.3 nm respectively. Thus, chip
length assigned to each user0i8 nm per chip. Output of
the encoder is then modulated with a pseudo randitm
sequence (PRBS) generator using Mach-Zehnder Midlula
16 24 32 40 48 56 64 72 80 83 96 104 112 120 128 (MZM). Output of MZM is applied to an ideal multipter
Number of Subscribers and single mode fiber (SMF). Decoder architectareSPD
. technigue consists of FBG filters used in reflettiwith
%.3 nm bandwidth as shown in Figure 7. PIN photodiodes
are used to convert the signal from optical to telesl
Figure also shows that as we increase the amoudaaf, domain. A low pass electrical Bessel filter with électrical
BER increases because pulse width is inverselygutiomal bandwidth of 75 % of applied bit rate is also usgdhe
to bit rate. As bit rate increases pulse width dases and the receiver.
overall system becomes more sensitive to dispersftact Simulation analysis is performed for different nuembof
[12]. However, the proposed code is able to perforiasers to facilitate the evaluation of our proposede, and
efficiently up to 2.5 Gbps of data. log of reference BER is observed against differBer
lengths. ITU-T G.652 SMF is used in our simulatigth
(18 ps nm / km) dispersion and attenuation @25 dBm /
km). All nonlinear characteristics of SMF are set in
accordance with industrial specifications, in orgesimulate
a real time environment.

Bit Error Rate (BER)

SPD and complementary subtraction detection teciesiq
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Decoder I:_S- Decode 6. Conclusions
FBG1 FBG2|l FBG3 . . . .
LFBCL FBG2C FEE3 Simultaneous access of multiple users introduceKipieu
:l | | | | access interference, which primarily deterioratdse t
performance of SAC-OCDMA systems. Moreover, long
code in SAC family limits the amount of users while
- PD complicating system implementation. This paper pegs a
new code called diagonal double weight code thatiges

efficient performance while maintaining scalability SAC-

Figure 7. Schematic diagram for SPD decoder

OCDMA systems. Performance of our proposed code is

Figure 8 shows the performance of SAC-OCDMA systeranalyzed using detailed analytical analysis, wtspecifies
using DDW code with SPD technique at different fibethat DDW code provide efficient performance with D5P
lengths. Analysis is performed for 2 and 4 userthatinput scheme while supporting large number of users agpaced
powers of 0 dBm and -2dBm, and 2.5 Gbps of datRBE to complementary subtraction detection scheme. Iaiion
randomly selected user is plotted to analyze thfopeance analysis also proves that DDW code using SPD tegcienis
of our proposed code. It is shown that SPD techmiguable to maintain efficient transmission WiBER < 107°.
provides better performance in terms of BER forsera at Therefore, it can be concluded that our proposett esing
0dBm. Figure also shows that, as we increase fimagth single photodiode detection technique can effityestipport
and number of active users, BER increases. Thieéause next generation access networks with added berdflerge
of dispersion across the media, which is propodiao fiber cardinality, simplified design, minimum cost andseaof
length. However, BER analysis shows that DDW casiag implementation.

SPD technique is able to provide efficient perfonoeawith

BER < 10°, at nominal fiber lengths. References
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