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Robust Optical FFH-CDMA Communications:
Coding in Place of Frequency and
Temperature Controls

Habib FathallahStudent Member, IEEEANd Leslie A. RuschiMember, IEEE

Abstract—In wavelength division multiplexing (WDM), trans- and manufacturing locales and other open areas where
mitters require stringent and complex frequency control loops temperature control is not feasible.

to avoid wavelength drifts due to temperature fluctuations. This To avoid frequency stabilization we employ coded commu-
makes the transmitters heavy, bulky, and inappropriate for . . . . R .
local- and short-haul communications networks, as well as for n'ca.t'ons' in particular code d'V'S'(_)n multiple access (CDMA).
manufacturing locales and other open areas where temperature In direct sequence CDMA a cyclic pattern #fl (called the
control is not feasible. We propose and analyze a technique code sequence) is imprinted on the data in the time domain.
we call robust fast frequency hopping code division multiple At the receiver a copy of this sequence is correlated with the
access (FFH-CDMA), particularly suitable for severe, hostile, \qcaived signal. If the correct cycle of the sequence is applied,
noncontrollable environments. This approach avoids all condi- . - . . .

tioning and frequency stabilization loops in the transmission Fhe portion of the rece_'ved signal coded with this s_equence
end. We develop a modified version of extended hyperbolic IS decoded. The code is chosen to have a clearly discernable
congruence codes to achieve environment-resistant codes. Weautocorrelation peak, so that the receiver can cycle in time
present expressions for the auto- and cross-correlation func- through the sequence to achieve synchronization with the
tions for optical implementation of the codes. We simulate the transmitted code. In frequency-hopped CDMA the coding is
encoding/decoding operations with parameters from real Bragg - . . s -
gratings. We evaluate probability of error for a single user and 90N€ in two dimensions: time and frequency. Each bit interval
as an average over all users versus capacity (the number of iS parsed in time (into chip intervals) and a certain frequency is
simultaneous users). Robust FFH-CDMA is an efficient access transmitted during each chip. The decoding operation recom-
technique for hostile environments. It avoids the frequency and hines the signal that during coding was distributed across the
temperature_control problems of WDM and nonrobust FFH-  ime anq frequency domains. During traditional FFH-CDMA,

CDMA [1]-[3] at th t of | I ity in t f . . . . .
number[ o]f [sianiltanzgl?s uzerg\_'ver overall capactly In 1efms o1 e two-dimensional (2-D) code is translated only in the time

] _ _ dimension to achieve synchronization. Typically an absolute
Index Terms—Bragg grating, optical fast frequency hopping

code division multiple access (FFH-CDMA), wavelength control fre(ErL]Jetntcy relfetr_ence IS ?hSSl;mEd' €., (;requ_en_cy S){[nchronlmty,
and lasers stabilization in WDM, wavelength division multiplex- S0 that transiatlon over ine irequency domain IS not necessary.

ing (WDM). In radio frequency (RF) frequency-hopped CDMA, Doppler
shift can corrupt the frequency reference so that the decoder
must seek the autocorrelation peak while shifting over both
the time and frequency domains.

N wavelength division multiplexing (WDM), optical In optical communications there is no Doppler shift, how-

sources must transmit at precise, distinct wavelengttescer, frequency drift of source lasers due to environmental
Temperature fluctuations at a transmitter can lead to significaftects, especially temperature fluctuations, has a similar ef-
wavelength drift. Stringent frequency control loops anfkct. Robust Frequency-hopped CDMA allows communica-
complex tracking systems are required to avoid this drifions despite frequency drift, therefore obviating frequency-
[7]-8], involving optic-to-electronic and electronic-to-opticstabilization routines. In this paper we propose such a system
conversion devices. The result is heavy, cumbersome traaad address two major concerns: 1) an encoding/decoding
mitters that are unsuitable for local area networks (LAN’sjevice which can easily perform the correlation while shifting
fiber-to-home access networks, short-haul interconnecting ehé code (or hop pattern) over both the time and frequency
multiplexing, on-board naval and avionics communicationdpmain and 2) codes which have the necessary autocorrelation

peak over two dimensions and that also conform to the
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received A Distributed Grating-Based Lasers

Tm—signal For telecommunication systems, the most commonly used
Yy laser sources are distributed feedback (DFB) or distributed

encoded decoded signal ~ Bragg reflector (DBR) lasers [6]-[8]. This is due to their
signal highly monomode spectrum where the emission frequency
(a) is set by the selective reflectivity of the distributed grating.

When the ambient temperature changes, the distributed grating
Ao Ay dy Ay Ay A Ag A Ay Ay A Ay Ay, characteristics change and hence the emission frequency of the
D [ laser changes. Two parameters are usually used to control the
2 frequency of a semiconductor laser, the junction temperature
D and the injection current. In Section lll, we further address the
D temperature dependency of the DFB laser frequency.
) Temperature fluctuations affect not only source lasers,
:d L. i but any Bragg grating devices. Gratings are widely used

wavelength in communications for filtering, multiplexing, waveform

shaping and encoding—decoding and channel equalization.

®) The performance of these devices is also sensitive to the

Fig. 1. - (a) FFH-CDMA encoder/decoder based on multiple Bragg gratinggmbient temperature variation and requires stringent control
and (b) frequency-hop pattern of the encoder (respectively, the decoder):

mark E (respectively D) marks the encoder (respectively the decoder) puls&te_the'r environment.

time

. . ) B. Frequency Control Problem
device proposed in [1]-[2], recently demonstrated in [3],

produced in Fig. 1(a), for fast frequency hopping-code divisian Onel p(?(pqlar way to :ts)':abilizg thle frtfaquency o|_f|.arl]aser source
multiple access (FFH-CDMA) is based on BG, and therefolg to lock it to a stable optical reference. High precision

has nonfrequency selective drift. In [1], the transmitters &f USually obtained using an atomic or molecular transition
@s an optical reference in the transmitter. Many atomic and

the optical CDMA communications system are stabilize lecul ”» ilabl both 1.3 and
to the environment parameters’ fluctuations. In contrast, t plecular transitions are avai abie at both 1. - an Lﬁﬁ
ich are usually observed using optogalvanic detection or

version proposed here is called robust FFH-CDMA, as ical . hni a1 Th f bilizati
avoid stabilization and frequency control loops, at the cost gptical pumping techniques [8]. These frequency stabilization

decreased overall capacity in terms of number of users. techniques are typically very complex and require a stringent

In Section II, we discus the frequency drift problem anaontrol of environmental parameters at each transmission

control complexity in WDM systems. In Section I1l, we exSite. Control loops require additional optic-to-electronic and

plain how BG exhibit nonfrequency selective drift. The basi%Iectronic-to—optic conversion devices, making the transmitter

mathematical formalism of the robust optical FFH—CDMAbeaVy and cumbersome.

system is presented in Section IV. The environmental effect onWhlle a surmountable impediment for long-haul communi-

the FFH-CDMA signal, in cases of BG and DFB lasers bas& tions, the complexity and bulk of frequency stabilization has

encoders, are discussed in Section V. In Section VI, we p Hpited the success of WDM for LAN's, fiber-to-home access

pose a robust FFH-CDM system architecture, derive suital gtworks, short-hat;l cc:jmmun:catlgns,_ security and _surye|l-
environment-resistant codes, simulate the encoding—deco i (If]e systerrll_s, on-boar nava. fn gwom?]s communt;celllilonsé
operations using real Bragg gratings parameters, calculate llrp] ese app |c§1t|ons,.we must: 1) re uce .t e system bulk an
system maximum capacity in terms of number of users am?lght, 2) avoid environmental conditioning, and 3) reduce

we evaluate the probability of error both in mean and for %‘Stem complexity, especially the number of active devices.
single user e last requirement is critical to ensure system reliability.

I1l. N ONFREQUENCY SELECTIVE ENVIRONMENTAL EFFECTS

Il FREQUENCY DRIFT IN WDM As an alternative to frequency control techniques we pro-

In DWDM (Dense Wavelength Division Multiplexing) com- pose a coded communications system that is robust to environ-
munications, each wavelength is dedicated to one independental effects that can be modeled as nonfrequency selective.
transmitter—receiver pair. The wavelengths coincide with \&@henever the environmental effect has the same behavior at
predetermined grid, fixing their values and spacing. The ITeach frequency within the communications band in use, i.e.,
standard fixes the wavelengths to a spacing of 100 Gldanfrequency selective, communications is possible despite
[4], [8]. In such systems, each transmitter must generdtequency drift. There are several devices, which exhibit
a very precise wavelength. Physical characteristics of thenfrequency selective drift. Our approach is predicated on
optical devices in the transmission end, especially sourbaving a broad-band source and encoding—decoding devices
lasers, can lead to wavelength drift due to environment@ee Section V) with nonfrequency selective drift. Bragg grat-
fluctuations, especially changes in ambient temperature. Angs can be modeled as having by nonfrequency selective drift
obvious solution is the absolute control of semiconductor lasertheir reflectivity. DFB lasers based on Bragg gratings also
wavelengths for WDM applications. have this property. In order to insure that source frequency
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drift is independent of operating frequency, the source must IV. OpTICAL FFH-CDM
not undergo any mode-hopping in response to environmentairy,o proposed coded robust communications system em-

effects. For this reason Fabry—Perot lasers would not mall)q%ys techniques borrowed from CDMA. In this section we

suitable sources. introduce the standard mathematical formalism used to model

a CDMA system and to evaluate its performance. We adapt

this formalism to our particular system of 2-D codes, and we
Fiber Bragg gratings, usually produced by exposure derive modified expressions for the signal-to-noise ratio and

photosensitive fiber to ultraviolet light, have a refractive indeprobability of error.

that is spatially periodic along the fiber propagation axis.

The Bragg grating operates as an optical band-pass (or bandTime and Frequency Domain Characteristics

stop) filter centered at the so-called Bragg wavelength givenIn FFH-CDM system, the information bits are encoded

by the expressiomy = 2negA, where A is the grating with 2-D matrix codes simultaneously exploiting the time

penpd andneg IS th(_a effecpve index Of. Fhe core. The Braggand frequency domains. The matrix codes are chosen to be
grating wavelength is particularly sensitive to two parameter,

. ) 35 transparent (or mathematically orthogonal) as possible.
strain and temperature, which are usually used to tune Br P ( y g ) P

; i . y use codes adopted for RF FFH-CDMA as a starting
gratings and also makes them attractive devices for fiber-ba et for our analysis. These codes have their transparency

sensors. While our results apply equally to drift due to strai timized to combat two affects: time domain asynchroncity

temperature variations are most common, and in this paper |.S., user transmissions have a random relative delay modeled

ref_ﬁr‘eowgvt;;ﬁrrzﬁesrr?itfltjrguzfi(e)c:zh erature variatisg is with a uniform distribution) and frequency domain Doppler
9 P shift (due to relative motion of transmitter and receiver).

Adg = [(dneg/dT)/nex + (dA/dT)/AJAAT (1) Temperature-induced frequency drift in optical systems wiill
e characteristics different from those of Doppler-shifted

A. Bragg Gratings

. . ha
where the first term arises from the temperature dependenc;h o .
o . communications, and therefore the codes used will be
the refractive index, and the second term is due to the therma .
. . . . uboptimal. In order to assess the performance of these codes
expansion of the fiber. The former is dominant and accoun

. ) .~ “Via the signal-to-interference ratio (SIR) and bit error rate
for about~95% of the total shift. Experimental observanniBER) ( dis%:usse d later in Section IV(D) v3/e will average over
show that [5] )

AN the distribution of the temperature variation.
=28 — 6.67 x 107SAT )
B B. Encoding and Decoding

for the commgmcaﬂops band. This equgnon_ indicates thatIn an optical FFH system, each data bit is multiplied by a
wavelength shiftA\g is frequency selective, i.e., the con-

. ; . waveform called an FFH code or sequence. This waveform is
stant of proportionality betweets\p and AT is frequency g

4 . L concatenation of the so-call@tip pulses each of which
dependent. However, in practice, the wavelength drift is mu%&cupies a distinct frequency slot and is transmitted in a

narrower than the wavelength |tselﬁ,v3$0_ nm in the 1550 distinct chip time slot of durationf.. The FFH sequence can
nm band), and therefore we can approximatkg = 6.67 x be mathematically expressed as

1076 x 1550 x A7.

N
B. DFB Lasers a(t) =Y diipi(t — JTe) 3)
j=1

The operating wavelength of a distributed feedback (DFB)
laser is determined by the etched grating through the Bragtpere N is the length of the code (or the number of chips per
wavelength given byAg = 2pA/m, wheref is the mode bit), di. ; € {0,1}, for 1 < j < N, is thejth chip value of the
index, A is the grating period, andn is the diffraction kth user's codée7, is the chip duration an@ = N7, is the bit
order of the grating. Therefore DFB lasers have the sardaration. The chip signaling waveforgh;(¢), for 1 < j < N,
temperature dependence as Bragg gratings. In our analysisisually assumed to be rectangular with unit energy. In an
of an environmentally resistant FFH technique, we assurR€H encoding technique based on multiple Bragg gratings,
that no mode hops can occur in the transmission. This isyg(t) is the time-convolution of the incident data-modulated,
reasonable assumption for DFB lasers as the built-in gratideband, noncoherent short pulse with gle single grating
ing provides high stability of the longitudinal mode over @mpulse response. The impulse response of a single grating is
wide range of temperature (20-108 reported in [5]). The defined in this paper as the inverse Fourier transform of the
wavelength of a DFB laser changes with temperature at a rgtating complex reflectivity.
AXp /AT = 01 nmFC without mode hopping. In [6], it was In [1], we assumed that the data pulse is much nar-
recently demonstrated that DFB lasers designed from erbiwower than the impulse response duration. However in [3],
doped fiber also present a stable longitudinal and polarizatian experimental demonstration of the standard FFH-CDMA
single-mode operation without mode hopping in a range system shows that the impulse responses of actual gratings
temperature as wide as-196 to 200°C). Fabry—Perot lasers are much narrower than data modulated 300 ps pulses. The
are generally less stable than DFB lasers and frequently exhiliatings introduce very little expansion of the incident pulse.
mode jumps with the temperature variation. Such gratings can be modeled as a train of Dirac delta
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Fig. 2. (a) Reflected spectrum from the encoder (solid line) and the decoder (dotted line) and (b) the group delay for each frequency bin of the encoder
(solid line) and of the decoder (dotted line). The marks E and D have the same meaning as in Fig. 1.

functions when compared to data pulses lasting hundredsamofibient temperature. The temperature-shifted code pulse is
picoseconds. therefore

Since we assume noncoherent source is used and with on/off ‘
data modulatlon, the ;ystem is entirely positive. The d_ecod_mg i (t) = Z dy ;9% (t — jTe) 4)
operation at the receiver consists of a power-summation, i.e., o
square law detection and comparison of the recombined pulses
with a constant threshold. The phase spectra of the gratingéere ¥$(t) is the jth chip pulse whose center frequency
therefore, need not add coherently. Fig. 2(a) and (b) repowil be shifted for7,, # 1.
real measured characteristics of one standard FFH-CDMAIn a robust FFH-CDM system each usér for k =
encoder/decoder pair [3], where an eight-wavelength multiple. . ., K, transmits a sequencg corresponding to its own
Bragg grating is written in a fiber segment of length 8 cmemperaturély,, . At the receiver, the received signal is a sum
Each grating is of length 8 mm and spacing between cascaaddll the transmitted signals
gratings is 2 mm, as described in Fig. 1(a).

We introduce a special notation to express the sensitivity L = o
of the FFH code to environment temperature. kgtbe the r(t) =3 bt = m) ®)
transmitted FFH sequence at the temperaiyre- 1o+« AT, b=t

where Ty is an arbitrary nominal temperaturé\7’ is the whereb,, € {0,1} is thekth user information bit during the bit
amount of temperature variation which can change the tramsterval (0, '), 7, is the time delay of usér with 0 < 7, < 7.,
mitted wavelength by one incremergy, i.e., one frequency and «, is the temperature variation coefficient of ugerWe
slot, and« a coefficient which quantifies the temperaturassume each time delay is constant and uniformly distributed
variation in the system. While in practice temperature variatiaver a bit interval. The receiver applies a matched filter to the
will be continuous and not in discrete steps, we presentircoming signal to extract the desired user’s bit stream. For
discrete form of our analysis for heuristic reasons only. Theotational simplicity, we assume that the desired user’s signal
results apply equally to continuous temperature variation fi denoted byt = 1, » = 0. The matched filter output for

.
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bit interval (0,T) is thus high correlation among codes. In this system, as described in
Section VI-B, we modify squaréV = ¢) extended hyperbolic
B S (e dt congruence codes, already resistant to RF Doppler shift, for
y—/o e (t)r(®) this robust FFH-CDMA system. The codes used are one-
T K T coincidence sequences, i.e., 1) all of the sequences are of the
:/ c(f(t)c‘fl(t) dt + Zbk/ c?(t)c‘,j’“(t —7x)dt (6) same length, 2) in each sequence, each frequency is used at
0 k=2 0 most once, and 3) the maximum number of hits between any
pair of sequences for any time shift equals one [9], [10]. These
where we have neglected the effects of quantum noise afgtameters are usually measured using the so-called auto- and
thermal noise. The first term in (6) corresponds to the dgross-correlation functions defined in the following.
sired user, the second is multiple access interference (MAI).| et ex(i, j) be the frequency-hop pattern of ugewhen the
Ideally, the users’ codes should be mutually orthogonal (@me slot isi and the frequency slot i Thereforecy (i, ) is
transparent), leading to MAI equal to zero and the receivghe if there is a transmission for usem time slotl <i < N

outputy will be only the desired user contribution. When th@ng frequency slot < j < ¢; otherwise it is zero. Let
temperature of the desired user’s environment shifts from the

nominal temperaturdy,, the coefficienta; # 0, i.e., c2(¢t), Q = |minak| Qs = max ay.
the locally generated desired user's cod¥yt) is spectrally k k
shifted with respect to the transmitted code. In an ideal system
the first term is zero when the locally generated cofig)
does not match:{*(¢), i.e., the code should be orthogon
(or transparent) to any frequency shifted version of itsel
Assuming that tuning of the matched filter fraff{(#) to c* (¢)

Each code in the code family should be selected to maximize
he peak and minimize the sidelobes of the autocorrelation
function over all delays and frequency shifts

9 N
is accomplished by exploiting an auto-correlation peak of the R (7,8) = Z Zcm(i,j)cm(i —7,j—s)
code described in the next section, the receiver output becomes =0 i=0
T where—- N+ 1<7< N -1 @®
Y= /0 L (E)r(8) dt and —Q +1<s<Q—1

_ /T (e (t))thJrzA:bk /T ST (E — 1) dt where ideal auto-correlation correspondsitg,(0,0) = N,
0 s 0 the number of ones in the code (or the weight of the code)
= b N + MAI 7) and R,,,(r,s) = 0 otherwise. Secondly, the cross-correlation
should be minimized for all pairs of codes, ande¢,, in the

In most CDM systems, the MAI is the most importanfode family for all delays- and frequency shifts
noise source. For a large number of multiplexed signals, the

probability density function of the MAI is usually approx- gl

imated to be Gaussian, appealing to central limit theorem Bonn(7,5) = ;;Cm(l’])c"(l — T =)
arguments. To reduce the effect of the MAI, codes with =

specific transparency characteristics are required, especially where-N+1<7<N -1 ©)

codes that remain orthogonal (or almost-orthogonal) even and —Q; +1<s<Qy—1
under frequency and time shift.
where ideal cross-correlation correspondsig ,,(7,s) = 0
C. Auto- and Cross Correlation for all time and frequency shifts. Note that cross-correlation

A convenient way for representing an FFH code is by udgrm is visible in the MAI portion of the matched filter output
of a placement operator (or frequency hop pattern), i.e.,im(6). Ideal auto- and cross-correlation functions are difficult
sequence ofV ordered integers determining the placemer® acheive in realistic CDMA systems. We exploit codes
of frequencies in theV available time slots. Each user select§aving good, though not ideal, auto- and cross-correlation
a set of N frequencies from a sets gfavailable frequencies Properties.

S={fi.f2....f,}, whereN < ¢. The frequency-hop pattern
is usually represented by a mati®/ x ¢) showing the time .
and frequency plane. D. SIR and Probability of Error

Most codes developed for radio FFH-CDMA assuryie= To evaluate the signal to interference ratio at the receiver
g. Only a few code families can be generalizedNo< ¢; all output we require the probability density function of the time-
are suboptimal. In our system the numbBéiis determined by shift (or delay) as well as that of the frequency-shift between
the complexity of the encoder (see Section V-A). The numbeny users. We consider a system where all users transmit
of available frequenciegis limited by the expected maximumuwithout time synchrony. The probability density function (pdf)
variation of the environmental parameters (discussed furtherahthe random time delay is well modeled as uniform over a
Section VI). Codes used in other optical FFH-CDMA systentsit duration. A uniform density is not however, necessarily a
[12], [13] are not appropriate, as frequency shifts lead good model for thepdf of the temperature-induced frequency
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shift. LetII be the discrete probability density function of the
frequency-shifts so that [DFB |

Rl orE -

I(s) = Prob(frequency shift= s) and > Ti(s) = 1.

s=21+1 ' :
(20) . ,
orE & 2

In a real system, thpdfcan be estimated using statistical anal- :
. . - - . delay lines
ysis of the parameters influencing environmental fluctuations.
Let R, ,, be the cross-correlation averaged over delay afiy. 3. DFB array-based FFH-CDMA encoder.
frequency-shift between codes andn. Since the time-shift
and the frequency-shift are independent variables we arriveat

FFH signal

Bragg Gratings

1 iy P In [1]-[3], the FFH-CDMA waveform is passively applied

= 5N 1 Z 11(s) Z Rnn(7,5)- (1) 5 the data modulated signal via multiple fiber Bragg gratings.
s=rtntl T=oNH As shown in Fig. 1(a), we propagate the data modulated short
The variance of the cross-correlation between codeznd pulses along the multiple Bragg gratings which imprints its

an,n

n IS impulse response onto the signal. The grating frequencies

1 Q-1 N-1 B are selected and the gratings are physically placed along the
0’2"’":2N 1 Z II(s) Z (R (7, 8B n)? fiber in the order prescribed by the frequency-hop pattern
s=— 41 r=—N+1 12) [see Fig. 1(b)]. The round trip propagation time between two

_ ) ) ) gratings should correspond to a chip inter¥al Let L. be the
Since we do not know which codes will be active at an¥,m of one grating length and one spacing distance between

given time, we further average over all code pairs to a”i"é'djacent grating pairs, let be the speed of light, let.g

2 _ 2 H i . A .
ato® = E{o,, ,,} whereE indicates the expected value ovefe the average value of the effective refractive index; and
uniformly distributed indicesn andr». With these definitions, let n, be the effective group index; thefi, = 2n,L,/c
g ’ c T gtic/ -

the mean value of the MAI foi( active users can be expresseqyqrefore the total round trip time in a grating structure of

as pviar = (K — 1)Ry, . Assuming the interfering users arey; Bragg gratings is given bR(N — 1)L.no/c, effectively
statistically independent, the MAI has variance that can l&%termining the minimum bit duratiof. Fig. 2(a) and (b)
approximated as shows, respectively, experimentally measured reflectivity and
o3ar = (K = 1)o?. (13) delay time of a fiber multiple Bragg grati_ngs written tp the
) ) ) ) FFH code(As, A11, A3, Ag, A2, A9, Ag, A1) using the physical
The signal to interference can then be easily derived as parameters specified in Fig. 1(a). Recall tdat= 10 mm,
SIR= N?/(K — 1)o2. (14) e, T. =100 ps and?” = 800 ps. _ N
o When all gratings are written for high-coupling coefficient,
The output of the matched filter is compared to the threshalshding to very high reflectivityX95%) their wavelengths can
n = N/2 + puar to decide if a bit was transmitted. Usingnot be reflected more than one time as all significant energy at
the Gaussian assumption for the MAI, and assuming thgis wavelength is reflected by the first occuring grating. This
system is MAI limited (i.e. neglecting other noise sourcesheans that for the in-line structure of the proposed multiple
the probability of error for equiprobable data is given by  Bragg gratings, no frequency can be used more than one
P, = Prol{y > 1| b, = 0) - Prob(b; = 0) time. Furt_hermore, it is act_ua_lly difficult to superpose gratings
P < lb —1) . Prob — 1 with predictable characteristics, therefore, no more than one
+ Probly < | by = 1) - Prob(by = 1) frequency can be used at once. These physical properties

= E{Prody >n|b =0)+Proby <n|b =1)} coincide with those of one coincidence sequences defined
2 primarily in Section 1V-C.
= Q(N/V/(K —1)o?) = Q(VSIR) (15)  Atthe receiver, similar multiple Bragg gratings programmed
L oo —u? in the reverse order as the encoder will compensate the relative
whereQ(xz) = 5= [, e du. delays between the pulses received from the desired user the

dotted line curves in Fig. 2(a) and (b) presents the decoder
V. ENCODING-DECODING DEVICES reflectivity and time delay. The pulses from the desired user
As explained in Section Il, Bragg gratings can be modelewiill superpose in a peak, while the pulses from an interfering
as having nonfrequency selective drift in their reflectivityuser will contribute to background noise as quantified by the
Furthermore, fiber Bragg gratings are a key component dnoss-correlation.
several optical devices, especially DFB laser sources, whichAs described in Fig. 3, an array of DFB lasers can be used
are widely used in telecommunications due to their monomotie generate the multiwavelength signal. All wavelengths are
output, stability and simplicity. In this section, we present twsimultaneously modulated to generate the chip pulses, each of
possible FFH-encoding technigues and explain the enviramhich is passed through an appropriate delay line as prescribed
mental effect on the FFH signal. by the code. All the chip pulses are summed using a standard
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oy - the effectively transmitted sequence will ke, = [A_5;,
%‘8 5 A dta Alta A lta A 240 AMdta A 3+a A3t+a A2+a Aa Astal-
Ay 2 Let T be a vector of N — 1 components § — 1 = 10 in
A 2 1 Fhe examp_le of Fig. 4) describing the wavelength subscript
s increment in the code.
A 1|82
P Ay All]2 -1 I;.(¢) = subscripfu (¢ + 1)) — subscripfu(2)).
= g 2 -1 2 .
5 3 ! For example, the first componentbéquals the second wave-
g Ay . 1 -2 -1 2 length subscript of the code minus the first wavelength sub-
B A 2 211 ‘ 1 script. Forw,, we calculatd = [15 -2 -16 -76 —1 —2 3].
= Ay 1 J 112 2B """ ? Sincew,, is a simple frequency shift af, they have identical
= " o B 3 1 v >0 increment vectol. This means that the temperature variation
g A : ' ) changes the wavelengths but not the increment vdcthiote
A, 2 -1 1 § 27| that the increment vector is a placement operator of length
Ay |2 21 0 a<0 N-L _
RN 2 4 R/ In._our system where transmitters are not temperature-
-4 ; stabilized, the increment vector of the frequency FFH code is
. 0 DY 2 L sufficient to decode the message. The receiver starts with a
Ao [-1]-2 5 o decoder programmed for the desired user (that is for the correct
A 2 T 7 f increment vector) and tuned to a nominal set of frequencies
7 - corresponding to the nominal temperatufg The receiver
hg , L tunes the decoder gratings in unison (i.e., maintaining the
« > same increment vector) and searches for an auto-correlation

bit duration peak. In Section VI, we simulate the temperature effect on
the transmitted code, present the 2-D (time and temperature)
autocorrelation function and we show that the capacity of
this multiplexing system is reduced compared to the optical
optical WDM multiplexer. This FFH waveform generationFFH-CDMA with a stabilized environment.

process is clearly less interesting than one based on Brag@ve addressed Bragg gratings and DFB lasers as examples
gratings, because it requires a high number of devices lead#igencoding—decoding devices to combat the effect of the
to high-power loss. Other FFH-encoding techniques can Bavironment on the FFH-signal, however, it is important to
designed using a combination of spectral slicing and delayte that the robustness property of the system is inherent to
lines. Switching and/or tunability can be used to perforihe FFH communications technique itself and any encoding
programmable FFH encoding. devices having nonfrequency selective drift can be used.

Fig. 4. Temperature variation effect on FFH-CDMA signal.

B. Environmental Effects on the FFH Signal V]. ROBUST FEH-CDM SYSTEM PERFORMANCE

When the temperature of one FFH transmitter increases,, Fig. 5, we show a robust FFH-CDM system based on

all wavelengths of the transmitted FFH signal simultaneous'l.xuItiple Bragg gratings and composed of one programmable
and identically increase, i.e., nonfrequency selective drift. ’/'}ﬁceiver and¥ transmitters. A broad-band source and a rapid

mentioned in Section 11.B), the Bragg grating wavelength Shig&ternal modulator (at the chip-rate or lower) can be shared
actgally depends on the Bra}gg wavelength, but t'he restric"f:ﬁ‘i’\oung all the users or a subgroup of users to generate
region of interest (_30 nm n the 1550 nm reglqn) make& stream of broad-band short pulses (chip-duration). Each
nonfrequency selective d”f_t a reasonable assumption. For {RShsmitter uses its own low rate (bit rate) external modulator

DFB based FFH encoder, it should be assumed that no mgésert its data sequence into the incoming short pulses, and

hopping occurs when the temperature shifts. its fixed multiple Bragg gratings to insert its own code
If the spectrum of the data modulated wideband signal is P s J '

large and flat enough, the total transmitted energy does not . .

change with the ambient temperature variation. In effect, tﬁé Processing Gain

number of transmitted pulses and their energy do not changeThe processing gain PG is a critical integer parameter for

An example of an FFH encoded signal is shown in Fig. #4very CDMA system, as it quantifies the resources shared
with code wo = [AsA 4 A1 A 1A 204X 323 2 0A;5] between users via the codes. The higher the PG, the higher
at the initial ambient transmitter temperatu® (which the number of available codes and the greater the ease of
corresponds to the squares marked by 0). NP be the discriminating among users. In FFH-CDM, the PG for a code

positive temperature change corresponding to a wavelenfamily expressed as

drift of one incrementBy, i.e., the temperature causing to )

drift to Ax1. When the ambient temperature changes with PG = (number of available frequency slots

an amount equal tex times AZ7" becomingZ,, = 1y + AT x (number of available times slgts
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Fig. 5. Proposed robust FFH-CDM communications system.

where the number of frequencies available for occupation inWhile the EHC codes in [11] offer good performance
the system is limited by 1) the bandwidth of the source and ®)r frequency shifts from—q to ¢, our system has shifts
grating tuning bandwidth. The number of time slots is limitedonstrained by the guard bands (by construction the guard
by the number of gratings. Since the combination of fibdrands represent maximal frequency variation). Therefore our
stretching (up to 7 nm) and compression (up to 30 nm) leadsdes need to be efficient for shifts equal to

to very wide range of tunability in the system, we consider

that the source bandwidth is the limiting factor for determining (90— 9)/2< 5 < (20— 9)/2

the number of available wavelengths. In temperature stabili . o )
optical FFH-CDMA, the entire source bandwidth (BW) can é\z\% therefore propose the following modified EHC codes:
used for encoding, however this robust FFH-CDMA system _ [1/(ik) modq) if k # 0 modq)

requires upper and lower guard bands (each with bandwidth yio(k) = {0 if & =0 modq)

GB) to accommodate frequency drifts due to environmental fori=1,...,N—1; k=0,1,....N—1. (17)
effects. This results in a decrease in the number of frequency

slots ¢, hence a reduction of the processing gain and theThis derivesy—1 different modified (or truncated) extended
reduced capacity as compared to previously proposed FRiperbolic codes (TEHC), each of which usi¥sfrequencies
CDMA. The number of frequency slots is reduced per among the available. It should be noted that the TEHC have
BW — 2GB performance at least as good as the EHC codes, however,
Bo B, they remain suboptimal.

where By is the combined bandwidth of the frequency slog | ustrative Example
and spacing between slots.

g0 = versus g =

A superfluorescent source (SFS) can provide a signal of 30
nm bandwidth centered at the wavelength 1550 nm. Using
] ) . the same Bragg gratings physical parameters and wavelength

The encoding space is rectangulaV (time slots < ¢  gpacing as in [1], we achieve up gg = 135 available disjoint
frequency slots), however, most RF FFH-codes assiimeq. frequency slices taking into account the adequate spacing
In [11], the authors developed a new family of codes call§gbtween slots. In the time domain, a fiber of 20 cm length
extended hyperbolic codes (EHC) which have good auto- agdpports 12 gratings for a data rate of 500 MB/s. To match
qross-cprrelation properties under simultaneous frequency g oc 12 standard (622 MB/s), a shorter length of 16 cm
time shift. The EHC placement operator can be expressed @Sassumed here for 12 gratings without significant overlap

B. Derivation of Codes

~ [1/(ik +m) modp) if ik # —m mod(p) between chip pulses (physical spacing between gratings being
Yim(k) = {0 if ik = —m mod(p) reduced from 8 mm to 4 mm). With these parameters a
(16) temperature stabilized FFH-CDMA has P& ¢y x N =
135 x 12 = 1620.
where, p is a prime number (for our system = ¢), &k = In order to determine the guard bands required we assume
1,...,q — 1 is the number of chip time slotg, is the user 7, = 0°C to be the maximal temperature and 4 nm to be

number andn = 0, ..., ¢—1 is the so called message humbetthe maximum wavelength increase and/or decrease expected
For this application we can selegt = 0 and consequently due to temperature fluctuations. In [1], the fiber DFB lasers
reduce the cross-correlation between codes. While the Elge@sented high linearity in a temperature range as wide as
codes are not rectangular codes, they can be adapted to €400 °C in the interval £196 ° to 200°C), which leads to a
needs. Since the x ¢ codes satisfy the required auto- andrequency shift of~4 nm. This means that remaining band-
cross-correlation properties, any truncated codes ofgsizd  width for encoding is(30 — 2 x 4) = 22 nm corresponding

will also have the same properties. to ~99 wavelengths. For ease of code generation, we select
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Fig. 6. Two-dimensional (time and temperature shifts) autocorrelation fun|§|—g 7. Average probability of error versus capacity
tion. o '

rl) Average Probability of Error Versus Capacityn Fig. 7,

e present the average probability of error of the proposed
{gbust communications system as a function of the number of
users. The curves clearly show that the higher the number
of active transmitters, the higher the probability of error.
PG = (number of frequency slots 97) This is obviously due to the increase MAI interference. It is
important to note that the environment stabilized FFH-CDMA
system gives an upper bound [curve (a)] to the probability
of error in the system. Stabilization of the transmitters keeps
all users’ signals in the central frequency band and out of

In this section, we simulate two 12 frequency multiplghe guard bands, which leads to greater cross-correlation
Bragg gratings using the parameters of the previous illustratigetween users and higher MAI. On the other hand, a uniform
example in the previous section. To avoid long simulatiofistribution of the frequency shift gives a lower bound to the
time we restricted the number of available frequencies fgobability of error [curve (d)], as drifted codes tend to cover
q = 17. We derived the TEHC'’s as described in Section Vihe entire available bandwidth. Curves (b) and (c) correspond
B. We simulated ambient temperature variation 6200 respectively to a temperature shiftif with n = 2.55 x AT
to +100°C in 5°C steps. This includes, for example, theindn = 7.65 x AT'. As can be expected, decreasiptpads to
range of ambient winter temperature in &ec City, where increasing MAI and a degradation of the average probability
temperatures can be lower thar60 °C in open areas, andof error. Fig. 5 shows that for probability of error of 18
where it can exceed 3W in enclosed areas. Fig. 6 showshe system can accommodatet5 simultaneous users in a
that the correlation between an encoder maintained at nomigi@hperature-stable scenario, and 74 simultaneous users when
initial temperature of 0C and a decoder searching through athe temperature is uniformly distributed.
possible temperature and time delays. We use a high centrap) Single Probability of Error Versus Capacity:Suppose
peak (weight 12) when the decoder temperature ¥€@nd that one transmitter exhibits a frequency shift, therefore pulses
time synchronization is achieved. Otherwise, the correlatigfom its signal are present in a guard band. This reduces its

the prime number; = 97 as the effective available numbe
of wavelengths to be shared among the robust FFH-CD
system. The processing gain of the robust FFH-CDMA
consequently

x (number of times slots= 12) = 1164

D. Simulation Results: Autocorrelation Function

leads to sidelobes with maximum weight of two. coincidence probability with the interferers, i.e., reduces the
MAI, and consequently improves its probability of error.
E. Probability of Error Fig. 8 shows the single user probability of error versus the

To evaluate the system performance in terms of probabilfyymPer of users depending on the frequency shift of the
of error we assume a Gaussignif for the temperature, esired user. An unchanged temperature shift gives an upper

with meanT, and standard deviation. The temperature of bound to the probability of error since the variance of the MAI

each transmitter is assumed to be independent and identiciilyfne highest. When the transmitter exhibits the maximum
distributed. Simulations use parameters from the previo{f§auency shift the single probability of error achieves its
section and TEHC codes described in Section VI-B. In t{@Wer bound since the MAl is at its lowest.

following we evaluate the probability of error of the system
averaged over all users, as well as the probability of error of
a single user. We present the probability of error as a function
of the number of active users, for various valuesyoRecall We propose a new optical multiple access communications
AT is the temperature shift leading to frequency di. technique which is robust to environmental fluctuations and

VII. CONCLUSION
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Fig. 8. Single probability of error versus capacity.
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(2]

(3]

(4]

(5]
(6l
(7]
(8]

El

avoids any stabilization or conditioning of the transmitters.
We analyze the technique we call robust FFH-CDMA. W#UO0]
develop a modified version of extended hyperbolic congru-

ence codes to achieve environment-resistant codes. We derive

modified expressions of the auto- and cross-correlation furléll

tions.

The simplicity of the proposed robust communications
system makes it suitable for local area networks (LAN’sj2l
fiber-to-home access networks, short-haul communications,
security and surveillance systems, on-board naval and avionit3
communications. In such applications, the complexity and

bulk of frequency stabilization of the transmitters has lim-
ited the success of WDM. The robust FFH-CDMA system

avoids the stabilization problems of WDM and nonrobust

FFH-CDMA [1] at the cost of lower overall capacity. We
evaluate the processing gain of robust versus nonrobust F
CDMA. Simulation shows that for probability of error of
10~° the system can accommodate 45—74 simultaneous users
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