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Multiple Access in the Presence of Optical-
Beat and Co-Channel Interference Using
Walsh-Code-Based Synchronized CDMA Technique

C. C. Hsiao, B. H. Wang, and W. |. Wasgenior Member, IEEE

Abstract—We experimentally demonstrated the feasibility of CDMA signal centered at 672 MHz. The CDMA signal was
using Walsh-code-based synchronized code-division-multiple ac- generated by spreading a 1.5625 Mb/4°-2 1 pseudoran-
cess (S-CDMA) technique to achieve multiple access in the Pres-4om data with a 200-Mb/s Walsh code (using Walsh code

ence of optical-beat interference (OBI). This multiple access tech- .
nique can, thus, be applied to WDMA networks using subcarrier- 9€nerator #1) which had a code length of 128. A second

based common wavelength signaling, or PON’s which generally 1.3-um DFB laser (laser B), was used to generate OBI by

do not have wavelength control on uplink laser diodes. using a delayed self-homodyne interferometer (DSI). In other
Index Terms—Optical beat interference, passive optical net- WOrds, the setup including laser B and DSI was used to
work, synchronized code-division multiple access. generate a calibrated OBI and to simulate the beating of
two lasers. When laser B was left unmodulated, the DSI

|. INTRODUCTION produced an OBI centered and peaked at zero frequency. To

e%'mulate the real conditions when OBI can wander anywhere
in the RF spectrum (due to the drifting wavelengths of the

and passive optical networks (PON's) can be sever ating lasers), the baseband OBI was further up-converted

degraded due to the presence of optical beat interference (O r)usmg a tunable frequency synthesge_r. E|g. 2(a) shows
[1]-[6]. OBI occurs when two or more of laser transmitter ce upjconvertt.ad OBI measured at poitiFig. 1, when
with nearly the same wavelength are received simultaneousl received optical power at photodetector Hof B.) was

by a photodetector. Several techniques had been propose dBm. The OBI peaked at 672 MHz falls right into
reduce OBI in these SCM-based systems, including 1) ov&p€ center of the CDMA signal band, and the other two
modulating the laser [5], [6]; 2) adding out-of-band clipping®B!'S Peaked at 472 and 872 MHz correspond to the two
tones [4], [7]: and 3) combining forward-error-correctior;d9es ©of the CDMA signal band, respectively. Note that
(FEC) codes with out-of-band clipping tones [3]. Techniqui® small Lorentzian-shaped spike at 944 MHz [Fig. 2(a)]
1) has its limitation when there are multiple SCM channel¢@s dué to the nonlinearity of the up-conversion mixer.
driving the same laser, because additional nonlinear distortioff'€n laser B was modulated by a strong Walsh-code based
due to over-modulation may fall into the signal bandcPMA signal with an optical modulation index (OMI) of
Technigues 2) and 3) have their limitation when the number $#°% the OBl was suppressed significantly, as shown in
SCM channels is large and spread over a wide frequency rang#; 2(b). It. was observed that the OBI_IeveI was insensitive
because it becomes difficult to select appropriate clipping-to ith a variation<2.5 dB) to Tthe selection of c_enter carrier
frequencies to avoid clipping-tone-induced in-band nonlinef{eauency due to the averaging effect of multiple PN-code-
distortions. In this paper, we propose and demonstrate usffgdulated Walsh code tones. The large OMI was necessary
Walsh-code-based [8] synchronized code-division-multipl@9t only to suppress OBI level but also to increase the
access (S-CDMA) technique to achieve multiple access in tha@nsmission system power budget (laser A which carried
presence of OBI. Multiple access is achieved due to a) tHe other CDMA signal was also modulated at an OMI of
suppression of OBI by over-modulating the laser with a large35%). It can be seen that the spectrum of the suppressed
CDMA signal and b) the application of orthogonal WalsPBIl becomes flat, and that the power levels at 672 and

codes which use different row vector of the Hadamard mat¥¢2 £ 500 MHz were 24.4 dB lower and 6.6 2.2 dB
for each user [8]. higher than those of the original OBI spectrum. Note also that

a number of spiky narrow-band signal components, due to
Il. EXPERIMENT the short Hadamard code length of 128, was also observed.
Our experimental setup is shown in Fig. 1. A 8 Since OBl and signal are in reality received by the same
DFB laser (laser A) was modulated by a direct-sequenpotodetector, the OBI at point’Bwvas carefully adjusted
Manuscript received January 17, 1997; revised April 28, 1997. This WOFQ simulate what should be obtained at point when the
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Fig. 3. BER of the Walsh-code-based CDMA signal as a function of the
received optical power at photodetector R.(., 5 ). o: without OBI; A: with
Walsh-code-chirped OBI (RINg; = —93.4 dB/Hz);x: OBI peaked at 472

MHz; ¢: OBI peaked at 872 MHz0: OBI peaked at 672 MHz.

Fig. 1. Experimental setup.

and suppressed due to a large modulating CDMA signal (OMI
= 135%) applied to laser B.

The multiple access capability of Walsh-code-based CDMA
signals in the presence of OBI (which was generated from
DSI in Fig. 1) and CDMA co-channel interference (which
was generated from Walsh code generator #3 in Fig. 1) was

Stop : 1172 MHz tested and the results are shown in Fig. 4. When there was
@) no OBI, the CDMA signal can be received with a BER
of 102 at a signal-to-co-channel interference ratio {9/I
of —25 dB, where the co-channel interference power from
___________________________________ Walsh code generator #3 was carefully calibrated against the
24.4 received power of a single user. Although from the .S/l
dB W,LL»M | L%J: i the system can accommodate an estimated 317-5(01)
users simultaneously, the actual user number is limited by
T the code length, i.e., the maximum system capacity is 128
Start : 172 MHz Stop : 1172 MHz users. Next, to test the BER degradation in the presence
(b) of OBI, three different levels of chirped OBI with a flat
Fig. 2. Spectra of OBI’s. (a) “Unchirped” OBI peaked at three different freSPectrum were added to the signal. The relative intensity
quencies and (b) comparison between the spectra of “unchirped” and “chirpgtdise associated with each OBI level is expressed in terms
OBI. The latter has a flat spectrum due to the large Walsh-code-based COMARINGpr = <i20BI>/I(21c' Where<i20131> is the spectral density
signal modulation. The output from the delayed self-homodyne |nterferomete]{ . . .
was —19 dBm. of the OBI noise current andl. is the received photocurrent
from laser A. Note that we used RH¥; instead of ROBIN £
. 12 51)/ Lsignallinterferer) [4] because the OBI in our experiment
despread by a perfectly-synchronized Walsh code. As shoygs artificially generated from the DSI setup, and was not due
in Fig. 1, the synchronized conditions were carried out by the actual beating between signal and interference lasers.
carefully adjusting the 672-MHz carrier phase and the cod@erefore, the net effect of the separately generated OBI on
delay at the receiving end. Walsh code generator #3 with g signal laser BER performance is due to the OBI-induced
power and delay properly adjusted was used to simulate {nsity noise relative to the received signal power. When
total interference generated by other synchronized users itha added RINg; was —95.4 dB/Hz (the received power at
multiple access environment. photodetector AP, ,, is —24 dBm, and the received power at

When laser A was modulated at an OMI of 135%, it@hoto_detector BP,z, is —20 dBm), which was a very strong
bit-error-rate (BER) test results for several different OBhtensity noise, the required $/I@ BER= 10-° was forced
conditions are shown in Fig. 3. It is clear that when thg increase from—25 to about—22 dB which corresponds
“unchirped” OBl falls right into the center of the CDMA signalan estimated 159 interferers. Again, due to the codelength
band, i.e., OBI peaked at 672 MHz, there is a power penaliyhit, we can only have a maximum of 128 users. When
of about 14 dB @ BER= 10~?, comparing with the case of the added RINg; was further increased t693.4 and—91.4
no OBI. This large power penalty was reduced to about 9 diB/Hz (by decreasing the optical attenuation before photo-
when the un-chirped OBI drifted to either edge of the CDMAletector B by 1 and 2 dB, respectively), error floors occurred
signal band, i.e., OBI peaked at 472 or 872 MHz. The powas can be observed in Fig. 4. Nevertheless, 128 users in the
penalty was further reduced to 6 dB when the OBl is “chirpediresence of a high Rk of —95.4 dB/Hz are quite sufficient
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10° CDMA signal (when compared to those of a perfect code-
o ., phase condition).
10 | . o m s
0% b . ", Y ll. CONCLUSION
C. ¢ . A By taking advantage of the excellent orthogonality among
wio™ F o i . RING = Walsh codes, we have demonstrated that S-CDMA technique
107 F w  Ol4dB/H: can be successfully used in lightwave networks where strong
Signdi®  RINje RIN(,,,,/=_. OBI and co-channel interference are present. We have shown
L e that, if each laser is modulated by a large CDMA signal,
. e ¢ . multiple access and significant OBI suppression can be simul-
E PRt 't A Al I S R T T S BN N1 . . . .
0 e 26 24 22 20 s s taneously achieved. Since no out-of-band clipping tones were
Sh,, used to suppress OBI, not only additional nonlinear distortions
| j ! (128 I | can be avoided, but also significant modulating power can be

399 252

159 101 64
Number of Simultaneous Users Causing the /1,

40 saved to maximize the system power budget. Since it is easy
to share a single laser by multiple S-CDMA signals within the
same signal band, the number of lasers in a network and the
Fig. 4. BER versus signal-to-co-channel interference ratia{pfor differ- pmbablllty of opthal beatmg can both be reduced. We.have
ent levels of added OBI. The corresponding numbers of simultaneous usalgo shown that, with a data rate of 1.5625 Mb/s and a chip rate
which cause the S/i’s are also shown in the second horizontal axis. of 200 Mb/s, the S-CDMA network can accommodate as many

as 128 users simultaneously (limited by the code length), even

for a PON, or a WDMA network using common-wavelengt}iln the presence of a very strong DSI-generated OBI level of
SCM signaling. Note that if we assume that each laser has RiNopr = —95.4 dB/Hz.
intrinsic RIN of —140 dB/Hz, the total added RIN noise from
128 users is-140 + 10 -log (128) ~ —119 dB/Hz, which is
insignificant compared to the OBI RIN noise. We must alsqi] c. besem, “Optical interference in subcarrier multiplexed systems with
emphasize that the maximum 128 users do not have to use mzu;tci)pIezgpticaglagcoarriers,’1EEE J. Select. Areas Commungl. 8, pp.
- .1 12901295, 1990.

128 lasers because a smgle laser can be sr_\ared by multu‘[%? B. H. Wang, K. Y. Yen, and W. I. Way, “Demonstration of gigabit
S-CDMA users, and during a short period of time, only a few = WDMA networks using parallelly processed subcarrier hopping pilot-
lasers may run into the same wavelength and generate optical gogn; gi Silgg\;éing technique,TEEE Photon. Technol. Lettvol. 8, pp.
beats. . _ [3] N. Hayashi, H. Yoshinaga, and K.-I. Suto, “Eight channel upstream

Generally speaking, networks using CDMA must have a transmission demonstration for subcarrier multiple access networks,” in
tight power control on all transmitters (as in wireless net- n I00C'95 Tech. Dig.,1995, pp. 66-67.
works). However, in our experimental conditions, the receive&

i = limited by code-length
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