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Multiuser OCDMA System Demonstrator With Full
CDR Using a Novel OCDMA Receiver

Julien Faucher, Student Member, IEEE, Rhys Adams, Student Member, IEEE, Lawrence R. Chen, Member, IEEE, and
David V. Plant, Member, IEEE

Abstract—We report the first multiuser optical code-division
multiple-access (OCDMA) system demonstrator with full clock
and data recovery using a novel OCDMA receiver. We achieve
receiver sensitivities of —19.1, —16.3, and —9.2 dBm for one, two,
and three users, respectively, at a BER < 1071° using a 22° — 1
pseudorandom binary sequence. Our results show the viability of
OCDMA as a transport technology for access networks.

Index Terms—Clock and data recovery (CDR), optical
code-division multiple-access (OCDMA), optical fiber com-
munications, optical networks, optical receiver.

1. INTRODUCTION

PTICAL code-division multiple-access (OCDMA) is a
O promising technology for use in optical access networks
carrying bursty and asynchronous traffic [1]. Two-dimensional
(2-D) wavelength-time (A — t) OCDMA has been explored as
a means to provide greater flexibility in code design, increase
the number of simultaneous users, increase data throughput, and
provide better scalability to accommodate more users [2]-[4].
To date, most or all OCDMA technology demonstrators have re-
lied on the availability of a global clock in system implementa-
tion and testing, especially for performing bit-error-rate (BER)
measurements [5]—[7], which is not representative of a real func-
tional access network. For OCDMA to be a competitive alterna-
tive to conventional multiple-access schemes, such as time-di-
vision multiple-access (TDMA) and wavelength-division mul-
tiple-access (WDMA), full clock and data recovery (CDR) at
the receiver end must be demonstrated. In this letter, we report
the first multiuser OCDMA system demonstrator with full CDR.
This is enabled by a novel OCDMA receiver that was designed
using commercially available components. In addition to recov-
ering the clock from the OCDMA signal, the receiver converts
the multilevel return-to-zero (RZ) signal with a 1/N duty cycle
(N is the number of time chips) to a binary nonreturn-to-zero
(NRZ) signal for further processing. The OCDMA receiver al-
lows digital logic circuits to process OCDMA data in the same
way as if TDMA or WDMA had been used in the transport net-
work.
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(a) OCDMA demonstrator with CDR, (b) OCDMA receiver. ED: Error

II. OCDMA SYSTEM DEMONSTRATOR
A. Experimental Setup

Fig. 1(a) shows the OCDMA system that was implemented
and tested. Unlike other OCDMA systems [5]-[7], no global
clock is used at the receiving end to perform BER measure-
ments. Instead, the clock is recovered from the data by the
OCDMAA receiver described in Section II-B.

The OCDMA system is based on the 2-D A — ¢ depth first
search codes (DFSCs) described in [4]. While many different
2-D )\ — ¢t code families exist, we have focused on DFSCs since
they possess the following key advantages: 1) the codes can
be designed using fewer time chips and, thus, are able to sup-
port higher data rates and 2) since for a given code dimension a
greater number of codes can be generated, they can fully exploit
the gain provided by forward error correction (FEC) to allow for
a large number of simultaneous users operating with good BER
performance [4].

In our system demonstrator, we use codes having eight wave-
lengths, eight time chips, and a weight of four. The chip rate is
OC-24 (1.244 16 Gb/s) and the bit rate is OC-3 (155.52 Mb/s).
Of the 31 possible codes generated by the DFS algorithm, we
use the three codes illustrated in Fig. 1(a). The two interferers
(Enc 2 and 3) were chosen such that each has two wavelengths
in common with the desired user (Enc 1), thereby making the
task of identifying the autocorrelation peak more difficult (this
represents a worst-case scenario among the 31 codes generated
by the DFES algorithm). A “1” data bit is represented by a broad-
band pulse (modulated amplified spontaneous emisson from a
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TABLE 1
OCDMA SYSTEM DEMONSTRATOR PARAMETERS

Parameter Value

1547.6 nm - 1553.2 nm
100 GHz (0.8 nm)

Wavelength range
Channel spacing

Data rate 155.52 Mbps (OC-3)
Chip rate 1.24416 Gbps (OC-24)
PRBS 220

Photoreceiver bandwidth 800 MHz

broad-band source) having a duration equal to the chip time; no
power is transmitted for a “0” bit. The data from the different
users are then optically encoded. The encoders and decoder are
constructed using commercially available wavelength demulti-
plexers/multiplexers, power splitters, and combiners; the time
delays are obtained by splicing appropriate lengths of fiber, each
carefully measured to have less than +5% of a time chip of error
in order to minimize the effects of encoder/decoder mismatch
[8]. The decoder (Dec 1) performs matched filtering before de-
tection. Erbium-doped fiber amplifiers are used to amplify the
signals. The target BER is 10! using a pseudorandom binary
sequence (PRBS) length of 22° — 1 for each user. All three users
transmit at the same power. Various lengths of decorrelating
fiber, corresponding to time shifts of 8 to 16 bits, are used to
emulate different bit streams for each user. The system param-
eters are summarized in Table 1.

B. OCDMA Receiver

The OCDMA receiver is made of five building blocks [see
Fig. 1(b)]: a photoreceiver (photodetector + transimpedance am-
plifier), a quantizer (Q)), a SONET CDR, a 1:16 deserializer
(Des), and a controller (Ctrl). The quantizer and the CDR are
from Analog Devices (part #ADN2819), while the deserializer
is from Maxim-IC (part #MAX3885).

The quantizer applies a threshold on the incoming data
in order to filter out multiaccess interference (MAI) from
the interferers. The CDR recovers the clock at twice the
chip rate, or OC-48, to accommodate the 1:16 deserializer
(2.488 32 Gb/s/16 = 155.52 Mb/s). Clock recovery at OC-24
would also work, provided a 1 : 8 deserializer is available. With
equal rise and fall times, a 1: 8 deserializer is preferable since
the autocorrelation peaks of the OCDMA signal are sampled
in the middle. With unequal rise and fall times, it may be
advantageous to sample the autocorrelation peaks at a slight
offset from the middle. The 1: 16 deserializer allows this, at the
cost of a higher bandwidth CDR (OC-48 instead of OC-24).

The 1: 16 deserializer produces a 155-MHz clock by dividing
the clock output of the CDR by 16. It also converts the RZ
signal with 1/8 duty cycle to an OC-3 NRZ signal. Port 1 of the
16-bit deserializer output serves as the OCDMA receiver output.
Without the controller, data could appear on any one of the 15
unused ports of the deserializer output. When the link is first
established, the controller configures the deserializer such that
data is steered to Port 1. This is accomplished by monitoring
activity on Port 1 and sending appropriate retiming/reframing
signals to the synchronization input of the deserializer.
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Fig. 2. (a) Three OCDMA encoded signals (“X in Fig. 1) merged on the
same fiber (8 bits of the 22° — 1 PRBS are shown). (b) Decoded signal (“Y"” in
Fig. 1). (c) Photoreceiver output (“Z” in Fig. 1), just before the quantizer.

The OCDMA receiver can be used in OCDMA systems other
that the one described here. The receiver supports chip rates of
0OC-3, OC-12, OC-48, Gigabit Ethernet (GbE), and 15/14 FEC
rates. The supported bit rates depend on the number of time
chips N in the OCDMA code and the availability of a 1 : N
deserializer. With higher speed electronics, the design can be
scaled up to higher chip and/or bit rates. For example, a receiver
built from a 10-Gb/s CDR and a 1 : 8 deserializer could support a
bit rate of 1.25 Gb/s (assuming eight time chips). Such areceiver
could enable the use of OCDMA in gigabit passive optical net-
works (ITU-T G.984 GPON and IEEE 802.3ah EPON), which
currently use TDMA as an access method. Considering that 1)
multiaccess networks typically operate at slower data rates than
long-haul networks, and 2) the design is based on off-the-shelf
SONET components, this solution will leverage the develop-
ment of 10- and 40-Gb/s electronics to support 1.25-5-Gb/s bit
rates cost and time effectively.

III. MEASUREMENT RESULTS

Fig. 2(a) and (b) shows all three encoded and the decoded op-
tical signals, respectively (measured with an optical sampling
module having a 12.5-GHz bandwidth and 32 X averaging);
Fig. 2(b) confirms that the reconstructed desired signal (auto-
correlation peak) is indeed distinguishable from the MAI. The
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Fig. 3. Recovered clock and data. The width of the eye is about 6.4 ns,

corresponding to a bit rate of 155.52 Mb/s (OC-3).

TABLE 1I
RECEIVER SENSITIVITY RESULTS

Sensitivity® Power penalty
Case (dBm) (dB)
Desired user -19.1
Desired user + 1 interferer -16.3 2.8
Desired user + 2 interferers 9.2 9.9

aBER < 10719, 220-1 PRBS.

[BEasmy |

100 mV/div

200 ps/div

Fig. 4. Photoreceiver output (“Z” in Fig. 1) at receiver sensitivity (—9.2 dBm)
with all three users present on the network. The width of the eye is about 800 ps,
corresponding to a chip rate of 1.244 16 Gb/s (OC-24).

cross-correlation pulses in the decoded waveform correspond to
the interfering wavelengths that are retained by the decoder.

Fig. 2(c) (no averaging, 10-s persistence) shows the signal
after the photoreceiver, which has a bandwidth of 800 MHz.
The output of the OCDMA receiver, after 3R regeneration, is
shown in Fig. 3. The measured root-mean-square (rms) jitter on
the recovered clock was 15.6 ps (0.002 UI rms). The receiver
not only recovers the clock from the OCDMA signal, it also
converts the multilevel RZ signal with a duty cycle of 1/8 to an
OC-3 NRZ signal.

The sensitivity of the OCDMA receiver was measured using
three different test conditions, which are listed in Table II. Fig. 4
shows the eye diagram of the signal after optical-to-electrical
(O/E) conversion (signal “Z” in Fig. 1) for the worst case sce-
nario (desired user + two interferers). Note that the sampling
oscilloscope was triggered at the chip rate in Fig. 4, whereas,
it was triggered using the pattern sync signal from the pulse
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pattern generator in Fig. 2(c). For the situation with the de-
sired user only, the measured sensitivity was —19.1 dBm at a
BER < 107!° using a PRBS of length 22° — 1. The intro-
duction of one and two interferers caused power penalties of
2.8 and 9.9 dB, respectively. We attribute the power penalties
largely to MAI and beat noise. MAI is expected to vary with
the OCDMA codes being used, while beat noise is known to
limit performance in OCDMA networks [9]. We obtained a sen-
sitivity of —15.5 dBm when only the desired user was transmit-
ting over 7 km of single-mode fiber (with no dispersion com-
pensation), corresponding to a power penalty of 3.6 dB relative
to the back-to-back case.

IV. CONCLUSION

We have described a multiuser OCDMA system demonstrator
with full CDR using a novel OCDMA receiver. No global clock
was used in the system. The receiver functionality was demon-
strated in a 2-D A — ¢ OCDMA system, but can be used in other
OCDMA systems. The receiver uses commercially available
components and allows OCDMA to be compatible with digital
logic circuits developed for TDMA and WDMA networks. Our
results show the viability of OCDMA as a transport technology
for access networks.
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