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We overview and summarize the progress of the spectral phase encoded time
spreading (SPECTS) optical code division multiple access (O-CDMA) technol-
ogy. Recent progress included a demonstration of a 320 Gbit/s (32-user
X 10 Gbit/s) all-optical passive optical network testbed based on the SPECTS
0O-CDMA technology and a theoretical prediction of the spectral efficiency at
100% and above. In particular, InP-based integrated photonics allows imple-
mentation of SPECTS O-CDMA transmitters and receivers monolithically in-
tegrated on a chip. The integrated InP chip technology not only allows robust
and compact configurations for practical and low-cost O-CDMA network de-
ployments but also offers code reconfigurations at rapid rates for secure com-
munication applications. © 2007 Optical Society of America

OCIS codes: 060.4080, 060.4510, 130.3120.

1. Introduction

The explosive traffic growth in the Internet has spurred deployment of optical tech-
nologies in wide-area and metropolitan-area networks (WANs and MANSs). In local
access networks (LANs), optical transport and switching are no longer the primary
considerations, but most important issues are flexible utilization of large networking
capacity as well as practical issues related to cost, complexity, and size. In addition,
security enhanced by physical layer mechanisms can help alleviate complicated
encryption and decryption electronics running at high speeds, especially at the bound-
ary of LAN and MAN/WANSs. Wireless code division multiple access (W-CDMA) has
been a great success in LANs—unlike frequency division multiple access (FDMA) and
time-division multiple access (TDMA) technologies, the W-CDMA technology was rela-
tively immune to multipath interference noise and allowed a common set of “chan-
nels” to be deployed in neighboring cells. Consequently, rake-receivers could be
deployed in W-CDMAs so that signals can be collected from all directions. The overall
improvement in the bandwidth utilization and signal-to-noise ratio in W-CDMA over
the competing technologies is estimated at four times or greater. In addition to the
performance advantage in W-CDMA, efficient and compact W-CDMA chip develop-
ment allowed rapid market-driven transition from the conventional FDMA and TDMA
wireless LAN technology to the W-CDMA LAN technology.

A natural transition to the next generation LAN is to consider optical-CDMA
(O-CDMA) that can potentially exploit the advantages of CDMA and the high capacity
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Fig. 1. Operating principles of selected O-CDMA schemes: (a) incoherent time spread-
ing, (b) SPECTS, (c) wavelength/time coding.

of optical networks. There are significant challenges in this transition from W-CDMA
to O-CDMA, primarily due to the immensely higher carrier frequency of optical
waves, and also due to the practical need to develop a new optical chip for O-CDMA
networking. In W-CDMA, the code is applied in the time domain, in series to the data
modulation over the microwave carrier in the approximate gigahertz range. On the
other hand, O-CDMA has the optical carrier frequency exceeding 100 THz, and it is
difficult to achieve such a code modulation in time. Consequently, O-CDMA research
investigated optical codes applied in various combinations of wavelength and time
domains. Also, in O-CDMA, the fast carrier frequency allowed considerations of coher-
ent and incoherent O-CDMA technologies. Various O-CDMA schemes fall into catego-
ries defined by coherent-versus-incoherent, synchronous-versus-asynchronous, and
various coding methods in the wavelength and time domains. Figure 1 shows opera-
tion principles of three possible O-CDMA schemes: (a) incoherent time spreading
[1-3], (b) spectral phase encoded time spreading (SPECTS) [4-13], and (c¢) two-
dimensional wavelength/time coding [1,14,15]. References [16—20] provide summaries
and historical perspectives of earlier O-CDMA schemes. This paper discusses the
SPECTS O-CDMA technologies, systems, and networking testbed demonstrations,
including development of monolithically integrated InP SPECTS O-CDMA microsys-
tems on a chip.

2. SPECTS O-CDMA Operating Principles

SPECTS O-CDMA exploits the femtosecond pulse-shaping [5] technique. Figure 2
illustrates a pulse shaper apparatus used as (a) a SPECTS O-CDMA encoder and (b)
a SPECTS O-CDMA decoder. The pulse shaper is composed of a pair of diffraction
gratings, a pair of lenses, and a spatial light phase modulator (SLPM). In SPECTS
O-CDMA, encoding is accomplished by phase-shifting individual slices (i.e., chips) of
the optical spectrum. The encoding can exploit binary (quaternary) codes with 0 or =
phase shift (0, #/2, 7, or 37w/2 phase shift) on each chip. This spectral phase shifting
causes the pulse to spread in time by an amount proportional to the code length. To
correctly decode a pulse, we apply the conjugate of the encoding code, thus recon-
structing the short pulse, and doing otherwise will “incorrectly” decode the pulse. The
code sets we use are quasi-orthogonal and if we decode using another code from the
set, the pulse remains spread in time. A typical receiver, with a data-rate-limited
bandwidth, will not distinguish between the correctly and incorrectly decoded pulses
since each has comparable energy within a bit period. Therefore, it is necessary to use
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Fig. 2. Optical pulse shaping by spectral phase manipulation, exploited in the
0O-CDMA technology of realize (a) O-CDMA encoding, (b) O-CDMA decoding, and (c)
0O-CDMA encoding and decoding using InP chips employing arrayed waveguide gratings
and phase modulator arrays.

either a short time gate to select out the correctly decoded pulse or a nonlinear detec-
tor that responds selectively to the high peak power of a correctly decoded pulse. Since
SPECTS O-CDMA does not depend on direct-sequence encoding, the user’s data rate
can be variable and can increase up to the maximum rate supported by the optical
network. Therefore, SPECTS is one of the most promising O-CDMA technologies for
future terabit-per-second access networks.

3. SPECTS O-CDMA System and Networking Testbed

The SPECTS O-CDMA testbed consists of a zero-dispersion pulse shaper [12,13],
implemented in bulk optics with fiber pigtails and the O-CDMA encoders and decoder
exploiting reflective, two-dimensional, liquid-crystal spatial light phase modulators
(LC-SLPMs) [14]. Figure 3 shows a diagram of the 32-user, time-slotted, polarization
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Fig. 3. Diagram of 32-user O-CDMA testbed with FEC. The experiment includes
erbium-doped fiber amplifiers (EDFAs), attenuators, a pulse pattern generator (PPG), a
bit error rate tester (BERT), an optical/electrical (O/E) converter, a nonlinear optical
loop mirror (NOLM), highly nonlinear fiber (HNLF), a polarization beam splitter (PBS),
time multiplexer (time MUX), and polarization multiplexer (polarization MUX).
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multiplexed SPECTS O-CDMA testbed. A harmonically mode-locked (ML) fiber laser
source running at 9.95328 Gbit/s (OC-192) generates optical pulses to be used by all
O-CDMA nodes (users). The laser source consists of a ML fiber laser with an amplifier
and a pulse compressor (a dispersion decreasing fiber) producing a train of 450 fs,
1 THz FWHM optical pulses. This pulse stream is modulated with a 231—1 pseudoran-
dom bit sequence (PRBS) before it is multiplexed into two time slots. With
9.95328 Gbit/s (OC-192) data, the time multiplexer (MUX) produces a second data set
offset ~50 ps from the original, while the polarization MUX produces a separate
orthogonally polarized data set. This ultimately allows up to 32 users (eight
encoders X two time slots X two polarizations) to be supported on the system. We note
that the system currently does not employ any transmission fiber, but transmission
and recovery of femtosecond pulses (required for SPECTS) have been shown for up to
50 km of fiber [21], with actual SPECTS systems employing up to 2.5 km of fiber [9].
The eight encoders 1-8 each apply a different 64-chip Walsh code to their respective
data streams, and the decoder applies a code that is the conjugate of the first encoder
(Encoder 1). Therefore, the data from Encoder 1 will be correctly decoded (intended
user) and the data from the other encoders will be incorrectly decoded (interfering
users). Walsh codes are advantageous in the synchronous O-CDMA networking
because of their property of minimizing energy from interfering users in the temporal
neighborhood of the correctly reconstructed user’s optical pulse, minimizing interfer-
ence within the gate window. In asynchronous O-CDMA networking, m-sequence
codes are preferred. Variable optical time delays are used to align each user’s time slot
to better than +1 ps and variable attenuators are used to equalize the users’ powers
within +0.2 dB. A dispersion compensated erbium-doped fiber amplifier (DC-EDFA)
with 15 dBm output saturation power compensates for the optical losses before the
signals go on to the decoder. Due to excess dispersion from the modulator along with
residual dispersion and the spectral narrowing effects in the encoders and the
decoder, the output pulse width at the decoder is typically 750—800 fs. In this setup,
a nonlinear optical loop mirror (NOLM) gates one of the time slots before the nonlin-
ear thresholder. The NOLM gate window is 3 ps (FWHM) and achieves nearly 20 dB
of suppression outside the window. The pulse from the intended user is then passed
through a low-noise DC-EDFA before going to the nonlinear thresholder. The thresh-
older uses a power DC-EDFA to amplify the signal before it goes into 500 m of highly
nonlinear fiber (HNLF) (Sumitomo HNLF 1322AA-2). If the user’s pulse has been cor-
rectly decoded, the high peak power of the short pulse generates a spectrum at longer
and shorter wavelengths due to self-phase modulation (SPM) and other nonlinear
effects in the HNLF. A long-pass filter then passes wavelengths longer than 1578 nm.
The lower peak power of the incorrectly decoded pulses will not generate much addi-
tional spectrum and will be largely blocked by the long-pass filter. The typical power
contrast ratio between correctly and incorrectly decoded pulses is better than 20 dB.
Additional details of the thresholder operation are covered in [9,10].

3.A. Transmitter with FEC

The transmission of each user originates from a single source that consists of a ML
laser followed by a data modulator. The ML laser produces 450 fs width pulses at a
9.95328 GHz repetition rate. The narrow temporal widths are necessary to create suf-
ficient spectrum for SPECTS encoding and decoding. The pulse train is on—off keyed
via a LiNbO3; Mach—Zehnder modulator with an OC-192 PRBS, length (231-1), that
may be optionally forward error correction (FEC) encoded using a well-known Reed—
Solomon code [RS(255,239)]. When FEC is in use, the data rate is lowered to
9.250698 Gbit/s to accommodate the 6% coding overhead, maintaining the OC-192 bit
rate into the modulator. The modulated light pulses are distributed between the eight
O-CDMA encoders and multiplexers. Although each user’s data originate from the
same source, delays on each MUX and encoder path ensure that each user’s data are
offset by several bits. This decorrelates the PRBS between users and simulates indi-
vidual data streams.

3.B. SPECTS Encoders and Decoder

The encoders and the decoder in the bulk optics O-CDMA testbed of Fig. 3 are com-
posed of fiber pigtailed, bulk-optics-based femtosecond pulse shapers [7]. Briefly, the
encoded data streams are collimated onto diffraction gratings, spatially spreading the
spectral components of the incident pulses. The spread spectrum is incident upon an
SLPM, which applies a phase shift to different portions of the spectrum, as designated
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by the O-CDMA codes. Additional phase shifts may also be applied to help compensate
for dispersion in transmission fiber [9,22]. To transfer the signal between the fiber
components and bulk-optic components, collimators are employed. In the testbed, sig-
nificant savings in cost and space are achieved by employing cylindrical optics and a
reflective two-dimensional SLPM, as this allows multiple pulse shapers to be imple-
mented in parallel using a single set of optics. After reflecting back into the fiber, the
circulators are used to route the encoded signals through the remainder of the system.
All O-CDMA-encoded data sets are combined and sent to a single decoder that applies
the conjugate phase code of the desired signal. Since both the circulator and the dif-
fraction grating of the pulse shapers are polarizing, the decoder selects the desired
polarization of the polarization-multiplexed signal. Although the bulk optics of the
current encoders—decoder prevent them from being used in a true telecom environ-
ment, the equivalent functions can be performed using compact arrayed waveguide
gratings and phase shifters [10,23,24] depicted in Fig. 1(c).

A key to achieving high performance in the O-CDMA system is the choice of codes.
In this case, 64-chip Walsh codes are chosen since they ideally produce orthogonal sig-
nals when used synchronously. The multiple access interference (MAI) produced by
Walsh codes are never coincident with the correctly decoded signal, and are instead
displaced to occur before or after it. This creates an interference-free window for the
recovered pulse. In reality, slight irregularities in the pulse shapers cause the window
to narrow, and we have thus chosen Walsh codes 5, 6, 16, 28, 34, 40, 52, and 54 for use
in the encoders, since this particular subset produces an optimum window among all
users. (See Table 1.) For the measurements, Walsh code 5 is used in the decoder.
Attempts to optimize the receiver for detecting the other codes are currently under
investigation.

Table 1. Sixty-Four-Chip Walsh Codes of the O-CDMA Testbed®

Code
Number (1= phase shift, 0=no phase shift)

5 11110000111100001111000011
11000011110000111100001111
0000111
10000

6 10100101101001011010010110
10010110100101101001011010
0101101
00101

16 10010110011010011001011001
10100110010110011010011001
0110011
01001

28 10111001011001100110011010
01100110011001011001100110
0110100
11001

34 10101010101010101010101010
10101001010101010101010101
0101010
10101

40 10010110100101101001011010
01011001101001011010010110
1001011
01001

52 10011001100110010110011001
10011001100110011001101001
1001100
11001

54 10100101101001010101101001
01101001011010010110101010
0101101
00101

“Code numbers have been designated by the Hadamard command in MATLAB and indicate the row or column of the gener-
ated symmetric matrix.
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3.C. O-CDMA Receiver

The O-CDMA receiver performs postdecoder processing of the signal and includes the
thresholding function. It also contains an NOLM that serves as a time gate for select-
ing between the two time-multiplexed users. The NOLM switches through the desired
time slot by impressing a 7 phase shift on the counterclockwise propagating signal,
where the phase shift originates from cross phase modulation induced within the non-
linear element, 500 m of HNLF. The stimulus for cross phase modulation is a 3 ps,
~1540 nm control pulse stream with a repetition rate of 9.95328 GHz, aligned with
the desired time slot. After the NOLM, the influence due to MAI is reduced by using
a nonlinear thresholder, whose operating principle relies on spectral broadening
resulting from SPM of incident signals within 500 m of HNLF. The correctly decoded
signal will have high peak powers that can induce the spectral broadening, and these
components may be filtered out and passed on to the O/E converter. MAI, with its
relatively low peak power (despite having potentially high average power), will not
generate spectral components within the filter’s passband, and are thus suppressed.
After gating and thresholding, the received signal is then FEC decoded to produce the
original data stream. The O-CDMA receiver response and BER results are given in
Subsection 3.D.

3.D. O-CDMA Receiver Response

Before detecting and measuring the BER of the decoded signal, the O-CDMA receiver
must apply time gating (through the NOLM) and thresholding. Figure 4 shows the
cross correlations of the O-CDMA signal before (gray) and after (black) the NOLM
time gate. In this case, the system operates with all 32 users, but half have been dese-
lected through polarization demultiplexing in the decoder. The remaining users dis-
tribute between two time slots in the range of -50—0 ps and 0—50 ps. Each time slot
shares the same eight O-CDMA codes, so similar cross-correlation traces appear in
each slot. The slight differences between their intensity levels arise from coherent
interference between the various O-CDMA users. The reconstructed correctly decoded
signals clearly lie at +25 ps, and, as characteristic of the Walsh codes, they are sur-
rounded by the MAI. The NOLM temporally gates the desired time slot, and the black
trace of Fig. 5 shows the resulting output. The NOLM, with its 3 ps window, success-
fully passes the desired time slot while significantly suppressing the majority of MAI.
The time gate is not ideal, however, in that MAI occurring within the 3 ps window
still exits. Additionally, residue from the rejected time slot leaks through the NOLM
and can be seen at —25 ps. The nonlinear thresholder following the NOLM suppresses
this leakage and remaining MAI, since the NOLM leakage is unable to generate self-
phase modulation in the nonlinear thresholder. The thresholder is thus able to pro-
duce a contrast ratio of greater than 20 dB in the 32-case.

3.E. BER Performance Comparison Using FEC

After time gating and thresholding, the signal is sent into the O/E converter for BER
measurements. Figure 5(b) shows the results obtained with FEC in comparison to the
results without FEC in Fig. 5(a) [25]. The independent axis indicates the received
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Fig. 4. Cross correlations of the O-CDMA signal before (gray) and after (black) the
NOLM time gate.
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power per user incident upon the O-CDMA receiver, which contains the NOLM, opti-
cal thresholder, the O/E converter, and the optional FEC decoder. BER traces are
obtained from 4 to 32 users, where an encoder is added to the system for each trace.
Since each encoder contains two time-division multiplex (TDM) time slots and two
polarizations, four 10 Gbit/s users are added to the system per encoder. For measure-
ments without FEC [Fig. 5(a)], the FEC encoder and FEC decoder are removed from
the system, and the testbed performs at BER <10~ for up to 28 users. A noise floor
builds with each added encoder, such that the 32-user case achieves only BER <1078,
The noise floor largely results from coherent beat interference that occurs between the
signal and any coincident MAI, and it is present regardless of MAI thresholding. With
the addition of FEC [Fig. 5(b)], the BER immediately improves such that all 32 users
can remain error free for a period of at least 240 X 10° bits (BER <1071). The arrows
at the final points of each BER curve indicate the power at which this error-free point
was observed. Significantly, no error floor is evident for 32 users, suggesting that
many more users could be added to the system before excessive coherent beat noise
overcomes the FEC. Without FEC, the power per user clearly increases from
—-30.7 to —18.7 dBm going from 4 to 28 users, or a 22 dB penalty. With the FEC, sen-
sitivity improves such that the power per user does not notably increase until going
from 28 to 32 users (a 2.7 dB increase). Before this point, the power per user merely
fluctuates between —36 dBm (eight users) to —33.4 dBm (28 users), a 2.6 dB range.
The fluctuation, which is also evident without FEC, may be a manifestation of the
wide BER variance that can be expected in a beat-noise-limited coherent O-CDMA
system [26].

4. SPECTS O-CDMA Architectures, Protocols, and Performance
Simulations

The synchronous SPECTS O-CDMA system has been shown to outperform the asyn-
chronous counterpart by providing higher capacity and lower bit error rates [27—29].
Here we limit our analysis to a synchronous system. For on—off-keyed modulation, the
E field received by the ith decoder can be written as [30]

bL N Qn 1 M N Q’n .
éit)y=—>, E(w)do+— > b E™(w)e/redhedw, (1)
277-11:1 0,1 2 m=1,m#i n=1 0,1

where 6™ ={0,1} is the data bit sent by the mth encoder, (), is the upper bound of the
nth frequency component (chip), N is the total number of frequency chips, M is the
total number of users, E™(w) is the continuous time Fourier transform (CTFT) of the

temporal function of the original ultrashort pulse, and C”"=¢/ 4 the phase code (where
¢ is the phase shift amount) applied to the nth frequency chip by the mth encoder.
The first term is the recovered short pulse from the intended sender (the ith encoder);
the second term is the multiuser interference (MUI). Minimizing the MUI term is
essential in the designing of the O-CDMA system, since the accumulation of MUI
leads to detection errors.

Previous theoretical analyses assumed that the subpicosecond pulse possesses an
ideal uniform spectrum or a constant CTFT response (E™(w)=E) [2,8]. Therefore, it is
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natural to move E™(w) out of the integration summation in Eq. (1) and, without loss of
generality, set the decision point at ¢=0. Thus, the field contribution from the MUI
becomes

EO M N Q, E M N
duil0=5— X "X Cre f do=-20 3 "X CIC, @)
m=1,m#i n=1 QO m=1,m#i n=1

n-1

where AQ=0Q,-Q,,_; is the uniform frequency chip size. Also, if the code set {C} is
orthogonal, then 3,C™C" =0 for m #i and the MUI term reduces to zero. This analy-
sis shows that under the conditions of ideal uniform spectrum, single point detection,
and orthogonal code set, one can achieve the elimination of the MUI.

Although it is difficult to perform single point detection at =0 without ultrafast
electronics, a narrow time gate centered at the decision point can approximate its
effect [9]. Such gating can preserve all of the energy from a correctly decoded pulse
while suppressing most of the energy from the MUI. All simulations in this paper
have incorporated such a time gate to suppress the MUI. Furthermore, the orthogonal
condition for the phase code can be achieved by the selection of either an orthogonal
code set (e.g., Walsh codes) or a quasi-orthogonal code set (e.g., cyclic shifted m
sequences). However, optical pulses with a uniform spectrum are uncommon in real-
ity. Hence the orthogonality condition eliminating the MUI may no longer hold for
pulses with a nonideal spectrum, leading to performance degradations. Our SPECTS
O-CDMA testbed [9] utilizes a fiber compressed mode-locked laser as the ultrashort
optical pulse source, and due to nonlinearity, the spectrum of its output pulses exhib-
its features of a complex structure, such as spikes, which will cause performance deg-
radation due to the loss of orthogonality.

5. Nonuniform Encoding Results

To improve the performance of SPECTS O-CDMA systems with a nonideal pulse spec-
trum [7], we propose a novel nonuniform encoding scheme [31]. In Eq. (1), we
observed that, if [O7 o Em (w)dw=Iy=constant, the MUI term becomes

éui(0) = — E bME cret,

T m=1,m#i =

thus the orthogonality condition described in Section 4 continues to hold.

Since both our simulation and experimental realization of O-CDMA encoding are
done in the discrete format in which each frequency chip consists of either a set of
points (as in simulations) [7] or a group of pixels (as in experiments) [9], it is conve-
nient to use discrete notations here. After an approximation of the integration in Eq.
(1), the MUI term can be expressed as [31]

eui(0) = — 2 bmz crel 2 E"- S, (3)

Tm= 1,m#i n=1 I=l,_1+1

where E" is the E-field spectral amplitude of the /th point (pixel), /,, is the upper pixel
index of the nth frequency chip, and dw is the frequency pixel width. We approximate
the electrical field amplitude in each frequency chip with its average value. Thus, Eq.
(4) can be approximated by [31]

1 M N o L, 1 M N o
a0 =5 X WS CCE S =g X S CICE L, b

271-mzl,m#i n=1 I=l, q+1 Wm:l,m#i n=1

4)

where L,=[,—1,_; is the width in terms of pixels of the nth frequency chip. It is clear
that, if we choose the width of each frequency chip according to its average E-field
amplitude to make E'L, =constant, then Eq. (4) can be rewritten as [31]
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4 1 M v .
éur(0) = — X constant X do X >, b">, C™CE. (5)
27 m=1,m#i n=1

As analyzed in Section 2, the orthogonal condition for {C} leads to EZLIC?C; =0 for
m #i; therefore, the MUI will reduce to approximately zero.

The key to reducing the MUI with the use of this nonuniform encoding scheme is to
vary the value of L, according to the value of E', such that E]'L, =constant, whereas
the traditional uniform encoding scheme as shown in Fig. 6(a) keeps L,, constant. The
full compensation of a complex spectrum often requires a rather complex scheme (N
possible different values of L,,) that is hard to implement in practical systems, since N
could be well over 100. A more practical approach should balance between complexity
and effective compensation by the selection of a nonuniform encoding method that
involves a small number of different values for L,. Figure 6(b) shows an example of
the use of five different levels of L, to make E'L, roughly constant. Smaller L, values
are chosen for frequency chips with higher amplitudes (the center chips) and larger L,
values for those with lower amplitudes (the edge chips), as expected. The horizontal
axis is in reference to the 193.55 THz optical carrier frequency.

Experimental and simulation results indicate that this new nonuniform encoding
scheme, as shown in Fig. 7(b), indeed improves the performance of a SPECTS
0O-CDMA system [31]. Figure 7 shows a qualitative comparison between the uniform
and nonuniform schemes by comparison of one MUI waveform resulting from the
encoding and decoding of a pulse with 64-bit Walsh codes 5 and 53, respectively. One
can easily observe that the interference level at the decision point (¢=0) drops dra-
matically for the nonuniform case [Fig. 7(b)] [31]. The solid curves are simulated
waveforms, and the dashed curves are cross-correlation traces obtained from the
SPECTS O-CDMA testbed [9]. The simulation results agree well with the experimen-
tal SPECTS O-CDMA users, significantly enhancing the system capacity by allowing
more users.

Larger-scale simulations in the context of O-CDMA networks can estimate the
amount of interference in the network and thus provide statistical estimates of BERs
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Fig. 7. Simulated (solid) and experimentally obtained (dashed) amplitude of interfer-
ence (incorrect decoding) waveforms for (a) the uniform and (b) the nonuniform encod-
ing schemes [31].
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cyclic shifts of an m sequence [31].
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Fig. 9. BER due to interferers in uniform and nonuniform encoding schemes. The
phase codes applied are (a) cyclic shifts of a 63-bit m sequence and 64-bit Walsh code, (b)
cyclic shifts of a 127-bit m sequence and 128-bit Walsh code [31].

Table 2. Calculated Spectral Efficiency for Synchronous SPECTS O-CDMA

Synchronous SPECTS O-CDMA

Sequential Code Assignment Random Code Assignment
With/Polarization Without/Polarization With/Polarization Without/Polarization
Multiplexing Multiplexing Multiplexing Multiplexing
Uniform Nonuniform Uniform Nonuniform Uniform Nonuniform Uniform Nonuniform
Coding Coding Coding Coding Coding Coding Coding Coding
Without 0.73 0.99 0.62 0.92 0.28 0.85 0.14 0.80
FEC (W128/62 (W128/84 (W128/53 (W128/78 (m31/24 (W32/72 (m31/12 (W32/68
users, users, users, users, users, users, users, users,
BER 1x10%) BER 1x10%) BER 1x10% BER 1x10% BER1x10%) BER1x10% BER 1x10% BER 1x107%)
With 1.56 1.94 1.32 1.41 0.62 1.41 0.52 141
RS‘FEC  (W128/142 (W32/176 (W32/120 (W32/128 (m31/56 (W64/128 (m31/44 (W64/128
users, users, users, users, users, users, users, users,
BER 1x10° BER 1x10™% BER 1x107% BER1x10®° BER1x107% BER1x10° BER1x10"% BER 1x107°)
With 1.66 2.41 1.20 1.19 0.68 1.20 0.56 1.20
LDPC* (W32/176 (W32/256 (W128/127 (W32/128 (m31/72 (W64/128 (m31/60 (W64/128
FEC users, users, users, users, users, users, users, users,

BER 1x10° BER 1x107% BER 1x107% BER1x10° BER1x107% BER1x107° BER1x10% BER 1x10°)

“RS is Reed-Solomon, LDPC is low-density parity check coding.
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Table 3. Calculated Spectral Efficiency for Asynchronous and Random
Code-Assignment SPECTS O-CDMA

Asynchronous, Random Code-Assignment SPECTS O-CDMA
With Polarization Multiplexing Without Polarization Multiplexing
Uniform Coding Nonuniform Coding Uniform Coding Nonuniform Coding

Without 0.07 0.07 0.05 0.05
FEC (m127/6 users, (m127/6 users, (m127/4 users, (m127/4 users,
BER X 1079) BER X 107%) BER X 107%) BER X 107%)
With RS® 0.22 0.24 0.22 0.23
FEC (m127/20 users, (m127/22 users, (m127/20 users, (m127/21 users,
BER X 1079) BER X 1079) BERX107) BER X 1079)
With LDPC* 0.28 0.30 0.30 0.30
FEC (m127/30 users, (m127/32 users, (m127/32 users, (m127/32 users,
BERX1079) BER X% 1079) BER X 107) BER X 1079)

“RS is Reed-Solomon, LDPC is low-density parity check coding.

in the O-CDMA networks under various schemes (synchronous versus asynchronous,
etc.). Figure 8 shows normalized from interferers for uniform and nonuniform encod-
ing schemes. The time gates are set at 0.3, 0.5, and 1 ps and the phase codes are
31-bit cyclic shifts of an m sequence [31]. Figure 9 shows BER due to interferers in
uniform and nonuniform encoding schemes. The phase codes applied are (a) cyclic
shifts of a 63-bit m sequence and 64-bit Walsh code, (b) cyclic shifts of a 127-bit m
sequence and 128-bit Walsh code [31]. Table 2 shows estimated spectral efficiency for
synchronous SPECTS O-CDMA networks, and Table 3 summarizes the same for asyn-
chronous SPECTS O-CDMA networks.

6. Integrated SPECTS O-CDMA Technologies

The SPECTS O-CDMA discussions so far involved experiments with bulk optics and
simulations assuming ideal components. It is imperative that we realize integrated
and compact O-CDMA systems for robust and low-cost operation of O-CDMA net-
works. As illustrated in Fig. 1(b), the optical encoding and decoding in SPECTS
O-CDMA can take place in a pair of arrayed waveguide gratings (AWGs) with a phase
modulator array. A SPECTS O-CDMA “transmitter” will include a femtosecond laser
source (e.g., a mode-locked laser), and a SPECTS O-CDMA “receiver” will include a
threshold detector. In the context of a synchronous SPECTS O-CDMA, it is possible to
pursue the monolithically integrated SPECTS O-CDMA “transceiver” shown in Fig.
10. Here, the monolithic integration [32] involves a colliding pulse ML laser (CPM)
[33,34] and a set of AWG-phase modulator-AWG encoders as the transmitter, and

O-CDMA on chip

Differential MZI
Mode-locked Laser
Photo Diode Phase Bhifter
Data Modulator /
O-CDMA
RECEIVER  Modedocked Laser

PXtal Reflectors

Sllicon
Micro-bench

Electrical
Contacts

4cm
Fig. 10. Schematic of a monolithically integrated O-CDMA transceiver system.
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another set of AWG-phase modulator-AWG decoders and differential Mach—Zehnder
interferometric switches driven by a synchronized CPM as the receiver [35]. This sec-
tion discusses demonstration and integration of individual components fabricated
using a common set of fabrication processes.

6.A. ML Laser

Standard 10 GHz InP ML lasers [36] exploited the all-active linear cavity of ~4.3 mm
length. For CPM lasers, the cavity length becomes ~8.6 mm, and the CPM laser will
exploit an active—passive laser configuration to avoid high operating currents. Fur-
thermore, long (>4 mm) all-active mode ML lasers for achieving lower repetition rate
tend to suffer from strong pulse-shaping effects, resulting in poor chirping and jitter
performance. Figure 11 shows a scanning electron micrograph (SEM) of a monolithi-
cally integrated InP CPM with active quantum well and bulk waveguide integration
[33,34,37]. Unlike standard ML lasers, the CPM laser operates in the configuration
where two symmetrically counterpropagating pulses collide and bleach the saturable
absorber located at the center of the laser cavity, resulting in deeper saturation and
more stable ML.

Adopting the active—passive integration process allows for reducing the active sec-
tion length to minimize these effects and the drive current requirement [37]. The
active—passive interfaces are designed to be laterally tilted at 45° relative to the wave-
guide direction [35]. This lateral tilt is critical for eliminating unwanted secondary
pulses originating from residual reflections at the interfaces, resulting in much
improved ML performance compared to the untilted designs. The active region has a
total length of 2000 um, dividing into two gain sections and sandwiching the 45 um
wide saturable absorber (SA) located at the center. The waveguide is further extended
symmetrically on both sides with passive sections, forming the 8200 um long laser
cavity.

The CPM laser can be synchronized to an external system clock through either elec-
trical hybrid mode-locking (HML) [37-39] at the fundamental or a subharmonic fre-
quency, or through the optical synchronous mode locking (OSML) approach [40,41]. In
the electrical HML configuration, the rf modulation signal is applied to the saturable
absorber of the CPM laser through a ground-signal-ground microwave probe, while
the two gain sections and the SA are dc biased through dc needle probes (forward cur-
rent injection) and the microwave probe (reverse bias voltage) through a bias-tee con-
nection, respectively.

CPM laser output pulse characteristics are very sensitive functions of the dc bias-
ing and rf modulation conditions. The characterization process included the cross-
correlation frequency-resolved optical gating (XFROG) technique [42] for accurate
extraction of the complete temporal amplitude and phase information, and the corre-
sponding spectral domain profiles of the pulse simultaneously.

The electrical HML investigation of the 10 GHz CPM laser is discussed in detail in
[43]. Application of the rf signal with its frequency matching the passive ML fre-
quency of 10.3 GHz at 19 dBm, we obtained nearly transform limited output with
pulse width of 1.75 ps and time-bandwidth product 0.33, with relatively low timing jit-
ter. Control devices fabricated in the same manner with standard 90° interface
showed far inferior pulses with time-bandwidth product value exceeding 0.45, indicat-
ing the importance of minimizing the active—passive interfacial reflections.

In an O-CDMA network, it is far easier to achieve synchronization by optical clock
distribution than to supply the rf clock signal to the electrical HML-approach-based
CPM lasers. A simple master clock can supply synchronous clock signals to individual
nodes with CPM lasers to achieve OSML for all lasers in all nodes simultaneously. To

:-_? -— i&r— = :.___.-___.l

Saturable
Passive waveguide Gain Absorber Gain /" Passive waveguide

(a) active (b)
Fig. 11. SEM image of a 10 GHz CPM laser with integrated active—passive waveguide.
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Fig. 12. (a) rf power spectra at the fundamental ML frequency of the 10 GHz CPM
laser under passive ML and optical injection locking conditions. Also sampling scope
traces of the CPM laser output triggered with the rf clock source under (b) passive and
(c) optical injection locking conditions.

characterize OSML, a commercial tunable ML fiber laser synchronized to an rf syn-
thesizer clock source provides the optical clock, which is coupled into the 10 GHz CPM
laser through a polarization-maintaining (PM) attenuator and a lensed fiber. The
CPM output, collected through a lensed fiber from the other output facet, passes
through a 3 nm tunable filter for removing any residuals of the injection signal, and
then routes to different instruments for time- and frequency-domain measurements,
and the BERT for BER measurements.

Figure 12(a) shows the rf power spectra of a 10 GHz CPM laser under both passive
ML and injection locking conditions at —10 dBm coupled optical power, with the injec-
tion signal at 1546 nm, 8 nm negatively detuned from the passive ML wavelength.
Figures 12(b) and 12(c) show the corresponding 50 GHz optical sampling scope traces,
triggered with the rf synthesizer clock. Compared to passive ML the rf spectral line
shape narrows significantly in Fig. 12(a) under optical injection, corresponding to the
sharply reduced timing jitter after synchronization. The estimated RMS timing jitter
of the injection-locked CPM laser is 0.5 ps by integrating the single-sideband (SSB)
phase noise spectrum, while the injected laser clock signal has rms jitter of 0.17 ps.
The experiments showed the optical phase synchronization effects observed at an
injection power level as low as —23 dBm. BER measurements also indicated that the
CPM output is error-free with BER< 10710 under PRBS 223—1 data modulation, dem-
onstrating that the optical injection-locked 10 GHz CPM laser can indeed serve as a
viable short pulse light source in high-performance O-CDMA networks.

6.B. InP Encoder and Decoder

InP SPECTS O-CDMA encoders and decoders offer rapid code reconfiguration by
employing electro-optical phase shifters and the possibility of realizing monolithically
integrated O-CDMA transmitters and receivers including CPM lasers and Mach—
Zehnder threshold detectors [35].

Figure 13(a) shows the O-CDMA encoder mask layout. The AWG pair performs
spectral demultiplexing and multiplexing. Phase modulators between the AWGs apply
a phase shift corresponding to the desired O-CDMA code to each demultiplexed spec-
tral channel. The input and output waveguides of the device are chosen for optimal
wavelength match of the two AWGs. Figure 13(b) shows the packaged InP O-CDMA
chip, Fig. 13(c) shows the wire-bonded InP O-CDMA chip in the package, and Fig.
13(d) shows the optical transmission spectrum through the packaged chip. The InP
O-CDMA encoder (decoder) devices each consist of an identical pair of eight-channel
AWGs with 180 GHz channel spacing and a free spectral range (FSR) of 12-channel
spacings. The 1.4 THz wavelength span provided by the eight channels is sufficient
for encoding subpicosecond (~0.5 ps) pulses. The InP devices are packaged in a stan-
dard 14-pin butterfly package with temperature control, which allows for an exact
wavelength match of the encoder and decoder. The 2000 um long phase shifters are
controlled by electrically biasing wire-bonded electrical leads.

We selected the eight-chip Walsh code set for our spectral phase coding experiment
involving cascaded stages of an InP encoder and an InP decoder. The InP encoder
applies code W5 containing the bits [11110000], whereas the InP decoder applies con-
jugate code (“YW5"=[00001111]. Here 1 denotes 7 rad phase shift and 0 denotes 0
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Fig. 13. (a) O-CDMA encoder (decoder) chip layout, (b) packaged O-CDMA encoder (decoder)
chip, (c) fabricated InP O-CDMA encoder (decoder) chip with wire bonding, and (d) packaged
0O-CDMA encoder (decoder) chip transmission spectrum.

phase shift for the respective phase shifters. Figure 14 shows cross-correlation traces
of (a) the cascaded encoder—decoder output with only phase error compensation
applied to the phase modulators, (b) the encoder output under W5 encoding, (c) the
decoder output for correctly decoded signal, and (d) the decoder output for the incor-
rectly decoded signal. (Solid curves are experimental results and dotted curves are
simulated results.) The results indicate a clear contrast between the correctly decoded
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Fig. 14. Cross-correlation traces of (a) cascaded encoder—decoder output with only
phase error compensation applied to the phase modulators, (b) encoder output under
W5 encoding, (¢) decoder output for the correctly decoded signal, and (d) decoder output
for incorrectly decoded signal. Solid curves are experimental results and dotted curves
are simulated results. W5 code is [11110000].
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chips, and (b) using SLPM encoders and decoder [44].

versus incorrectly decoded O-CDMA waveforms and an excellent match between the-
oretical predictions and experimental results.

Further, we have set up a two-time slotted, 6-user O-CDMA testbed experiment
using the InP O-CDMA encoder and the InP O-CDMA decoder, and two SLPM-based
encoders acting as interfering users (total of three encoders X two time slots).

Figure 15(a) shows the BER measurement results for the 2-, 4-, and 6-user OCDMA
testbed with InP encoder and decoder [44]. The 2-user and 4-user experiments demon-
strated error-free operation and a power penalty of 5.5 dB at BER=10"? with respect
to back to back. The penalty can be mainly attributed to power lost from the ringing
peaks. The 6-user case attained an error floor at 1072, primarily due to MUI inside the
time gate. MUTI effects are relatively small for 2 and 4 users, resulting in no observ-
able noise floor. A narrower time gate window and/or longer code length would miti-
gate the MUI effects significantly and an error-free operation is expected.

To investigate the effect of the spectral filtering and loss in the InP based encoders—
decoders, we repeated the BER measurement but replaced the InP devices with SLM
based encoders—decoders. SLM devices approach ideal coding performance due to
their rectangular filter shape. Figure 15(b) shows the BER measurement result and
eye diagrams. The 2-user and 4-user experiments demonstrated error-free operation
with a power penalty of 2 and 5 dB, respectively, at BER=10°. The error floor below
1079 in the 6-user SLM case confirms that MUI and not the InP chip response is the
dominant limitation for error-free operation of O-CDMA system.

6.C. Differential MZI Threshold Detection
The final piece of the SPECT-OCDMA system for integration is the selective detection
of correctly decoded O-CDMA signals while suppressing the incorrectly decoded inter-
ferer signals. Compared to previously shown fiber nonlinearity based thresholder
approaches, the Mach—Zehnder interferometer (MZI) thresholder is less bulky, more
sensitive, and compatible with monolithic integration with other semiconductor com-
ponents. Here we describe an improved “clock-gated” MZI scheme with respect to the
“self-gated” approach. Both schemes depend on differential operation of the MZI.
Figure 16 shows the self-gated and clock-gated MZI operation [45]. In the self-gated
scheme, no external clock signal is provided. The decoded pulse is split in two and
each part enters a distinct MZI arm with a time delay. Only the correctly decoded
pulses have a sufficiently fast rising edge to saturate the nonlinear optical elements in
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Fig. 16. OCDMA thresholder in (a) nongated, (b) clock-gated configuration.
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cases. (b)-(d) are electrical eye diagrams for correctly decoded signal, incorrectly de-
coded signal, and 2-simultaneous user (correctly and incorrectly decoded users), respec-
tively [47].

the MZI arms, opening a differential gate for the cw probe signal [46]. The clock-gated
scheme uses the external short pulse clock signal for generating the differential gate
of the MZI.

Figure 17 shows the BER results and the corresponding eye diagrams for the gated
scheme using the SLPM-based testbed experiments with the 64-bit Walsh code based
encoding and decoding [47]. The experiment utilized a 222-1 PRBS. In this gated
scheme, error-free operation and a clear eye opening were obtained for the correctly
decoded signal (encoded and decoded with W5) and an error floor of 0.5 (off scale in
the plot) and a closed eye for the incorrectly decoded (encoded with W5 and decoded
with W34) signal. A clear open eye and a BER of less than 102 were also obtained for
the correctly decoded user in the presence of an interferer [47].

7. Summary

This paper overviewed and summarized the progress of the SPECTS O-CDMA tech-
nology. The bulk optics testbed demonstrated a 320 Gbit/s (32-user X 10 Gbit/s) all-
optical passive optical network based on the SPECTS O-CDMA technology. Ten giga-
bits per second CPM lasers with OSML capability, differential MZIs with threshold
detection capability, and the AWG-PM array-AWG encoder—decoder for SPECTS
O-CDMA encoding and decoding capability are key ingredients for the high-
performance and low-cost O-CDMA microsystems monolithically integrated on an InP
platform.
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