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ABSTRACT This paper proposes an optimized 16-chip multi-level phase-shifted optical code division
multiplexing (OCDM) en/decoder for 4-level pulse amplitude modulation (PAM-4) format by using an
amplitude-shaping (AS) technique. The optimized en/decoder can efficiently suppress the crosstalk and the
primary beat noise (PBN). The code detection performance for 4-OCDM PAM-4 becomes the lowest to
our knowledge. The numerical bit error rate analysis and the back-to-back simulation are shown. We also
successfully demonstrate by computer simulation a 100 Gbps/A enabling by 12.5 Gbaud 4-OCDM PAM-4
transmission in O-band over 6 x 30 km with in-line optical amplifiers.

INDEX TERMS Amplitude shaping, optical amplifier, o-band transmission, optical code division multi-

plexing, pulse amplitude modulation.

I. INTRODUCTION

Nowadays, the enormous growth in multimedia services such
as 4K/8K video/game streaming, tele-working/medical ser-
vices, cloud computing, blockchain technologies, and Meta-
verse based virtual/augmented reality (VR/AR) applications
are key factors that are increasing the demand for data trans-
mission in data center interconnects (DCI) rapidly [1], [2],
[3], [4], [5]. Over the short distances of metro-DCI, ranges
less than hundred kilometers, an intensity-modulation/direct-
detection (IM/DD) system in O-band is commonly used due
to its low cost, low complexity, and low chromatic disper-
sion (CD) [1], [6]. Various advanced modulation formats are
implemented such as discrete multi-tone (DMT) [7], carrier-
less amplitude/phase modulation (CAP) [8] and M-level
pulse amplitude modulation (PAM-M) [9], [10], [11]. Among
these, the 4-level PAM (PAM-4) is one of the most promising
candidates due to its low system complexity. It has already
standardized in IEEE802.3bs for a 25 Gbaud PAM-4 signal-
ing per wavelength over 10 km of a standard single-mode
fiber (SMF) [12]. The extended reach version greater than
10 km has been standardized in IEEE802.3cn [13].
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Although O-band has a zero-dispersion window, an inter-
symbol interference (ISI) caused by CD can be a critical issue
limiting the transmission reach and system baud rate because
an electronic dispersion compensation (EDC) typically used
in an optical coherent system cannot be used in IM/DD [19].
The dispersion in C-band could be managed by concatenat-
ing negative/positive dispersion fibers instead of using an
EDC [15]. However, since the material dispersion is domi-
nant, such dispersion managed fibers do not exist in O-band.
To cope with ISI, other linear/nonlinear impairments, a feed-
forward equalizer (FFE), and a decision-feedback equalizer
(DFE) are candidates for sophisticated digital signal process-
ing (DSP) algorithms for the IM/DD system, especially in
O-band [14], [15], [16], [17].

To achieve a transmission rate of 100 Gbps per wave-
length or beyond, two general approaches are to increase
the modulation order and the transmission baud rate [6],
[18], [19], [20]. Although the increase in modulation format
to high-order PAM can utilize the existing optical band-
width and optical transceivers more efficiently, it comes
at a cost of higher system complexity and DSP. Further-
more, high-order PAM reduces eye height smaller than the
lower-order PAM. In the sense of signal detection, high-
order PAM requires higher signal-to-noise ratio (SNR) to
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let receivers distinguish them. Conversely, to increase the
baud rate, ultra-high speed opto-electronic transceivers as
well as related electronic devices are needed to be upgraded.
Moreover, high baud rate PAM experiences massive atten-
uation in high-frequency signal components, which need
powerful DSP and advanced coding techniques to deal with
this impairment [17]. Although a multi-source agreement
(MSA) has recently announced a technical specification of
400GBASE-LR4-10, which can support 4 coarse wavelength
division multiplexing (CWDM) channels employing PAM-
4 signaling at 53 Gbaud, the operating distance is limited
to only 10 km [21]. Therefore, the system migration to
a transmission rate of 100 Gbps/wavelength with a longer
distance whilst keeping the baud rate low is a challenging
target.

Optical code-division multiplexing (OCDM) is another
dimension for signal multiplexing beyond time/wavelength;
therefore, we can transmit signals from many users employ-
ing the same optical spectrum simultaneously [22], [23], [24],
[25], [26], [27], [28]. The signal of each user is en/decoded
by optical en/decoders (E/D) without using any high chip-rate
electronic devices. For example, a multi-port E/D-based array
waveguide grating (AWG) [23], [24], and a superstructure
fiber Bragg grating (SSFBG) with multi-level phase-shifted
codes, or phase-shift-keying (PSK) codes [25] are key com-
ponents in a coherent time-spreading (TS) OCDM system
that can suppress the crosstalk from interfering spectral com-
ponents with the superior performance to other codes. Con-
sequently, the primary beat noise (PBN), which is the most
dominant OCDM noise, decreases [24]. Previously, experi-
mental work successfully demonstrated over a passive optical
network (PON) with total bit rate of 160 Gbps [24], [26].
From these results, OCDM has shown the promising capa-
bility to increase the capacity of PAM-4 system.

Recently, the work in [27] has already shown the first
demonstration of 10 Gbaud 4-OCDM PAM-3/PAM-4 over
20 km transmission in C-band. PAM-4 back-to-back bit error
rate (BER) after the equalization reaches 2.4 x 1072 at the
received optical power (ROP) of —6 dBm. Nevertheless,
the achievement in fiber transmission after 20 km has not
been reported yet, but it reveals that crosstalk suppression
by E/D is inadequate for PAM-4, although the 16-chip multi-
port E/D has excellent performance for on-off-keying (OOK)
format [24], [27]. Therefore, the enhancement in the crosstalk
suppression is one of the most significant OCDM research
topics. Researchers in [24], [26], and [28] have proposed
many techniques to reduce the crosstalk. For example, the
work in [24] has added 2 additional cascaded AWG E/D at
the remote node (RN) whereas the work in [26] has added
a quadrature phase-shift keying (QPSK) modulator and an
additional AWG E/D to enable hybrid electrical/optical multi-
level quadrature amplitude modulation (QAM) code. Finally,
the work in [28] has applied extremely narrow-band optical
band-pass filters (ENB-OBPF) to all decode ports of E/D to
eliminate undesired spectral bands. Although these studies
have reported the results with good crosstalk suppression
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for OOK, adding such additional E/D and ENB-OBPF may
increase cost and complexity of the system.

Moreover, neither the analysis nor the demonstration of
OCDM over PAM-4 from those solutions have been reported
yet.

A high fiber attenuation in O-band, compared to C-band,
is another issue that limits the system reach. Hence, the
optical amplifiers (OA) are vital elements to compensate fiber
loss as well as device insertion loss [29], [30], [31], [32].
Besides, a semiconductor optical amplifier (SOA) provides
photonic integrated circuits with less power consumption
but the system may suffer from self/cross gain modulation
that causes SOA not to be preferable for IM/DD [6], [29].
Therefore, a Bismuth-doped fiber amplifier (BDFA) is an
attractive type of doped fiber amplifier for O-band due to its
ultra-wide 6-dB amplification bandwidth over 80 nm [31].
Demonstrations of using BDFA as a booster/pre-amplifier
to extend the reach of a 25 Gbaud Nyquist PAM-4 signal
and 400GBASE-LR-4/8, have been successfully reported in
[29], [31], and [32]. As a result, these studies also show the
possibility of introducing a multi-span high-speed IM/DD
system using OA as in-line amplifiers to increase the distance
of DCI.

In this paper, we propose the optimal design of optical E/D
for OCDM PAM-4 system for the first time to our knowledge.
The output signal from E/D experiences the optimized ampli-
tudes under a Gaussian profile provided by an amplitude
shaping (AS) technique. Power contrast ratio (PCR) and total
PCR are investigated. The performance of ultra-low crosstalk
E/D compared to previous E/D is also reported. We also
analyze the theoretical BER of 4-OCDM PAM-4 based on
our proposed E/D, and validate the results by a computer
simulation. Finally, we show the 100 Gbps/A of 12.5 Gbaud 4-
OCDM PAM-4 signal transmission over 6 x 30 km of SMF
with the OA as in-line amplifiers. All 4 OCDM users after
equalization can achieve BER under the 7% overhead (OH)
of hard-decision forward-error-correction (HD-FEC) limit.

Il. AMPLITUDE-SHAPING EN/DECODER FOR OCDM
PAM-4 FORMAT

Since the number of constellation points is increased
from 2 to 4 (from OOK to PAM-4), the eye-height is
decreased by a factor of 3. Therefore, PAM-4 signal is
more sensitive to noises compared to OOK. To upgrade
OCDM system from OOK to PAM-4, the noise suppression
between codes is very important. This section shows the
principle of the OCDM E/D impulse and frequency response
design. After that, we evaluate the code detection perfor-
mance and show the effectiveness of the optimal design E/D,
respectively.

A. PRINCIPLE OF TIME-SPREADING AS-OCDM
EN/DECODER

In the coherent TS-OCDM system, a series of N optical
pulses are obtained as an encoded signal after a single
ultra-short optical pulse is launched into the N-chip encoder
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with chip period of fchjp. The total encoding period equals
N-tchip and we define a ratio of encoding period over bit
period T}, as a spreading-time to bit period ratio (SBR). In this
paper, SBR is 0.8, which is adequate to avoid ISI from a target
user itself. The general expression of the output amplitude g
at each chip number k of the encoded signal governed by the

E/Dis
(k — b)?
g =a-exp| ————|, (1

where a is corresponding to the highest peak of the encoded
signal, b is the center position of the encoded signal which
equals to N/2, and w is the Gaussian root-mean-square (RMS)
width [33], [34]. As the ratio of b/w converges to zero, all
N chips have equal amplitudes of a. This is the general
scenario for most OCDM E/Ds, which we will call conven-
tional OCDM E/Ds hereafter. On the contrary, the encoded
signal will behave under a bell-shape Gaussian profile as
the ratio b/w is slightly increased, and finally it will con-
verge to all zero amplitudes as the b/w tends to infinite.
By combining the amplitude function g(k) with the impulse
response of the conventional E/D based multi-level PSK
codes, the impulse response under the Gaussian shaping
profile is [35],

N—-1
2k
heode—c (1) = ) /g (k+ 1) x exp [—j% (c - 1)}
k=0

Ty - SBR

where, c is the code number. Then, the frequency response of
the E/D is

N-—1
Heode—c () = ) gk +1)
k=0

X exp [—jZﬂk ((C — 1) +fTh : SBR)] .
N N
3)

As aresult, after the encoder, the optical field of the encoded
signal can be expressed as

N—-1
2k
Ecode—c (1) = ) /g (k+1) x exp [—j% (c — 1)}
k=0
2
cexp [_ (t — k (T - SBR/N)) } .

2
277

“

At the decoder, the encoded signal from (4) will be decoded
by a decoder. The correlation between impulse response
in (2) and encoded signal in (4) returns a decoded signal.
As the phase-shifted sequences or codes inside encoders and
decoders are matched, the decoders return Eycp(#) with high
amplitudes called auto-correlation peak (ACP). On the other
hand, in a case that the code does not match, the incorrectly
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FIGURE 1. Optical encoding process based SSFBG.

decoded signals Eccp(?) called cross-correlation peaks (CCP)
are generated with low amplitudes compared to ACP instead.

The graphical illustration of the conventional/AS-OCDM
encoders based SSFBG depicts in Fig. 1. For example, in a
case that the encoded signal with an amplitude {0.5, 1, 1, 0.5}
is needed where {1} corresponds to the highest amplitude,
the reflectivity of the 1% and the 4" chips of the AS-OCDM
encoder should be designed to attenuate the amplitude of the
reflected pulses by half.

Fig. 2 shows the decoding process. All 4 chips of encoded
signal are launched into the decoder, resulting in various
combinations of decoded pulses as a function of time. Note
that the number of amplitudes and intensities in brackets cor-
respond to AS-OCDM. The ACP is illustrated in the left side
of Fig. 2 with the triangular-like shape in the conventional
case whereas AS-OCDM exhibits a smoother shape than the
conventional one with lower intensity. As the phase-shifted
sequence does not match, the decoder returns CCP with very
low amplitudes, as shown in the right side of Fig. 2. For
conventional OCDM, the CCP amplitudes are {1, 0, 1, 0,
1, 0, 1}, and are {0.25, 0, 0, 0, 0,0, 0.25} for AS-OCDM,
respectively. Note that the shape of CCP depends on the code
distance between encoders and decoders.

B. TOTAL POWER CONTRAST RATIO AND THE OPTIMAL
DESIGN OF EN/DECODER WITH ULTRA-LOW CROSSTALK
The PCR is generally used as the metric to measure the code
detection performance of OCDM system employing the PSK
code. PCR can be calculated from [24]

PCR(j) = 10log <M> , (5)
P acp
where Pycp and Pecp are the average power of ACP and CCP
which we can calculate by using (3) in [24]. Index i is the
interfering user number that employs code #j in the code car-
dinality set. For example, in Fig. 2, the P, of conventional
and AS-OCDM are 6.29 and 2.5 whereas the P of them are
0.57 and 0.018, respectively. Therefore, PCR for conventional
and AS-OCDM are —10.42 and —21.42 dB, respectively.
From this viewpoint, using AS-OCDM E/D can improve the
code detection performance by 10 dB.
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FIGURE 3. PCR and PCR total as a function of RMS width.

Nevertheless, PCR just measures between the target user
and each single interfering user only. In a multi-user case,
it is better to know the overall code detection performance in
one metric. In this paper, we use the total PCR to characterize
the AS-OCDM E/D. Total PCR is defined as [35]

m
Zi:l PCCP—ia]'>
b

acp

PCRyota] = 10log < (6)
where m is the total number of interfering users.

We investigate the PCR o) 0of 4 OCDM PAM-4 users (m =
3) using 16-chip E/D as a function of Gaussian RMS width
w. All 4 codes used in this investigation are code #1, #5,
#9, and #13, to ensure the code distance of each adjacent
code equals 4. For 8 users (m = 7), code #3, #7, #11, and
#15 are also added and the code distance of each adjacent
code is reduced to 2. The PCR of each specific code distance
and PCRyyy are shown in Fig. 3. The optimal PCRyy, of
AS-OCDM (optimized for 4 users) is —39.28 dB at w =
2.09. As w increases, PCRy, increases and converges to
—15.28 dB which belongs to the conventional OCDM. In this
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Code Distance

FIGURE 4. Relationship between code distance and PCR of E/D.

case, we enhance PCRya by 24 dB. Moreover, the optimal
PCRpta1 Which is optimized for of 8 OOK users is —18.44 dB
atw = 3.15 and PCRqy converges to —9.13 dB as w exceeds
10 [35]. The PCRyyy is improved by just only 9.31 dB.

Fig. 4 shows the PCR obtained from 3 types of E/Ds.
The Gaussian RMS widths w are 20, 3.15, and 2.09 for
conventional OCDM, and AS-OCDM E/D (optimized for
8 and 4 users), as shown in yellow, blue, and red solid lines,
respectively. It is clearly seen when code #5, #9, and #13 are

used (code distances are 4, 8, and 12), the PCR of each code
is drastically decreased below —40 dB. Optical waveforms
corresponding to encoded signal, ACP, and CCP are also
shown in Fig. 5. All waveforms in Fig. 5(a)-(b) are normal-
ized to have the highest peak of 1.

The frequency response of the E/D for all 3 interested cases
are shown in Fig. 6. By employing AS-OCDM, it is con-
firmed that crosstalk from interfering spectral components
is reduced from —20.11 dB in Fig. 6(a) down to —31.16,
and —47.54 dB as shown in Fig. 6(b)-(c), respectively. The
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FIGURE 5. Optical waveforms from E/D (a) encoded signal, (b) ACP, CCP
of 2 " yser from (c) w = 20, (d) w = 3.15, and (e) w = 2.09.

crosstalk in Fig. 6(c) is improved by 27.43 dB compared to
Fig. 6(a).

As a result, regards PCRyya1, PCR and E/D frequency
response, we also can infer that AS-OCDM E/D with optimal
w can improve the code orthogonality between the target and
interfering users which will be able to effectively suppress
PBN as well. The concept of shaping the encoded signal into
a Gaussian-like shape, enabled by AS-OCDM E/D, has been
demonstrated by another method called time-extended multi-
level QAM-based optical codes [26]. Similar to this work, the
encoded signal amplitudes in [26] exhibit a stair-step function
in Gaussian-like shape instead of uniform amplitudes. The
experimental results showed that PCR values and frequency
response of the E/D had also improved.

IIl. NUMERICAL BER ANALYSIS AND OPTICAL
BACK-TO-BACK SIMULATION

In this section, the performance evaluation of AS-OCDM
PAM-4 E/D using BER will be described. Firstly, we numer-
ically calculate the theoretical BER. Then, to verify our
results, the computer simulation using MATLAB is per-
formed to investigate the system in back-to-back cases.

A. THEORETICAL BER ANALYSIS
In the coherent TS-OCDM, the decision signal detected at the
photodiode (PD) is,

Ty m Ty
Z=%" / Eacp (1) + Epep (D dt + 9 ) / Ecep—i (£)
0 =17

m

Ty
* *
Bl i (0 dt +2%) / Eaep (1) - EZy_; (1) dt
i=1 0
m m—1 Ty Ty

20 Y0 f Eccpi (1) - Eley ; () dt+ / no (1) dt,
0

J=it+1 i+l 0
@)
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where N is the PD responsivity [24]. The first term is the
target signal. The second term is the MAI noise. The third
term is the PBN noise. The fourth term is the secondary beat
noise (SBN). The last term refers to Gaussian random noise at
the receiver. For OCDM PAM-4 where all levels are equally
spaced, the ROP at the PD represents the average power
Py=Pycp (1+PCRyota1). In this case, the relationship between
P, and the average power of level 3 is P3= 2P;. Therefore,
the average power of level 0-2 can be derived as a function of
P4 and extinction ratio (ER) of the optical modulator as

P — 2P4 ®)
0= ER’
2P, (ER + 2)
Pl=———7" ©))
3ER
2P4 (2ER + 1
Py = M. (10)
3ER
As a result, the average photocurrent at each level is
I, = NPy, (11

where index p is the PAM-4 amplitude level {0, 1, 2, 3}.
The numerical BER is usually used to evaluate the system
performance of OCDM PAM-4. Firstly, we start with the
symbol error rate (SER) calculation for PAM-4 which is
stated as [9]

1 Ith—o1 =1 I —In—
SER=—|:erfc<th o O)+erfc<l th 01)

8 V200 V20,
Ihn—12—1
+erfc< th—12 1>
V20,
Ih—Ii— Iihn—o3—1I
+erfc< »—In 12>+erfc< th—23 2)
V20, V20,
IS_Ith23>]
terfe (— . (12)
V203

Note that Ip-I3 and 0¢-03 are average amplitudes and stan-
dard deviations of levels O to 3, Ijy_o1-fin—23 are threshold
amplitudes between each consecutive level. The noise vari-
ance for each level can be expressed as [36]

2 ~ 2 2
Ototal—p ~ 9PBN—p + Orx—p- (13)

The term GI%Bpr is the variance of PBN. It can be calculated
from

2 " ¢ 2 2
OPBN—p = T Z / / Eacp—p (@) - Eccp—i ()
=1y
-cos’6;dtd®;, (14)
where 6; = Wacp,p (t) — Decp—i(t) is the phase difference

between ACP and CCP considering a random process within
[—m, ] [24], [28]. The largest interfering effect where all m
interfering users transmit the highest amplitude level simul-
taneously is assumed in this calculation. In (13), for simplifi-
cation, we assume GIEBN_O = 0 when the target user transmits
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level p = 0. The second term in (13) is the total receiver noise

or%(_p, and is expressed as
4kp A
Op—p = %ﬁ + 291, Af + 2gI4Af + RINIZAf. (15)

All 4 noise terms correspond to thermal noise, shot noise,
dark current noise, and relative intensity noise (RIN), respec-
tively. The parameters denoted by kg, Rz, T, g, 13, Af, and
RIN are Boltzmann constant, load resistance, temperature in
Kelvin, electron charge, dark current, receiver bandwidth, and
average RIN spectral density, respectively. Parameter values
used for numerical calculation are i = 0.85 A/W, ER =
13 dB, Ry = 5092, T = 300K, Iy = 10nA, Af = 12.5GHz,
and RIN = —145 dB/Hz. Then, the threshold amplitudes
among adjacent levels are optimized from

(0p+1 - Ip + 0p - Ips1)

Ith—pp+1 = (16)
r (0p + op+1)
Finally, the BER can be approximated from
davg X SER
BER= (dave ) 17)

VOLUME 10, 2022

| -Uscr &~ I-User
w4 -Users (w =2.09) =8 4-Users (w = 2.09)
\ 4-Users (w =3.15) "Ny 4-Users (w =3.15)
1000 F ¥ =4 Users (w =20) | 107! o =8=4-Users (w =20)
&~ &~ \ \‘\*&«:
= =
/m 10 188 10
o bk HD-FEClLimit, 5 | _ _\o HD-FEC limit]
= =
m 3 m 3
& 107 14 10
= =
== =
1074 ¢ 10
24 222 -20 -18 -16 -14 -12 -10 224 222 220 -18 -16 -14 -12 -10
ROP [dBm] ROP [dBm]
(a) (b)

FIGURE 8. B-to-B performance as a function of ROP (a) numerical BER,
and (b) simulation BER.

where, dyyg, and M are average Hamming distance of each
consecutive level and number of PAM levels which equal to 1
(for Gray coding) and 4, respectively.

All noise contributions in 4-OCDM PAM-4 are plotted in
Fig. 7. All 4 codes are code #3, #7, #11, and #15. This code
set still preserves the least code distance of 4 between each
adjacent code. In conventional OCDM E/Ds with w = 20, the
a]%BN dominates over other noises at ROP over —21 dBm. Itis
clearly shown in Fig. 7 that the optimized E/Ds can suppress
0 5pn- OCDM E/Ds with w = 3.15 and 2.09 can reduce o 3,
by 9.17, and 23.46 dB compared to the conventional case.

The numerical BER of 1-user and 4-user cases, calcu-
lated from (17), is shown in Fig. 8(a). Note that all noise
terms that are generated from CCP become zero in 1-user
case. For the 1-user case, the BER calculated from w =
2.09 achieve the HD-FEC limit at ROP = —18.38 dBm. For
the 4-user case using conventional E/D, although PCRga
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FIGURE 9. System architecture of OCDM PAM-4.

is —15.28 dB, which is improved by 6.15 dB compared to
PCRota1 0of 8 OOK-user case, BER is not good enough to sur-
pass HD-FEC limit as expected, and it reaches the error-floor
at2x 1072, For w = 3.15, we achieve the HD-FEC limit at the
ROP of —18 dBm. The power penalty caused by mainly ‘712>BN
is 0.38 dB. For w = 2.09, we successfully suppress ‘712>BN and
the numerical BER almost converges to the 1-user case. The
power penalty in this case is approximately 0.01 dB.

B. OPTICAL BACK-TO-BACK SIMULATION

The simulation block diagram is shown in Fig. 9. The system
baud rate is 12.5 Gbaud. The center wavelength of the optical
source and E/Ds are 1270 nm. The optical pulse generator
generates 2-ps of full-width half maximum (FWHM) pulses
at a repetition rate of 12.5 GHz. For each user, the total
120000 random binary bits are modulated with an intensity
modulator with ER = 13 dB to generate a 12.5 Gbaud PAM-4
signal employing Grey-coding. In this case, we use the
equidistant PAM-4 where the space between each PAM level
is uniform. PAM-4 signal is then encoded with programmable
16-chip encoders. All 4 codes are the same code set as codes
already used in the numerical analysis. The encoder SBR
is 0.8. Therefore, the total number of chips in one symbol
duration is 20. The encoder has a chip period of 4 ps with
the free spectral range (FSR) of 250 GHz. The sampling
rate is 4 samples/chip which results in 80 samples/symbol.
Before combining all signals together, the specific values
of delays are applied to each interfering user to align the
highest peaks of all 3 CCPs at the center of ACP. This delay
adjustment guarantees the most severe interference in the
asynchronous OCDM scenario. In the optical back-to-back,
all 4 multiplexed signals are sent directly to the receiver
side without considering the fiber recirculating loop. Inset
(i) in Fig. 9 illustrates the simulated optical spectrum of all
4 encoded signals for the case of w = 2.09. In front of
the decoder, the variable optical attenuator (VOA) is used
to vary the ROP. Then, signals will be decoded by using the
programmable 16-chip decoders. The decoded optical signal
is detected at PD. The specifications of the PD are the same
as numerical values. The detected signal is then processed
by a simple DSP chain, including the low-pass filter (LPF),
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synchronization, down-sampling (to 1 sample/symbol), and
PAM-4 decoding, respectively. Note that the received sig-
nal is synchronized with the reference transmitted signal by
using cross-correlation function in MATLAB. In this case,
no equalizations are performed. Finally, the BER is measured.
The simulation results are shown in Fig. 8(b). For 1-user case,
the BER achieves the HD-FEC limit at ROP = —19.35 dBm.
The eye-diagram, obtained at —16 dBm, is very clear as
shown in inset (i) of Fig. 8. In conventional E/Ds with 4 users,
BER converges to 2 x 1072 as ROP exceeds —12 dBm. The
purple solid lines in Fig. 8(a) and 8(b) (numerical and simu-
lation results) reach a good agreement with the experimental
results shown in [27]. The eye-diagram in inset (ii) shows the
severe interference, mainly from PBN. For the case of 4 users
with optimized E/D at w = 3.15, the eye-diagram in inset
(iii) reveals that the interference is significantly reduced. The
receiver sensitivity of this case is at ROP = —18.81 dBm
with the power penalty of 0.54 dB compared to the 1-user
case. As the E/D is optimized at w = 2.09, we also obtain
the eye-diagram in inset (iv) as clear as the 1-user case. The
best receiver sensitivity in 4-users case can be achieved at
ROP = —18.94 dBm with a power penalty of 0.41 dB. These
results also confirm our numerical BER. With the optimal
E/D design, the interference in a multi-user case can be
eliminated and the BER characteristic is almost comparable
to a single-user case. Therefore, we aim to break the previous
OCDM PAM-4 limitations caused by the conventional E/Ds
in the optical fiber transmission.

IV. 0O-BAND MULTI-SPAN FIBER SIMULATION WITH
INLINE OPTICAL AMPLIFIERS

In section II and III, we show the crosstalk and PBN sup-
pression with the optimal E/Ds design with an appropriate
w. The graphical illustrations in Fig. 1 and 2 obviously show
that adjusting the reflected amplitudes from E/Ds results in
the shape of ACP and CCP. The ACP is attenuated but the
CCP is considerably attenuated larger than the ACP, and this
is the reason why PCR as well as PCRyy, are improved.
We also measure the ratio between Pyp, and the reference
Pyp obtained from the conventional case, as a function of w.
This ratio can be considered as the shaping loss due to the
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FIGURE 10. Relationship between shaping loss ratio and RMS width w.

AS approach and is shown in Fig. 10. At our optimal point at
RMS width w = 2.09, the shaping loss is 11.31 dB. Although
the shaping loss seems quite high, which can cause very low
ROP in front of the PD, the ability of crosstalk-suppressed
enhancement of 24 dB is preferable because the shaping loss
and device insertion loss can be compensated by using the
OA as a pre/booster amplifier. Moreover, placing the OA as
in-line amplifiers along with a transmission fiber can enable
a multi-span fiber transmission.

The system architecture of 4 users 12.5 Gbaud AS-OCDM

PAM-4 (w = 2.09) multi-span transmission is already
shown in Fig. 9. At the transmitter, the simulation parameters
are the same as used in section III-B. The launched signal
power into fiber is set to 8 dBm. At the fiber section, a re-
circulating fiber loop, which consists of an SMF, an OA,
and a 1.54 nm optical band-pass filter (OBPF), are added
between the transmitters and the receivers. The SMF parame-
ters used in the simulation have the attenuation and dispersion
parameter of 0.5 dB/km and —4 ps/nm/km at 1270 nm. The
fiber non-linear coefficient is 1.6 W~ !/km~!. The fiber span
length equals to 30 km with a total loss of 15 dB. The OA
has the noise figure (NF) of 6 dB and the amplification
gain of 15 dB at —7 dBm of input power. The gain reaches
17.5 dB for small input power below —20 dBm [32]. After
the fiber transmission, the equalization, which consists of
11-taps T/2 spaced FFE, and 3-taps DFE with the least-mean
square (LMS) algorithm, are added to the DSP chain at the
receiver side to compensate ISI effects caused by CD. The
equalized signal is used to optimize the transmitted PAM-4
level-spacing for each span separately [37].

Fig. 11 shows the average BER of the fiber transmission,
as a function of the fiber span number. All BER is collected
at Py = —7dBm. At 4 spans of fiber, the eye-diagram of the
decoded waveform at PD is shown in inset (i). The waveform
is suffering from ISI. However, the eye-diagram is still clear
enough that the signal decision can keep BER under the
HD-FEC limit without using an equalization. The optimized
PAM-4 level-spacing ratio from the base level to the top level
is [0: 0.26: 0.60: 1]. On the other hand, the eye-diagram for
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6 spans, with the optimized level-spacing of [0: 0.24: 0.58: 1]
is shown in inset (ii) with a totally distorted waveform and the
BER reaches 8.3 x 1072, After the equalization, the BER is
improved to 2.2 x 10~ 3and finally we can ensure the BER
below the HD-FEC limit. Therefore, in a multi-span fiber
transmission at the selected wavelength (1270 nm), CD is the
dominant signal distortion that limits the distance.

The relationship between ROP and BER of back-to-back,
and 6 spans of fiber-transmission is shown in Fig. 12.
The back-to-back has a receiver sensitivity at ROP =
—18.94 dBm. After fiber transmission, the decoded signal
from code #3 is shown as a blue spectrum in inset (ii) of Fig.
9. Moreover, with total CD of —720 ps/nm, when the equal-
ization is not applied, the pulse-broadening induced ISI is so
severe that BER has the error-floor of around 0.04. On the
other hand, the equalizers can enhance all received signals
and BER successfully becomes lower than the HD-FEC limit
with an error-floor of 1.56 x 1073, Decoded PAM-4 symbols
without/with equalizations are illustrated as insets (i)-(ii) in
Fig. 12, respectively. The receiver sensitivity is obtained at
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ROP = —10.88 dB with the power penalty of 8.06 dB caused
by the signal distortion in a fiber link compared back-to-back.

For further improvement in the reach extension, more pow-
erful equalizations are needed to combat the largely accumu-
lated CD. Another important issue is the development in OA
to achieve higher gain with lower NF, respectively.

V. CONCLUSION

This paper proposed the ultra-low crosstalk 16-chip based
PSK code OCDM E/D enabled by an AS technique to opti-
mize the amplitudes of the E/D impulse response for arbi-
trary sets of total user number. The code detection perfor-
mance including PCR and total PCR were used to obtain
the optimal RMS width parameter for 4 AS-OCDM users
employing PAM-4 data format. The total PCR of —39.28 dB,
which was the lowest value to our knowledge for 4 OCDM
users employing PAM-4 format, was reported. Theoretical
BER was numerically analyzed and then it was verified
by a computer simulation. Both results confirmed that the
optimized AS-OCDM E/D for 4 users employing PAM-4
format was able to suppress crosstalk, and PBN in a multi-
users case effectively. Therefore, these results showed a great
opportunity to upgrade the modulation format to PAM-8.
We aimed that this pilot design could act an encouragement
to researchers for further research regarding E/D fabrications
and implementations. Finally, we successfully transmitted by
computer simulations a total bit rate of 100 Gbps/A by using
12.5 Gbaud x 4-AS-OCDM PAM-4 over 6 x 30 km of SMF
with in-line O-band OAs for DCI applications. All 4 users
after the PAM-4 level-spacing optimization and equalizations
could achieve the BER under 7% OH of HD-FEC limit with
a power penalty of 8.06 dB.
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