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Abstract: The 200 Gbit/s passive optical network (PON) is most likely to be the next-generation scheme following 50G PON. The cost-
effective direct detection (DD) system is the economical choice. However, larger-capacity DD systems will face much more serious power
fading caused by chromatic dispersion (CD) combined with square-law DD and thereby significantly increases the complexity of equaliza-
tion algorithms. In this paper, a 200 Gbit/s Nyquist 4-level pulse amplitude modulation (PAM4) single side-band (SSB) modulation-DD
downlink scheme is designed, and a low complexity quadratic-nonlinear equalizer is proposed for this system. The computational complex-
ity of the quadratic nonlinear equalizer is about 28% of that of the conventional Volterra nonlinear equalizer, while still exhibiting excel-
lent nonlinear equalization ability. Simulation results for the 200 Gbit/s system with 20 km fiber transmission show that it can achieve a
power budget of 29 dB, while a 30.4 dB power budget is obtained in the 50 Gbit/s experimental transmission.
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1 Introduction
assive optical networks (PON) based on power splitting
provide a cost-effective optical access solution for de-
livering broadband access to diverse end-users. So far,
most commercially deployed PONs are time-division
multiplexed (TDM). The optical line terminal (OLT) at the
central office is connected through an optical distribution net-
work (ODN) with many optical network units (ONUs) at the
user side using passive optical power splitting!”. Gigabit pas-
sive optical networks (GPON) have dominated the early PON
deployment, offering 100 Mbit/s broadband access services.
To provide gigabit services, network operators have been up-
grading the networks to 10G PON systems over the past de-
cade. After 10G PON, ITU-T started to study PON technolo-
gies above 10 Gbit/s in 2016, and officially started to formu-
late the high-speed PON standard based on a 50 Gbit/s line
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rate in 2018. In September 2021, the first edition of the 50G
PON standard was officially released by ITU-T. At present,
with the rise of various emerging network applications, such
as cloud storage and computing, AR/VR, 3D video, and IPTV,
higher requirements are placed on the transmission capacity
of PON systems. It can be expected that S0G PON will soon
be insufficient to meet the needs of users, and the rapid
growth of broadband access demand urges the access network
to develop toward a higher line rate exceeding 100 Gbit/s.
Generally speaking, the compound annual growth rate of user
bandwidth demand is about 20%, increasing four- to fivefold
every 8 to 10 years. Given that operators typically upgrade
PON generations on an 8- to 10-year cycle, the line rate of the
next-generation high-speed PON following 50G PON is very
likely to be 200 Gbhit/s, which also meets the rthythm and band-
width requirements of PON network evolution.

Up to now, considering the system cost and energy effi-
ciency, the system based on intensity modulation and direct
detection (IM-DD) has been the best choice for PON systems.
Unlike coherent detection, which requires a local oscillator
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and a complex receiver structure, IM-DD only needs a photo-
diode for detection at the receiving end, significantly reduc-
ing the system cost. For operators, it is necessary to upgrade
the system without changing the existing ODN. To date, re-
search on high-speed IM-DD transmission has been exten-
sively conducted. To cope with the pressure of rate upgrade
and device bandwidth improvement, IM-DD technology will
combine with a series of advanced multilevel signal modula-
tion technologies to carry more bits per unit bandwidth.
Transmissions of 100 Gbit/s and above per wavelength have
been reported by using various modulation formats including
4-level pulse amplitude modulation (PAM4), discrete multi-
tone (DMT), and carrier-free amplitude-phase modulation
(CAP)? °. Among these, PAM4 is considered the mainstream
candidate because of its simple configuration, low cost, and
low power consumption'”. The next-generation IM-DD-based
high-speed PON systems are expected to work in the C-band
with lower link loss than that of the O-band, which not only al-
leviates the current spectrum resource shortage®’, but also al-
lows the compensation of link impairments such as fiber dis-
persion and nonlinear distortion through digital signal process-
ing (DSP). In addition, using a small and easy-to-integrate
semiconductor optical amplifier (SOA) can ensure sufficient
power budget while further reducing system costs'”.

However, as optical access networks evolve toward a higher
line rate exceeding 100 Gbit/s per wavelength, the transmis-
sion of IM-DD systems over the C-band optical fiber will be
seriously affected by the chromatic dispersion (CD) effect. At
high symbol rates, the system faces frequency-selective power
fading, which will lead to serious degradation in receiver sen-
sitivity and insufficient power budget"’. Equalization technol-
ogy is considered an effective solution to eliminating inter-
symbol interference (ISI) caused by device bandwidth limita-
tion and CD. Among various techniques, feed-forward equaliz-
ers (FFE) and decision feedback equalizers (DFE) are widely
used'. These equalizers have simple structures and low
power consumption, but they cannot compensate for serious
nonlinear damage. In contrast, the Volterra nonlinear equal-
izer (VNLE) can effectively compensate for both linear and
nonlinear impairments originating from fiber channels and the
square-law direct detection. However, its complex structure
and high computational complexity (i.e., the cost and power
consumption of hardware circuit implementations) make it dif-
ficult to apply the algorithm directly to future ultra-high-speed
IM-DD PON systems.

To reduce the bandwidth requirements of key devices and
mitigate power fading in high-speed IM-DD systems, a novel
200 Gbit/s Nyquist PAM4 single side-band (SSB)-DD down-
stream system is proposed in this paper. By analyzing the forms
and characteristics of nonlinear damage in SSB-DD systems, we
reasonably simplify the VNLE and propose a quadratic nonlin-
ear equalizer with significantly reduced complexity. Simulation
results show that the proposed equalizer can effectively compen-

sate for nonlinear impairments in SSB-DD systems, and the
computational complexity is equivalent to that of a linear equal-
izer. Using the proposed equalizer, the 200 Gbit/s simulation re-
sults over 20 km fiber transmission show that the system can
achieve a power budget of 29 dB, and a 50 Gbit/s transmission
experiment over 20 km yields a power budget of 30.4 dB at a
bit error ratio (BER) threshold of 1072

2 Principle of 200 Gbit/s PON Downstream
Scheme

2.1 200 Gbit/s PON Downlink System Scheme

On the OLT side, if the bitrate is increased from 50 Gbit/s
to 200 Gbit/s using a conventional non-return-to-zero/ on-off
keying (NRZ/OOK) binary modulation format, optoelectronic
devices with bandwidths of 100 GHz to 120 GHz are required,
which is obviously extremely difficult and costly in practical
applications. Therefore, it is necessary to adopt a high-order
modulation format for the downlink transmission of the next-
generation 200 Gbit/s PON systems to relax the bandwidth re-
quirements of the devices. To keep low cost and achieve a
high power budget, a 200 Gbit/s Nyquist PAM4 SSB-DD PON
downlink transmission scheme is designed, as shown in Fig. 1.

To ensure an adequate power budget and acceptable device
cost, the scheme adopts PAM4 modulation and performs Ny-
quist pulse shaping with a roll-off factor of 0.1 to further com-
press the signal spectrum, thereby reducing the bandwidth re-
quirement of the device while minimizing the CD impact. Due
to the limitation of high-speed digital-to-analog converters
(DAC) in practical applications, only two-times waveform up-
sampling is considered. Because the direct detection system
only detects light intensity information and is not sensitive to
phase information, the system has high tolerance to the laser
linewidth. As a result, we can choose a distributed feedback
laser (DFB) as the light source at the transmitting end. Com-
pared with generating single-sideband modulation signals
based on a single dual-drive Mach-Zehnder modulator (MZM)
with increased device cost on the OLT side, using 1Q-MZM to
generate single-sideband modulation signals in the form of op-
tical auxiliary carriers can adjust the carrier-to-signal power
ratio (CSPR) more flexibly to ensure optimal overall system
performance. Fortunately, due to the point-to-multipoint na-
ture of PON, the overall cost of the system will not increase
significantly.

Here, let s(¢) be the original zero-mean PAM4 RF drive sig-
nal, and the drive voltage applied to the upper and lower arms
of each MZM bev(t) = s(t) + v . In the case of carrier sup-
pression modulation, the v, bias voltage is set to the minimum
transmission point, that is, the zero point of the power transfer
function and the field transfer function. Then, the relationship
between the input and the output light fields of MZM is:
(1) = B, (1) x cos(*‘y) - 72’) B (1) x sin("y)ﬂ).
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ONU: optical network unit
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VOA: variable optical attenuator

Figure 1. 200 Gbit/s Nyquist PAM4 SSB-DD PON downlink system scheme

It can be seen that the modulation curve of the MZM is in the
form of sine/cosine, and the signal will produce nonlinear dis-
tortion at both ends of the modulation dynamic range. To fully
utilize the dynamic range of the MZM and maximize the sys-
tem power budget, it is necessary to perform pre-distortion pro-
cessing in the arcsine form before the OLT side signal enters
the 1Q-MZM to overcome the nonlinear effect of the MZM. Fi-
nally, an SOA is used to amplify the optical signal in the C-
band before fiber transmission.

Generally, compared with a PIN photodiode at the same
bandwidth, an avalanche photodiode (APD) offers significantly
higher receiver sensitivity. However, on the ONU side, as the
bitrate increases to 200 Gbit/s, APD also faces problems of in-
sufficient device bandwidth and constrained gain. As the APD
bandwidth increases, the gain decreases, and the sensitivity
advantage over the PIN photodiode + transimpedance ampli-
fier (PIN+TIA) scheme diminishes. To sum up, in a 200 Gbit/s
PON downlink system, the use of PIN+TIA for photoelectric
detection is both cost-effective and feasible for practical
implementation. Before entering the PD, the optical signal
first goes through an SOA for amplification. The sampling
rates of the ADC and DAC are the same, which is twice the
symbol rate, that is, 200 GSa/s. The receiver-side DSP pro-
cessing flow on the ONU side includes clock recovery,
matched filtering, double down sampling, and the proposed
quadratic Volterra equalization.

2.2 Analysis of Nonlinear Damage in SSB-DD systems
The optical field expression of SSB signals generated by op-
tical transmitters can be written as:
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Eqy(t)=b+als(t)+jHT[s(t)]1=b+ a-c(t) (1),

where a and b are complex numbers, so that lal* + b = 1 is
used to constrain the average power of optical SSB signals to
keep it constant; s(¢) is a real baseband signal, HT[-] repre-
sents the Hilbert transform, and ¢(¢)=s(¢)+ jHT[s(z) ]
HT[s(z)] can be expressed as —jsign(w)S(w) in the fre-
quency domain. s(t) is a real signal that satisfies S(-)" =
S(w) in the frequency domain. Therefore, all the information
of ¢(t) is contained on one side of the spectrum, such as the
positive frequency side, which can be expressed as C(w) =
S(w)U(w), and U(w) is a unit step function. After the optical
SSB signal is transmitted through fibers, the received optical

12
power can be expressed as''?:

Po(t) =] (b +ac(1) ® hey(r)|
|b tac(t)® hm(t)|2 =
b7+ |aHb|[C(t) ® hey(t)e” +¢'(1) ® h(*;n(t)e_jy] +

lalle(t) ® hey(1)| = A1) + B'(1) + (1)

(2).

In Eq. (2), vy = ¢, — &, denotes the phase difference be-
tween b and a; the first term A'(¢) = |a |2 denotes the DC com-
ponent, the second term B’(¢) has a useful signal ¢(¢), and the
third term C'(t) = |a |2‘ c(t) @ hey(t) |2 denotes the signal-to-
signal beat interference (SSBI) introduced by direct detection
after transmission through the optical fiber. If |a || b] is omitted
for simplicity, the Fourier transform of B'(¢) is B'(w)=
Clo)H p(w)e” + C'( - w)Hy( —w)e™.

Therefore,
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H,(w)e” = G(w) and B'(w) can be written as:

%

B(w)=S(0)U(0)G(w)+ S (~0)U" (~0)G (~w) =
S(0) (U(w)6(w) + U(-0)6'(-w)) = (3).
S(w)M(w)

Hyy(w)=H.( - ), and M (@) can be summed up as:

jsign(w)(%ﬁzw% * 7)

M(w)=e (4).

The inverse Fourier transform of M (w) is a real value,

which is expressed as m(t). Since C'(t) can be expressed as
2

\a|2|c(t) X hm(t)e”| and ¢(t) contains only positive spec-

tral components, Eq. (2) can be rewritten as:

2
p(1)= b1 + 'ﬁj's(t) ® m(1) + ||Z||2

‘ 2

|c(t) ® m(t)

(5).

Obviously, the greatest advantage of SSB-DD is the elimina-
tion of the power fading effect. No power fading means that
m(t) is reversible, expressed as m™' (¢). Therefore, transmis-
sion impairments can be effectively compensated by equaliza-
tion algorithms.

In Eq. (5),]b |2 denotes the power of the carrier, | a \2 denotes
the power of the signal, and |b|2/|a|2den0tes the carrier-to-
signal power ratio (CSPR). |a |2/| b |2 can be expressed as
1/CSPR, and then Eq. (5) can be rewritten as:

an(t) =

|b|21+ 1

(6).

s(1) ® m(1) + (1) ® m(1)|
R

1
CSPR

As can be seen from Eq. (6), SSBI becomes severe when the
CSPR is too low. Although both the effective signal and SSBI
decrease with increasing CSPR, the reduction rate of SSBI is
significantly higher. When the CSPR is excessively high, the
proportion of carrier power will be too large, which leads to a
degraded signal-to-noise ratio (SNR). Consequently, the sys-
tem sensitivity deteriorates. Hence, there is an optimal CSPR.

2.3 Principle of Low Complexity Nonlinear Equalizer
Traditional FFE and DFE feature simple structure and low
power consumption, which can effectively compensate for linear
distortion but cannot mitigate serious nonlinear impairments.
According to Egs. (1) and (5), both double sideband modulation
and single sideband modulation signals transmitted through op-
tical fiber suffer from SSBI, due to the square law detection of
DD receivers, which causes signal distortion. VNLE can com-
pensate for the nonlinear distortion, but it significantly in-
creases the complexity of the equalizer, making it unsuitable for

cost-sensitive ONU applications. Meanwhile, when the symbol
rate is very high, the large number of tap coefficients renders
VNLE impractical for real-time implementation'",

Different from DSB intensity modulation, the SSBI in SSB-
DD systems only contains the second-order term and avoids
the power fading effect. Thus, the second-order nonlinear dis-
tortion becomes the main factor affecting the transmission per-
formance, so the second-order VNLE is sufficient for effective
compensation.

The output of the n-th sample of the second-order VNLE

14
can be expressed as''*:

y(n)= 3w (m)x(n - m) +
Lo " (7),
zwz(l,k)x(n -Dx(n-k)

1=0k=0

where x(n) is the n-th input sample, L, and w, are the memory
length and kernel weight of order p (p = 1,2), respectively.
The second term on the right side of Eq. (7) denotes the non-
linear equalizer including the self-beat frequency term and
the cross-beat frequency term, and its tap number is L, (L, +
1)/2. Obviously, with the increase of L,, the computational
complexity of VNLE grows significantly.

Because of the square law detection of the DD receiver, the
beat frequency term between signals is the most important
nonlinear damage term. Therefore, by considering only the
second-order distortion in Eq. (7), the second-order VNLE can
be further simplified to a quadratic nonlinear equalizer
(QNLE), which is expressed as:

y(n)= z:':_(iwl(m)x(n -m)+ zfiz)lwz(l)xz(n - 1)(8).

Obviously, the QNLE is much simpler than the second-
order VNLE, as the number of taps in the second term is re-
duced from L,(L, + 1)/2 to L,. Eq. (8) indicates that under
low dispersion conditions, the nonlinear term approximately
contains only the square term of the signal. It should also be
noted that the influence of fiber dispersion on linear and non-
linear terms is different, which needs to be compensated at the
receiving end respectively. In short-range transmission, the
self-timer frequency is dominant in the nonlinear terms of
SSB-DD reception, so it is considered that the second term

z;:olwz(l)xz(n - 1) in Eq. (8) can compensate for the non-
linear damage. In the single sideband field modulation sys-
there is no fading, M(w)=

tem, because power

jsiglx(w)(%ﬁza)zL+'y) . .
e N whose inverse Fourier transform, expressed

as m(t), is a real value; and there is a reversible m™' (¢), so
the linear term s(¢) ® m(t) can be compensated by

S e (m)x(n - m)in Eq. (8).

When equalization performance is equivalent, computa-
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tional complexity becomes a key indicator for evaluating the
quality of an equalizer. Because multiplication operations are
significantly more computationally expensive than addition op-
erations, the computational complexity can be judged by the
number of multiplications in the equalizer. The computational
complexity of the complete second-order Volterra equalizer
can be expressed as:

M=L,+L,(L,+ 1)2 ),
where L, represents the number of taps of the first-order term,
and L, represents that of the second-order term. The computa-
tional complexity of the proposed QNLE can be expressed as:

M=L+1L, (10).

By comparing Eqgs. (9) and (10), it can be found that the
quadratic Volterra equalizer reduces the computational com-
plexity from quadratic to linear growth, thus greatly reducing
the computational complexity.

3 Simulation Setup and Results

The simulation setup is shown in Fig. 2. At the transmitter,
a binary pseudo-random bit sequence goes through PAM4
symbol mapping, two-times up-sampling, symbol shaping, and
spectrum compression using a root raised cosine filter with a
roll-off factor of 0.1. The shaped signal is transformed into its
real and imaginary parts via the Hilbert transform. After this
processing, the two signals are sent to the IQ modulator follow-

o
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LPF: low-pass filter
MZM: Mach-Zehnder modulator
OBPF: optical band-pass filter

ADC: analog-to-digital converter
BER: bit error ratio

DAC: digital-to-analog converter
DSP: digital signal processing

SOA: semiconductor optical amplifier

ing DAC to modulate the optical single sideband signal. The
modulated signal is amplified by an SOA and then enters
the optical fiber for transmission. The variable optical at-
tenuator (VOA) on the transmitter side is used to control the
power of the optical carrier signal and thus adjust the CSPR.
The optical signal is further amplified using an SOA as a
preamplifier, and the noise outside the signal spectrum is fil-
tered by an optical band-pass filter (OBPF) before PD detec-
tion at the receiver. The received optical power is adjusted
by another VOA. The electrical signals directly detected by
the PD (55 GHz 3 dB bandwidth) are processed offline after
passing through the ADC. The receiver DSP includes the
Gardner clock recovery algorithm, matched filtering, down-
sampling, the low-complexity quadratic nonlinear equalizer,
symbol de-mapping, and BER calculation. Table 1 shows the
main simulation parameters of the system.

CSPR is one of the key parameters of the system. If the
CSPR is too high, the proportion of carrier power will be too
large, which degrades receiver sensitivity. Conversely, if the
CSPR is too low, the SSBI impairment will be too strong to be
effectively mitigated at the ONU side, which also degrades re-
ceiver sensitivity. Therefore, there is an optimal CSPR value
that maximizes receiver sensitivity.

First, the BER varies with CSPR under the condition of
20 km optical fiber transmission. The input optical power is
0 dBm to avoid exciting nonlinear effects in the fiber, while
the average received optical power is =10 dBm. A 71-tap FFE
equalizer is employed at the receiver. Since the SSBI impair-

VOA: variable optical attenuator PIN: PIN photodiode
PAM4: 4-level pulse amplitude modulation

SSB: single side-band

PD: Photodiode

Figure 2. Simulation setup of 200 Gbit/s Nyquist PAM4 SSB transmission over 20 km SSMF
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Table 1. Main parameters of simulation system

Parameter Value Parameter Value
Bit rate 200 Gbit/s DAC,/ADC 200 GSa/s
sampling rate
DAC/ADC ENOB 8 Laser linewidth 10 MHz
MZM extinction ratio 20 dB SOA noise figure 7.5 dB
Dispersion coefficient 16.5 ps/nm/km PIN responsiveness 0.8 A/W
PIN thermal noise 1.2e-11 A/Hz(1/2) || Receiver bandwidth 55 GHz

MZM: Mach-Zehnder modulator
PIN: PIN photodiode

SOA: semiconductor optical amplifier

ADC: analog-to-digital converter
DAC: digital-to-analog converter
ENOB: effective number of bits

ment is also related to dispersion, its impact differs between
back-to-back (BtB) and 20 km transmission scenarios. The
20 km transmission results are more representative, as they
primarily involve dispersion and SSBI impairments in the sys-
tem. Since the theoretical sensitivity under BtB conditions is
—10 dBm, this paper first optimizes the CSPR around —10 dBm
received power. The FFE equalizer can mitigate linear ISI
caused by dispersion, but it cannot effectively equalize the non-
linear impairment of SSBI. Therefore, after equalization, there
will be residual SSBI impairment, and the size of SSBI impair-
ments is dependent on the system CSPR. In addition, the mea-
sured BER curve trend can better reflect the influence of CSPR
change on receiver sensitivity, when the received optical power
is low. As shown in Fig. 3, for a transmission distance of 20 km,
the system achieves the lowest BER and optimal performance
when the CSPR is 13 dB.

Next, the relationship between launched power and BER is
simulated under the transmission condition of 20 km. To en-
sure that the change of BER is caused only by power variation

x107
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4} .
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=
==}

3 - -
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BER: bit error ratio CSPR: carrier-to-signal power ratio

Figure 3. BER versus CSPR under a 20 km transmission simulation

(excluding receiver noise influence), the received power is set
to 0 dBm. As shown in Fig. 4, with the increase of launched
power, fiber nonlinearity is gradually excited, which leads to
the system performance degradation. When the launched
power exceeds 10 dBm, nonlinear effects become significant.
Therefore, 10 dBm is selected as the maximum launched
power and used as the condition for subsequent simulations.
Fig. 5 depicts the BER versus different first-order and
second-order tap lengths at a received optical power (ROP)
of =9 dBm, using the proposed low-complexity quadratic non-
linear equalizer. To determine the optimal tap configuration
in the vicinity of the sensitivity, the received power is fixed
at =9 dBm. It can be seen that the quadratic nonlinear equaliz-
ers with 61 first-order tap lengths and 21 second-order tap
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Figure 5. BER versus filter length at -9 dBm received optical power
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lengths achieve a bit error rate threshold of 107, As discussed
in Section 2, the distortion of the SSB-DD system in the C-
band mainly comes from inter-symbol interference caused by
dispersion and second-order SSBI, so the quadratic nonlinear
equalizer can effectively equalize it. Because the first-order
tap length is 61 and the second-order tap length is 21, the ra-
tio of the tap numbers of the quadratic nonlinear equalizer to
that of the Volterra nonlinear equalizer is 82/292 (approxi-
mately 28.1%). This means that the quadratic nonlinear equal-
izer can significantly reduce the computational complexity. In
addition, the results imply that increasing the number of
second-order taps can lead to substantial complexity reduc-
tion.

Fig. 6 shows the 200 Gbit/s Nyquist PAM4 SSB transmis-
sion over a 20 km standard single-mode fiber (SSMF), achiev-
ing a 29 dB total link power budget at a BER of 1072, taking
into account 10 dBm launched power.

4 Experiment and results

The experimental platform is shown in Fig. 7. Due to the
bandwidth limitations (14 GHz) of the 1Q modulator used in
the lab, a 200 Gbit/s transmission experiment remains chal-
lenging, and thus our experiment was carried out at a symbol
rate of 25 GBaud. The OLT part mainly includes an AWG, an
optical IQ modulator, a 1 550 nm DFB laser, a 50:50 2X1 cou-
pler, a polarization controller, and an adjustable attenuator.
First, offline Tx DSP is programmed in MATLAB at the origi-
nator. Random bit sequences are generated and mapped to
PAM4 symbols (normalized from —1 to 1). The optical 1Q
modulator operates in both linear and nonlinear regions. If the
amplitude of the input signal is too large, it will enter the non-
linear region. Consequently, Tx DSP needs to perform nonlin-
ear pre-distortion of the modulator to resist the nonlinear im-
pairment of the 1Q modulator. The generated sequence is di-

X107
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—8— 20 km, with SOA
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BER
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-21 =20 -19 ~-18 ~-17 ~-16 ~-15
Received optical power/dB
BER: bit error ratio  SOA: semiconductor optical amplifier

Figure 6. BER vs ROP under a 20 km transmission simulation
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vided into two parts, and one of the sequences is subjected to
Hilbert transformation. Finally, the two sequences are im-
ported into the arbitrary waveform generator (AWG) as I and
Q columns at the same time. In the offline experiment, a Key-
sight M8194A AWG (3 dB bandwidth: 45 GHz, sampling rate:
120 GSa/s with two channels active) is used to generate 2-
channel signals, which work with a Coherent Solutions IQ
Transmitter-SP-ABC to realize single-polarization carrier sup-
pression optical modulation. To modulate the optical domain
single sideband and control the power ratio of the carrier sig-
nal, the output light of the laser was split into two paths via a
50: 50 optical coupler. One path is used as the modulation
light source of the IQ modulator, and the other serves as the
optical carrier. An adjustable optical attenuator is used to ad-
just the optical power. The CSPR of the system can be ob-
tained by measuring the power of the output optical signal of
the IQ modulator first, and then measuring the output optical
power of the adjustable optical decay. After that, the optical
carrier signal passes through a polarization controller to keep
the polarization state of the output optical signal of the 1Q
modulator consistent. Finally, it is coupled with the output op-
tical signal of the 1Q modulator through a 50:50 2X1 optical
coupler, and then enters the optical fiber for transmission with
an SOA power amplifier with a transmit power of 10 dBm.

The ONU part mainly includes a PD detection module and
a sampling oscilloscope. The optical signal arriving at the
ONU first passes through an SOA preamplifier, then through
the PD detection module, and is subsequently sampled by the
oscilloscope. The responsivity of the PD is 0.65 A/W, and the
3 dB bandwidth is 36 GHz. The signal is sampled by a sam-
pling oscilloscope (LabMaster 10-59Zi-A). When using only
one channel, it operates with a sampling rate of 160 GSa/s, a
3 dB bandwidth of 59 GHz, and a resolution of 8 bits. At
present, the main DSP algorithm for off-line processing in-
cludes matched filtering, double down-sampling, and second-
order Volterra equalization. Finally, decision decoding is per-
formed in the data recovery module to restore the original
transmitted data, and the error statistics are carried out.

The experimental relationship between BER and CSPR for
20 km transmission is illustrated in Fig. 8, using the same 71-
tap FFE configuration as in the simulation. First, the BER var-
ies with CSPR in the case of 20 km fiber transmission with an
average received optical power of =20 dBm. As analyzed in
Sections 2.3 and 3, while FFE can mitigate linear ISI, the non-
linear SSBI remains a dominant impairment that depends on
the CSPR. The BER performance under experimental condi-
tions (20 km transmission) is more representative of these com-
bined effects. As shown in Fig. 8, the experimental system
achieves the optimal BER at a CSPR of 11 dB. This is slightly
lower than the 13 dB CSPR observed in simulation (see Fig.
3), likely due to the additional bandwidth constraints and
noise characteristics of the physical IQ modulator and SOA
used in the experimental setup. Therefore, a CSPR of 11 dB
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DSP: digital signal processing
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AWG: arbitrary waveform generator
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PAM4: 4-level pulse amplitude modulation
SOA: semiconductor optical amplifier
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Figure 7. 20 km 25 GBaud PAM4 single sideband modulation-direct detection point-to-point downlink experimental platform
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Figure 8. BER vs CSPR for 20 km transmission experiment

was adopted in subsequent experiments.

Fig. 9 shows how BER varies with ROP. Under the current
experimental conditions, the receiver sensitivity of the 20 km
transmission experimental system is —20.4 dBm. At this sensi-
tivity, the second-order Volterra equalizer employs 91 linear
taps and 21 second-order taps, and the overall power budget
of the system is 30.4 dB. At 1550 nm (where dispersion is
greater than 300 ps/nm), the quadratic Volterra equalizer is
considered effective. Ref. [15] demonstrates a PON system
with real-time transmission of 50 Gbites™ X" PAM4 using a
booster SOA. This system achieves a sensitivity of —=22.3 dBm

x107?
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Figure 9. BER vs ROP under a 20 km transmission experiment

at a BER of 1072, with a power budget higher than 35 dB
across the O-band. The performance of this experiment is es-
sentially comparable to, though slightly lower than, the results
reported in Ref. [15]. The gap is attributed to the single side-
band modulation method, operating wavelength, bandwidth

limitations, and SOA amplifier performance.

S Conclusions

In this paper, a 200 Gbit/s Nyquist PAM4 SSB-DD downlink
system scheme is proposed and demonstrated, and a low-
complexity QNLE is proposed for low complexity nonlinear im-
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pairment equalization, which can greatly reduce the computa-
tional complexity of the conventional VNLE by keeping only
the primary linear terms and quadratic nonlinear terms. Simula-
tion results for the 200 Gbit/s SSB-DD downlink system show
that the computational complexity of the quadratic nonlinear
equalizer is about 28% of that of the conventional Volterra non-
linear equalizer. The proposed QNLE exhibits excellent nonlin-
ear equalization ability, as it achieves a power budget of 29 dB
under the 20 km fiber transmission, while a power budget of
30.4 dB is achieved in the 50 Gbit/s experiment. It is con-
cluded that the proposed SSB-DD PON scheme with reduced
complexity quadratic Volterra equalization algorithm yields su-
perior system performance, and thus is one of the most promis-
ing solutions for future 200 Gbit/s PON applications.
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