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Abstract: Driven by the ever-increasing capacity demands, digital signal processing (DSP) has
been first applied to improve the performance of a 50G passive optical network (PON). The
main challenge is implementing the burst-mode DSP to deal with the upstream burst signal.
This paper proposes a burst-mode DSP using preambles designed for the 50G PON based on
entropy-loading discrete multi-tone (DMT). The burst-mode DSP mainly includes the burst-mode
timing recovery with the initial timing offset and the burst-mode frequency-domain equalizer
with the initial tap coefficients. The experimental results of the S0G DMT PON demonstrate that
the burst-mode DSP can achieve fast convergence based on the ~27ns preamble with 800 samples.
The proposed burst-mode DSP makes the DMT PON highly feasible to support non-residential
point-to-multi-point applications such as passive optical local area networks.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Inrecent years, the development of optical access networks has been driven by artificial intelligence,
cloud services, high-definition video, and so on [1-3]. The International Telecommunication
Union’s Telecommunication Standardization Sector (ITU-T) has released the standards for 50G
passive optical network (50G PON) to meet the ever-increasing capacity demands. To ensure
the optical power budget, the S0G PON still use on-off keying and first adopt digital signal
processing (DSP) [4-6]. Many non-residential applications of PON such as passive optical local
area networks do not require a high optical power budget but are cost-sensitive, which is preferred
to low-cost bandwidth-limited devices. Spectral-efficient discrete multi-tone (DMT) enables the
use of low-cost bandwidth-limited devices, which is a promising scheme for the non-residential
point-to-multi-point (P2MP) applications of 50G PON [7-9].

Since the beginning of the PON commercial applications, statistical-multiplexing time division
multiple access (TDMA) has been used to ensure capacity and quantity for the subscribers
[4,10]. In the new 50G TDM-PON, burst-mode DSP is one of the key technologies to deal
with the upstream burst signal, which should have a short convergence time to improve spectral
efficiency [11,12]. Among the conventional DSP modules, the timing recovery and channel
equalization with feedback updating algorithms have long convergence times, which are not
suitable for processing the upstream burst signal. Therefore, many efforts have been committed
to the burst-mode timing recovery (TR) and channel equalizer for the 50G PON [13-18]. Most
of the existing burst-mode DSP has addressed the requirements for processing single-carrier
burst signals such as on-off keying and four-level pulse amplitude modulation. The burst-mode
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DSP for processing multi-carrier burst signals such as DMT is further studied to promote P2MP
applications.

In this paper, we propose the burst-mode DSP based on the designed preambles for the
50G DMT PON, including burst-mode TR with timing offset initialization and burst-mode
frequency-domain equalizer (FDE) with tap coefficients initialization. The initial timing offset
can be extracted by the feedforward timing offset estimation based on the designed frequency
tones. Then, the initial tap coeflicients can be estimated by the minimum-mean-square-error
(MMSE)-based channel estimation based on the known DMT-based preambles. The experimental
results of the 50G DMT PON demonstrate that the proposed burst-mode DSP can realize fast
convergence using ~ 27ns (i.e., 800 samples/30GSa/s) preambles. The proposed burst-mode
DSP makes the DMT PON more competitive for non-residential P2MP applications.

2. Principle of burst-mode DSP

Figure 1(a) shows the frame structure and designed preambles for the DMT PON. The preambles
are added before the payload for fast convergence of the burst-mode DSP. The Preamble A is
designed as two conjugate tones on the symmetry frequency points to estimate the initial timing
offset. The length of the Preamble A is set to 128. The Preamble B is designed for frame
synchronization, which has been demonstrated in Refs. [19,20]. The length of the Preamble B is
set to 128. Figure 1(b) depicts the detailed structure of Preamble C to estimate the initial tap
coefficients. The Preamble C consists of four known DMT symbols [Sc; Sc2 Sc3 Sca] with cyclic
prefix (CP) and cyclic suffix (CS). The length of the Preamble C is set to 544. In conclusion,
the total length of the preambles is 800, which can be used to realize the fast convergence of
burst-mode DSP.
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Fig. 1. (a) The frame structure and designed preambles for the DMT PON. (b) The detailed
structure of Preamble C. (c) Burst-mode TR with the initial timing offset extracted by
feedforward timing offset estimation based on the Preamble A. (d) Burst-mode FDE with
initial tap coefficients estimated by feedforward channel estimation based on the Preamble C.
NCO: Numerically Controlled Oscillator.
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Next, we will introduce the principles of the burst-mode TR and burst-mode FDE. The
burst-mode TR and burst-mode FDE work at a sample rate of 1 sample per symbol. The
frequency-domain Y (k) of the received signal can be expressed as

Y(k) = X(k) x H(k) x exp(—j%rk‘r) + N(k) €))

where X is the frequency-domain transmitted signal. H is the frequency-domain channel response.
K is the size of the fast Fourier transform (FFT). k is the subcarrier index from O to K — 1. 7 is
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the timing offset. N is the white noise. The burst-mode TR and burst-mode FDE are proposed to
compensate for timing offset T and channel response H(k), respectively.

In the burst-mode TR, an appropriate initial timing offset plays a significant role in the
algorithm convergence [19,20]. Figure 1(c) shows the burst-mode TR with the initial timing
offset extracted by feedforward timing offset estimation based on the Preamble A. First of all, the
frequency tones of Preamble A are recognized by the frame detection. Then, the initial timing
offset 79 is extracted by feedforward timing offset estimation, which can be expressed as

1=~ X arglYa(ho) @
JT ko
where arg(-) denotes the angle of a complex value. Y4 is the frequency-domain received Preamble
A. ko is the subcarrier index where the positive frequency tone is located. As Eq. (1) shows, it is
worth noting that the phase-frequency response of H causes the estimation error on 7y. Since
the phase-frequency response of the channel in low frequency is stable [21], the relative-low
frequency tones can be used for timing recovery.

After timing offset initialization, the timing offset can be preliminarily compensated by
multiplying the k-th subcarrier by the exp(j27nfi79). However, the timing offset 7 is dynamically
changed, which should always be tracked and updated. The updating timing offset 7 can be
estimated by a new frequency-domain timing error detection (TED) as

OUTrgp = -2 x Real[Y(kg)] x Imag[Y (ko)] = sin(n7) 3)

where Real(-) denotes the real part of a complex value. Imag(-) denotes the imaginary part of a
complex value. The loop delay should be considered when tracking timing offset based on the
Eq. (3). Therefore, the initial timing offset is necessary to accelerate the convergence of the TR
algorithm. The timing offset of the DMT signal can be compensated by multiplying the k-th
subcarrier by the exp(j27f; 7).

After TR, the frame synchronization is realized using Preamble B. Next, the principle of
the burst-mode FDE with the initial tap coefficients will be introduced to compensate for the
channel response. Figure 1(d) shows burst-mode FDE with initial tap coefficients estimated by
feedforward channel estimation based on the Preamble C. First of all, the mean square error
(MSE) of the Preamble C is calculated by

e(k) = [X(k) — Y (k) x Weq(k)]* )

where W denotes the estimated tap coefficients. Most of the channel estimations aim to obtain
the Wgg to minimize the MSE, including the feedback and feedforward algorithms. Due to the
loop delay, the feedback channel estimation requires a long convergence time. The feedforward
zero-forcing (ZF)-based and MMSE-based channel estimations can quickly obtain the initial tap
coefficients. The ZF-based channel estimation owns a simplified implementation [22], which can
be directly calculated by dividing the transmitted Preamble C by the received Preamble C in the
frequency domain. The initial tap coefficients estimated by the ZF-based channel estimation can
be defined as

Xc(k) _ 1

Ye(k)  H(k) + N(k)/Xc(k)

where Wzr denotes the estimated tap coefficients by ZF-based channel estimation. X¢ and Y¢
denote the transmitted and received Preamble C, respectively. From Eq. (5), the main drawback
is that the ZF-based channel estimation is vulnerable to noise. The four Wz estimated by the
four known DMT symbols in Preamble C are averaged to improve the accuracy.

In the MMSE-based channel estimation, the tap coefficients are calculated by setting the
gradient value of MSE to zero. Compared to the ZF-based channel estimation, the MMSE-based

Wzr(k) = Q)
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channel estimation can mitigate the influence of noise on the tap coefficients [23], which can be
defined as §
E[Xc(k) x Y (k)]

Whamse®) = gy @ < va 0]

(6)
where E(-) denotes the expectation operation for the correlation values calculated by four known
DMT symbols in Preamble C. (-)* denotes the conjugate operation.

After the feedforward channel estimation, the tap coefficients are fed into the burst-mode FDE.
The channel response can be preliminarily compensated by multiplying the k-th subcarriers by
the Wzr(k) or Wmmse (k). However, the channel response is dynamically changed, which should
always be tracked and updated. The tap coeflicients Wy,q can be updated by the decision-directed
least mean square (DD-LMS) algorithm, which can be expressed as

Wupa(k) = W(k) — p& (k) @)
where y is the step size. £(k) is a gradient value of MSE in Eq. (4), which can be expressed as
(k) = =2 % [Z(k) = Y (k) X W(k)] X Y (k) ®)

where Z(k) is the direct-decision value of equalized signal Z(k). Both the MMSE-based channel
estimation and the DD-LMS updating algorithm are based on the criterion of minimizing the
MSE between the transmitted signal and the equalized signal. Therefore, in theory, the MSE
has a small fluctuation when the MMSE-based channel estimation is switched to the DD-LMS
updating algorithm.

3. Experimental setups and results

An experiment of 50Gb/s entropy-loading DMT PON was set up to verify the feasibility of the
proposed burst-mode DSP. Figure 2(a) shows the experimental setups of the 50Gb/s entropy-
loading DMT PON. Firstly, the DSP at the transmitter (Tx) (Tx DSP) generated the DMT signal,
as depicted in Fig. 2(b). The number of symbols in the payload and the size of FFT are set to 700
and 128, respectively. The valid subcarrier number was set to 106 among the 128 subcarriers.
The digital DMT signal was converted to an analog signal by a digital-to-analog converter (DAC)
with a 3dB bandwidth of 16GHz. The sampling rate of DAC was set to 30GSa/s. An electrical
amplifier amplified the analog signal. Then, the amplified analog signal was modulated on a
1328nm optical carrier by a 10G-class transmitter optical subassembly (TOSA) with a directly
modulated laser (DML).

Figure 2(c) shows the spectrum of the transmitted signal and the received signal. To satisfy the
demand of Hermitian conjugate, a pair of real-valued frequency tones was inserted on the 33rd
subcarrier and 97th subcarrier. If complex frequency tones are used, the phase of the transmitted
signal will affect the estimated timing error. Thus, the complex frequency tones are not suitable
for the proposed timing recovery algorithm. The power ratio of the frequency tones to the symbol
power of the effective carrier is 1. Figure 2(d) shows the entropies of the subcarriers. When
probabilistic shaping 64-order quadrature amplitude modulation (PS-64QAM) was used, the
entropies of the valid subcarriers can be set between 2 bits/symbol and 6 bits/symbol after the
entropy loading. In the ITU-T standard of 50G PON, the line rate is defined as 50Gb/s, which
mainly includes preambles, payloads, and a 20% forward error correction (FEC) overhead. The
average entropy of the valid subcarriers was set to ~ 3.95 bits/symbol to achieve the same net
rate as using on-off keying in the of the 50G passive optical network [24-26].

The optical signal was then launched into 20km standard single-mode fiber (SSMF) with
the launch optical power of ~ 3dBm. A variable optical attenuator (VOA) was used at the
receiver to adjust the received optical power (ROP). A 10G-class receiver optical subassembly
(ROSA) with the avalanche photo-diode with a trans-impedance amplifier (APD-TIA) was used to
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Fig. 2. (a) Experimental setups of 50Gb/s entropy-loading DMT PON. (b) Tx DSP. (c) The
DMT signal spectrum. (d) The entropies on subcarriers. (e) Rx DSP. PAS: Probabilistic
amplitude shaping. BM: Burst mode. Sync: Synchronization.

convert the optical signal to an electrical signal. The electrical signal was then sent to a 30GSa/s
analog-to-digital converter (ADC) to convert the analog signal to a digital signal. Finally, the
DSP at the receiver (Rx DSP) was used to recover the digital signal, as shown in Fig. 2(e).

Figures 3(a) and (b) show the estimated timing offset by the TR with and without the timing
offset initialization under the timing frequency and jitter offset, respectively. Due to the loop
delay, the timing offsets estimated by TR have a fixed delay compared to the added timing offset.
The burst-mode TR uses Preamble A with 128 samples to estimate the initial timing offset.
Using the initial timing offset, the burst-mode TR can track the timing offset rapidly under the
timing frequency and jitter offset. The TR without timing offset initialization required more
symbols to track the timing offset under the timing frequency and jitter offset. The DMT symbols
within tracking time have worse performance than those within converged time. Therefore, the
burst-mode TR with timing offset initialization has better performance than that without timing
offset initialization within tracking time.
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Fig. 3. The estimated timing offset by the TR with and without the timing offset initialization
(TOI) under (a) the timing frequency offset (TFO) and (b) the timing jitter offset (TJO).

Figures 4(a) and (b) show the average MSE of all active subcarriers using the DD-LMS updating
algorithm with initial tap coefficients based on ZF-based and MMSE-based channel estimations,
respectively when the ROP is set to —17dBm after 20km SSMF transmission. The DD-LMS
updating algorithm is performed after the channel estimation. When the ZF-based channel
estimation is used to obtain the initialized tap coeflicients, the FDE with the DD-LMS updating
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algorithm requires a longer convergence time. This is because the ZF-based channel estimation
does not consider the noise distribution leading to limited accuracy and weak noise robustness.
When the initial tap coefficients are estimated by the MMSE-based channel estimation, the FDE
with the DD-LMS updating algorithm has a shorter convergence time.
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Fig. 4. The average MSE using DD-LMS updating algorithm with initial tap coefficients
using (a) ZF-based and (b) MMSE-based channel estimations. Bit error distribution using
(c) ZF-based and (d) MMSE-based channel estimations. BER versus ROP of the first 10*
bits using the ZF-based and MMSE-based channel estimations after (¢) OBtB and (f) 20km
SSMEF. The dashed lines denote the 20% FEC limit.

Figures 4(c) and (d) show the bit error distributions of the first 10* bits using ZF-based and
MMSE-based channel estimations, respectively. Due to the loop delay of TR and FDE, the first
10* bits have higher BER than the bits after the DD-LMS updating algorithm works. However,
due to the limitation of computational complexity, the interleaver for tens of thousands of bits
is impractical, and thus cannot average the BER. Therefore, the BER versus ROP for the first
10* bits can determine the required ROP at the 20% FEC limit. More error bits appear when
the ZF-based channel estimation is used. The tap coefficients initialized by the MMSE-based
channel estimation are more accurate than those initialized by the ZF-based channel estimation.

Figures 4(e) and (f) show the BER versus ROP of the first 10* bits using ZF-based and
MMSE-based channel estimations after optical back-to-back (OBtB) or 20km SSMF transmission.
After the OBtB transmission, the BER can achieve the 20% FEC limit at the ROP of ~ —19dBm
when the ZF-based channel estimation is used. When the MMSE-based channel estimation is
used, the BER can achieve the 20% FEC limit at the ROP of ~ —20.5dBm. After 20km SSMF
transmission, the BER can achieve the 20% FEC limit at the ROP of ~ —19dBm when the
ZF-based channel estimation is used. When the MMSE-based channel estimation is used, the
BER can achieve the 20% FEC limit at the ROP of ~ —20dBm. The BER performance is almost
the same as that after the OBtB transmission because the zero-dispersion wavelength is chosen.
Therefore, MMSE-based channel estimation has ~ 1dB ROP benefit compared to ZF-based
channel estimation.

4. Conclusions

In this paper, we propose the burst-mode DSP based on the designed preamble to achieve fast
convergence for S0G DMT PON. The initial timing offset can be calculated using the designed
frequency tones for the burst-mode TR. Meanwhile, the initial tap coefficients are estimated
by the MMSE-based channel estimation for burst-mode FDE. The experimental results show
that the burst-mode DSP can be converged using a short preamble within 27ns. The ROP can
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be ~ —20dBm at the 20% FEC limit. Based on the burst-mode DSP, the DMT PON is more
competitive for non-residential P2MP applications.
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