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Abstract: We propose probabilistically shaped quadrature amplitude modulation (PS-QAM)
formats to maximize the capacity in fiber transmission systems using orthogonal chirp-division
multiplexing (OCDM). OCDM possesses the property of chirp spread spectrum (CSS), leading
to improved resilience to system impairments. We further investigate the recently proposed
robust channel estimator based on pulse compression and noise rejection and experimentally
demonstrate its feasibility in an intensity-modulated/direction-detection (IM/DD) OCDM system.
By applying the proposed PS-QAM based OCDM to an IM/DD optical system, a net information
rate of 111.1 Gb/s has been successfully achieved using a 10-GHz class Mach—Zehnder modulator
(MZM) and has also shown improved performance compared to the conventional PS-QAM based
orthogonal frequency-division multiplexing (OFDM) systems. Moreover, due to the superior
characteristics of OCDM, there is no need for additional feedback to obtain the prior knowledge
of channel state information in the proposed system, leading to reduced complexity and cost.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Owing to the ever-growing demand for capacity, various signal processing techniques, including
high-order modulation formats and sophisticated digital signal processing (DSP) algorithms [1-3]
have been reported for high-speed fiber-optic communication systems. The recently proposed
orthogonal chirp-division multiplexing (OCDM) technology is an attractive solution, due to
its improved resilience to system impairments [4—6] compared to the conventional orthogonal
frequency-division multiplexing (OFDM). However, as a chirp spread spectrum (CSS) technique,
OCDM intrinsically spreads information over the spectrum. As a result, adaptive loading, which
has been widely used in OFDM, cannot be applied to OCDM systems to maximize the capacity.

On the other hand, probabilistically shaped (PS) quadrature amplitude modulation (QAM)
has been demonstrated to provide near-optimal energy efficiency, and can thus approach the
Shannon limit in an additive white Gaussian noise (AWGN) channel [7,8]. Although combining
adaptive loading with PS can achieve the optimal performance [9,10], applying PS with different
distribution to each subcarrier of an OFDM signal results in extremely high complexity. The
OFDM system combining pre-equalization and uniform PS-QAM formats was thus proposed to
achieve a good compromise between performance and complexity [11]. However, in both cases,
the additional feedback link was necessary for the prior knowledge of channel state information
(CSI). Alternatively, the CSI-free precoded OFDM with uniform PS was recently reported to
achieve the similar performance [12—14]. However, the additional precoding process still results
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in increased computational complexity when the number of subcarrier is large. Fortunately,
OCDM can spread the system impairments over the spectrum without requiring CSI. Moreover,
due to the high compatibility of OCDM to OFDM, an OCDM transmitter only needs two
additional diagonal matrices [4] compared to OFDM, leading to very low increase in complexity.

In this paper, we propose, for the first time, a PS-QAM based OCDM system in order to achieve
the maximal capacity of an optical system. We further investigate a robust channel estimation
scheme based on pulse compression and noise rejection (PCNR) [15], which shows improved
performance in an intensity-modulated/direct-detection (IM/DD) OCDM system, compared to
the conventional intra-symbol frequency-domain averaging (ISFA) based method [16]. With
the help of PS and PCNR, we successfully achieve a net information rate of 111.1 Gb/s using
PS-256-QAM based OCDM in a 2.5-km IM/DD fiber-optic system under only 10-GHz 6-dB
system bandwidth, after considering the forward error correction (FEC) and other overhead
(OH), such as CP and pilots for channel estimation. In the verified IM/DD system, the additional
feedback link for the prior knowledge of CSI is also omitted due to the superior characteristics of
OCDM.

2. Principle

2.1. OCDM with PCNR for IM/DD systems

As illustrated in Fig. 1(a), OCDM spreads information over the spectrum by modulating the
quadratic exponential waveforms which are essentially linear frequency modulated signals or
termed as chirps. The chirps are different from the linear exponential waveforms used in OFDM
(see Fig. 1(b)). Due to the property of CSS, OCDM can spread information and equalize the
degradation over spectrum, leading to improved performance [4-6]. The recently proposed
inverse discrete Fresnel transform (IDFnT) can efficiently generate a discrete-time OCDM signal
[4], as

S = 75 (x(K)} efENZ_l G | F  N=0(med2) W
n)= X =4 X )
) =0 eTR(k+2)" N =1 (mod 2)

where £, 1{.} denotes the operation of IDFnT, x(k) is the symbol modulating the k-th chirp, and
S(n) is the n-th time sample of an OCDM symbol.
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Quadrature
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Subcarrier

Fig. 1. Illustration of the waveforms in (a) OCDM and (b) OFDM.

Since each of the chirps occupies the whole bandwidth of the signal, a channel estimator,
termed as PCNR, was recently proposed to efficiently utilize the advantages of the chirped signals
[15]. Figure 2 shows the block diagram of PCNR, where the operations highlighted in red dash
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line are only required for an IM/DD OCDM system. The estimated impulse response function of
the system is obtained by the pulse compression of the chirp, as

Yi(n) = 7y {8(n — )} (2)
hy(m) = Fe{h(n) @ yi(n) + v(n)}
= h(m) @ 6(m — k) + vy(m) (3)

= h(m — k) + vg(m)

where 6(k) denotes the Kronecker delta function, ® is the circular convolution operator, v(n) is
AWGN, and h(m) is the channel impulse response. Note that the chirped pilot ¢ (n) can be readily
chosen from an IDFnT matrix, i.e., the k-th column of the IDFnT matrix. Another advantage of
this channel estimator is its superior performance realized by a simple gate function I15(m) with
a width of Ly to reject the excessive noise. The resultant channel frequency response (CFR) after
noise rejection is thus given by

Hri(m) = Fo{llgm)hy(m)} “4)
where Fq denotes the operation of DFT. PCNR has been shown to offer improved performance
in coherent-OCDM systems, compared to the widely adopted ISFA estimator [16]. In this work,
we implement, for the first time, PCNR in a high-speed IM/DD OCDM system.
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Fig. 2. Block diagram of PCNR for IM/DD OCDM systems (DUC: digital up-conversion;

DDC: digital down-conversion).

Without loss of generality, ¢ (n) is chosen as chirped pilot, as presented in Fig. 3. The
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Fig. 3. Illustration of (a) the original complex-valued pilot signal, and (b) the up-converted

real-valued pilot signal.

original chirped pilot for coherent optical communications [15] is shown in Fig. 3(a), which is
complex-valued. To implement an IM/DD OCDM system [6], the complex-valued chirped pilot
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should be first up-converted to the passband via digital up-conversion (DUC) at the transmitter
side. We can then obtain a real-valued double-sideband pilot signal for transmission, as

Py (1) = Re{y(1)e>™ 'y )

where i(¢) is the time-domain chirped pilot after oversampling and pulse shaping, f. is the
carrier frequency for DUC. It should be noted that f, must be large enough to ensure a guard
band for anti-aliasing. Figure 3(b) shows the converted pilot &;(n) in Eq. (5) for IM/DD OCDM,
where f,=11.9325 GHz, and the guard band was set to 0.12 GHz, corresponding to the experiment
presented later in the section 3.

2.2. PS-QAM formats based OCDM

As aforementioned, the property of CSS in OCDM provides improved resilience to system
impairments, compared to OFDM. However, CSS prevents adaptive loading for maximizing
the system capacity in an OCDM system. Nonetheless, the ability to spread degradation over
spectrum in OCDM systems can be utilized to maximize the coding gain from the uniform PS and
thus approach the system capacity limit. This shares the similar mechanism as precoded OFDM
and pre-equalized OFDM [11-14]. However, it should be noted that OCDM does not require
additional complex precoding nor a feedback link, indicating its lower complexity in terms of
both DSP and devices. For instance, compared to the recently proposed orthogonal circulant
matrix transform (OCT) based precoding scheme [13,14], the number of required additional
complex-valued multiplications is reduced from N/subcarrier in precoded-OFDM transmitter to
only 2/chirp in OCDM transmitter [4], where N is the number of subcarriers/chirps.

Figure 4 shows the block diagram of PS-QAM mapping [7] before performing OCDM
modulation, where the information rate at each step is also presented. It can be seen that the
probability distribution of amplitudes is jointly determined by the employed distribution matcher
(DM) and the desired entropy rate. In this work, Maxwell-Boltzmann (MB) distribution realized
by constant composition distribution matching (CCDM) is adopted for its superior performance
in the AWGN channel [7,17]. On the other hand, we can see from the figure that the achieved net
information rate is 2(8 + y) bits/PS-QAM symbol, which is related to both the entropy rate and
the coding rate of FEC. After ignoring entropy loss from DM, j is given by

B =HXpam) - 1 (6)

where H(Xpan) denotes the entropy rate of PS-pulse amplitude modulation (PS-PAM) symbols.
Since the sign bit carries both the FEC OH, i.e., parity check bit, and the information content (y),
we have

y = mpam(Re — 1) + 1 (7)

where R. denotes the FEC coding rate, and mpay is the information rate of the adopted PAM
format for mapping (e.g., mpam=3 for PAM-8). Note that in order to ensure y > 0, we have
-1
R, > IPAM — (8)
MpAM
which is the code rate constraint in PS-based systems [18].
For the sake of simplicity, the FEC encoding/decoding was omitted in this work. Alternatively,
the normalized generalized mutual information (NGMI) was adopted to evaluate the performance,
which has been widely used as a precise prediction method for the post-FEC BER [18-21].



Research Article Vol. 27, No. 23/11 November 2019/ Optics Express 33793 |
Optics EXPRESS b Ny \

1 J} |
FEC Meav | PAM | eau
Encoder % Mapping | PS-PAM
Mpay —1 .\\)&b )
- Mpan OCDM
¥ Ps-QAM| Modulation

In-Phase
Quadrature

Fig. 4. Block diagram of PS-QAM generator for the proposed PS-QAM based OCDM
system.

NGMI of PS-QAM can be derived from GMI, as

L mpam
2 2ixey by, A01X)P(x)
GMIgam ~ 2H(Xpam) + — Io L )
Qam P N[:Z1 Zl By e A0IPR)
2H(Xpamt) — GMI,
NGMiqay = 1 — 22XAM) oAV (10)
2mpam

where L is the number of received symbols for estimation, y is the set of PAM symbols, b;;
denotes the i-th bit of the /-th transmitted symbol, the function q(y|x) returns the probability
density of the received symbol y given the transmitted symbol x in the memoryless AWGN
channel, and P(x) is the probability mass function determined by DM [21].

3. Experimental setup

Figure 5 shows the experimental setup and DSP of the proposed PS-QAM based IM/DD OCDM
system with PCNR. The bitstream was first mapped into PS-QAM symbols via the architecture
shown in Fig. 4. An 864-point IDFnT was then employed to generate a complex-valued OCDM
signal. The CP, with a length of 1/16 of one OCDM symbol, was added as guard interval. A
single chirped pilot symbol was inserted before every 200 payload symbols (0.5% OH). After
parallel-to-serial conversion, we applied oversampling (64/27 times), Nyquist shaping and DUC
to the complex-valued baseband OCDM signal in order to obtain a real-valued OCDM signal for
our IM/DD system. The analog signal was generated by an arbitrary waveform generator (AWG,
Keysight AWG M8195A) working at 56 GSa/s. Therefore, the complex baseband signal has a
bandwidth 23.625 (=56 x 27/64) GHz. Since the guard band was set to 0.12 GHz, the required
f. as given in Eq. (5) was 11.9325 (=23.625/2 +0.12) GHz. A laser diode (LD) working at
~1550nm and a 10-GHz-class commercial Mach-Zehnder modulator (MZM, IOAP-MOD9140)
were then used for external modulation. The launched power of the modulated optical signal was
6.3 dBm, before being fed into a 2.5-km SSMF link.

At the receiver, a variable optical attenuator (VOA) was used to vary the received optical
power (ROP). Finally, the signal was captured by a 160-GSa/s digital storage oscilloscope (DSO,
Teledyne Lecroy LabMaster 10-25Zi) after DD by a 31-GHz photodetector (PD, MPRV1331A).
To obtain an accurate CFR, the received chirped pilot was sent to a PCNR module, as shown
in Fig. 5. On the other hand, the offline DSP for the payload symbols included digital down-
conversion (DDC), resampling, serial-to-parallel conversion, CP removal, DFT, phase rotation
[4], single-tap equalization based on the CFR from PCNR, and inverse DFT (IDFT) to recover
the PS-QAM symbols. Finally, NGMI given in Egs. (9)-(10) was utilized to evaluate the quality
of the received PS-QAM symbols.

In this work, we have also investigated OFDM based systems to verify the performance of the
proposed OCDM based system. For a fair comparison, the OFDM signal had 2048 subcarriers,
among which 864 subcarriers at the positive frequency were effectively modulated. Except for
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Fig. 5. Block diagram of the proposed PS-QAM based IM/DD OCDM system with PCNR.

the unfilled DC component, the modulated subcarriers were selected around zero frequency.
Hermitian symmetry was then applied to the negative frequency to generate a real-valued OFDM
signal.

4. Experimental results
4.1. OCDM with PCNR in IM/DD systems

The received real-valued chirped pilot signal is presented in Fig. 6(a). The attenuation at the
high frequencies is much higher than that at the low frequencies due to severe channel fading.
Meanwhile, the influence of AWGN can be observed in Fig. 6(b), showing the impulse response
before noise rejection. Since CSI is determined by the impulse response, we can readily eliminate
the out-of-band noise by a gate function, as shown in Eq. (4). The estimated CFRs without
and with noise rejection are presented in Fig. 6(c) and Fig. 6(d), respectively. Thanks to the

o
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Fig. 6. (a) The received chirped pilot signal; (b) Impulse response before noise rejection;
(c) The estimated CFR without noise rejection; (d) The estimated CFR with noise rejection.
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employed gate function, the major impact of AWGN can be significantly mitigated. We can see
from the CFR that the 3-dB bandwidth of our IM/DD system is only about 2 GHz, which can be
attributed to the cascaded frequency roll-off effect caused by all the involved components/devices.
Meanwhile, the 6-dB bandwidth is about 10 GHz.

We then verified the performance of PCNR in the proposed IM/DD fiber-optic system by
comparing the OCDM signal with PCNR, the OCDM signal with ISFA and the OFDM signal
with ISFA, where uniform-32-QAM is used for modulation, and the ROP is fixed at — 4 dBm.
Note that PCNR was proposed for OCDM, and cannot be applied to OFDM directly. The size of
the averaging window D,, in the ISFA [16] was optimized in Fig. 7(a), which presents the pre-FEC
BER as a function of D,,. Results are also compared with the PCNR based OCDM signal using
the optimal gate window. We can see from the figure that the OCDM signal with PCNR always
outperforms the case with ISFA, which can be attributed to its more accurate channel estimation
compared to the ISFA based method. This can also be verified by their signal-to-noise ratio
(SNR) profiles depicted in Fig. 7(b), where ~0.5-dB improvement is achieved by PCNR. On the
other hand, in contrast to OFDM, OCDM spreads the impairments over the spectrum, and can
thus realize the CSI-free pre-equalization. Note that both the improvements from the PCNR and
the CSI-free pre-equalization can help maximize the system capacity of the proposed scheme via
the advanced PS-QAM formats.

107" - . 25 . r
——OCDM w/ ISFA —— OCDM w/ ISFA
=== 0OFDM w/ ISFA - = OCDM w/ PCNR

—-—QOFDM w/ ISFA
(@]
w
w
®
['
o
&
Clock leakage
TTha LA
OCDM w/ PCNR (optimal gate)
102 : ’ . . . i i : ;
¢ =2 B/ B 2 2 =0 0 200 400 600 800
D, Subcarrier/Chirp Index

(a) (b)

Fig. 7. (a) Pre-FEC BER versus the size of averaging window in the ISFA, where the PCNR
is also attached for comparison. (b) The measured SNR profiles of different signals.

4.2. PS-QAM based OCDM with PCNR

Figure 8(a) presents NGMI versus the ROP for different signals, including OCDM with only
ISFA, OCDM with only PCNR, OCDM with both PCNR and PS-QAM, the conventional OFDM
with only ISFA, and the conventional OFDM with both ISFA and PS-QAM. PS-64-QAM with
5-bits/symbol entropy rate (corresponding to uniform-32-QAM) was used for PS based systems.
The improved performance of PCNR has also been verified at all ROP values. Moreover, we can
see from the figure that the employment of PS-QAM significantly improves the NGMI for both
OCDM and OFDM signals. Although OCDM with PS-QAM shows relatively poor performance
at low ROP region, it can outperform the OFDM signal with PS-QAM when ROP is larger
than — 6 dBm. Especially when ROP is —4 dBm, with the help of PCNR and the CSS property
of OCDM, the proposed PS-QAM scheme can improve the NGMI from 0.9618 to 0.9961.

We then investigated the upper capacity limits of the OCDM and the OFDM based systems,
respectively. As shown in Fig. 8(b), when PS-64-QAM symbols are used for modulation,
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Fig. 8. Calculated NGMI versus (a) ROP (5-bits/symbol entropy rate) and (b) entropy rate
(ROP=—4 dBm). Received constellation diagrams of PS-64-QAM in (c) OCDM signal and
(d) OFDM signal; Received constellation diagrams of PS-256-QAM in (e) OCDM signal
and (f) OFDM signal. (Entropy rates are all 5.3 bits/symbol)

the NGMI decreases rapidly as the entropy rate approaches 6 bits/symbol (corresponding to
uniform-64-QAM). Therefore, we applied PS-256-QAM to our system at the region of high
entropy rate. The received constellation diagrams of these two shaping schemes applied to
OCDM and OFDM signals are presented in Fig. 8(c-f). We can see that the received symbols in
OFDM based systems are more scattered than that in OCDM based systems, especially for the
outer symbols. As the results shown in Fig. 8(b), in comparison with the PS-QAM based OFDM
system, the proposed PS-QAM based OCDM system can improve the maximum entropy rate
from 6.1 bits/symbol to 6.3 bits/symbol at the NGMI threshold of 0.8798. As demonstrated in
[21], this NGMI threshold corresponds to the FEC with a code rate of 0.8402 (i.e., 19.02% OH),
which consists of a spatially-coupled low-density parity-check (SC-LDPC) code of code rate
0.8469 and an outer hard-decision BCH (8191, 8126, 5) code. We assume that the same FEC
code was used in this work. For PS-256-QAM with this FEC, we have y=0.3608, according to
Eq. (7). Considering CP, FEC, pilot and other OH [18], a net information rate can be calculated
by
1

X )

1+ OHcp 1+ OHpilol

where ( is obtained by Eq. (6). Therefore, in this work, a net information rate of 111.1 Gb/s (=
56 G x 27/64 x (6.3 —2+0.3608 x 2) x 16/17 x 200/201) has been successfully achieved by the
proposed IM/DD fiber-optic system.

It should be noted that since OCDM, as well as the other precoded OFDM schemes, spreads
the impairments over the entire bandwidth, the effective SNR of OCDM signals is the harmonics
mean of per-subcarrier SNRs. On the other hand, the effective SNR of OFDM signals is the

(11)

Ryer = RAWG/Raliooversampling X 2([3 + 7) X
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geometric mean of per-subcarrier SNRs [22,23]. As a result, OCDM has a lower capacity than
OFDM unless the channel is flat. However, in practical applications, we can only approach
the capacity limit of an OFDM system when we know the accurate CSI at the transmitter side,
leading to increased system complexity as well as cost. Therefore, the proposed scheme can
achieve a higher data rate than OFDM systems when the CSI cannot be obtained or utilized at the
transmitter side, at the expense of a decrease in total channel capacity.

5. Summary

In this paper, we have proposed, for the first time, a PS-QAM based OCDM system with PCNR
to maximize the system capacity. Due to the spread-spectrum property of OCDM, the proposed
scheme has achieved the superior performance compared to the conventional PS-QAM based
OFDM system. By avoiding the round-trip delay and the cost of a feedback link for the CSI
estimation at the transmitter, the system complexity as well as the cost can be significantly
reduced. A net information rate of 111.1 Gb/s has been experimentally demonstrated in a 2.5-km
IM/DD fiber-optic system with a 10-GHz-class MZM, indicating its great potential in high-speed
and short-reach applications, such as intra-datacenter connections.
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