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1. Introduction

In the past two decades, Internet traffic has increased by over 10,000 times by taking advantage of
both efficient information processing technology in the electronic domain and efficient transmission
technology in the optical domain, which are the foundation of today’s Internet infrastructure [1,2].
The advancement of electronics processing circuits has followed Moore’s law, and perhaps will continue
this exponential growth for years to come. This may make the electrical systems significantly outpace
the advancement of optical systems in information and communications technologies. To support the
ever-growing Internet traffic, optical communication systems face a great challenge in transporting
information processed by electronic systems for sustained exponential growth. The industry has
explored multiple degrees of freedom of the photon (time, wavelength, amplitude, phase, polarization,
and space) to significantly reduce the cost/bit for data transmission by increasing the capacity/fiber
through multiplexing and reducing the size and power through integration.

This Special Issue aims to explore the latest advancements in the optical communication industry.
The applications range from short-reach chip-to-chip interconnections to the long-haul backbone
communications at the trans-oceanic distance, including the technologies used in devices, systems,
and networks levels. It focuses on state-of-the-art advances and future perspectives in commercially
deployed systems.

2. Special Issue Papers

In this Special Issue, we have carefully selected nine articles, including one invited and eight
contributed papers. These papers cover advanced techniques for short-reach applications, such as
data centers, long-distance applications such as trans-oceanic links from systems that use single mode
fibers, and the systems use free-space transmission, such as visible light communication (VLC) systems
and satellite-to-sea laser communications.

The following are the summary of these papers:

e Phase Noise Cancellation in Coherent Communication Systems Using a Radio Frequency Pilot
Tone [3]

In long-haul optical fiber communication, DSP-based (digital signal processing) dispersion
compensation can be distorted by the equalization-enhanced phase noise (EEPN), due to the reciprocities
between the dispersion compensation unit and the local oscillator (LO) laser phase noise (LPN). In this
invited paper, the authors demonstrated a unique approach for phase noise cancellation using a radio
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frequency pilot tone. They showed that the RF pilot tone can entirely eliminate the LPN and efficiently
suppress the EEPN when it is applied prior to the carrier phase recovery.

e  400GbE Technology Demonstration Using CFP8 Pluggable Modules [4]

In this paper, the authors reviewed the current status of 400GBASE client-side optics standards
and multi-source agreements (MSAs). They then compared different form factors for 400GE modules,
including CFP8, OSFP, and QSFP-DD. The essential techniques used to implement 400GE, such as pulse
amplitude modulation (PAM4), forward error correction (FEC), and a continuous time-domain linear
equalizer (CTLE), are also discussed. In addition, a 400GE physical interface card (PIC) in Juniper’s
PTX5000 platform has been developed, conforming to the latest IEEE802.3bs standard. To validate the
PIC’s performance, a commercial optical network tester (ONT) and the PIC are optically interconnected
through two CFP8-LR8 modules. The CFP8-LR8 module utilizes eight optical wavelengths through
coarse wavelength division multiplexing (CWDM). Each wavelength carries a 50 Gb/s PAM4 signal.
The signal transmits through 10 km of single mode fiber (SMF). The ONT generates framed 400GE
signal and sends it to the PIC through the first CFP8 module. The PIC recovers the signal, performs
an internal loopback, and sends 400GE signal back to the ONT through the second CFP8 module.
The optical spectrum, eye diagram, receiver sensitivity, long time soaking results, and internal digital
diagnosis monitoring (DDM) result are fully characterized. The pre-FEC bit error rate (BER) is well
below the KP4 FEC threshold of 2.2 x 107, After KP4 FEC, an error-free performance over 30 km of
SMF is achieved. At the end, the authors demonstrated both the interoperation between the PIC and
the ONT, as well as the interoperation between the two CFP8 modules. This demonstration represents
the successful implementation of the 400GE interface in the core IP/MPLS router.

e  Power and Signal-to-Noise Ratio Optimization in Mesh-Based Hybrid Optical Network-on-Chip
Using Semiconductor Optical Amplifiers [5]

To address the performance bottleneck in metal-based interconnects, hybrid optical
network-on-chip (HONoC) has emerged as a new alternative. However, as the size of the HONoC
grows, insertion loss and crosstalk noise increase, leading to excessive laser source output power
and performance degradation. In this paper, the authors proposed a low-power scalable HONoC
architecture by incorporating semiconductor optical amplifiers (SOAs). An SOA placement algorithm is
developed considering insertion loss and crosstalk noise. Moreover, the authors establish a worst-case
crosstalk noise model of SOA-enabled HONoC and induce optimized SOA gains with respect to power
consumption and performance, respectively. Simulation results show that the proposed SOA-enabled
HONOoC architecture and the associated algorithm help sustain the performance as network size
increases without the need for additional laser source power.

e  Two-Dimensional Constellation Shaping in Fiber-Optic Communications [6]

Constellation shaping has been widely used in optical communication systems. The authors
reviewed recent advances in two-dimensional constellation shaping technologies for fiber-optic
communications. The system architectures that are discussed include probabilistic shaping, geometric
shaping, and hybrid probabilistic-geometric shaping solutions. The performances of the three shaping
schemes are also evaluated for Gaussian-noise-limited channels.

e Joint Probabilistic-Nyquist Pulse Shaping for an LDPC-Coded 8-PAM Signal in DWDM Data
Center Communications [7]

M-ary pulse-amplitude modulation (PAM) has useful applications in data center communication
due to its simplicity and low cost. The challenge in PAM systems include providing dynamic bandwidth
and reaching the Shannon capacity limit. One potential solution is probabilistic shaping distribution
with Nyquist pulse shaping for fine entropy granularity and reaching the Shannon limit. In this paper,
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the authors demonstrated the joint usage of probabilistic shaping and Nyquist pulse shaping with
low-density parity-check (LDPC) coding to improve the bit error rate (BER) performance of 8-PAM
signal transmission. They optimized the code rate of the LDPC code and investigated different Nyquist
pulse shaping parameters using simulations and experiments. They achieved a 0.43 dB gain using
Nyquist pulse shaping, and a 1.1 dB gain using probabilistic shaping, while the joint use of probabilistic
shaping and Nyquist pulse shaping achieved a 1.27 dB gain, which offers an excellent improvement
without upgrading the transceivers.

e Adaptive Compensation of Bandwidth Narrowing Effect for Coherent In-Phase Quadrature
Transponder through Finite Impulse Response Filter [8]

In optical coherent communication systems, the transmitted signals may experience bandwidth
narrowing effects after passing through multiple reconfigurable optical add-drop multiplexers
(ROADMs), or due to coherent in-phase quadrature (IQ) transponder aging. In this paper, the authors
demonstrated a method using a post ADC adaptive finite impulse response (FIR) filter in coherent
optical receivers to dynamically compensate for the bandwidth narrowing effect. The influence
of chromatic dispersion, polarization mode dispersion, and polarization dependent loss were also
investigated comprehensively. Furthermore, the bandwidth information of the transmitted analog
signal can be fed back to the coherent optical transmitter for signal optimization, and the transmitter-side
FIR filter thus can be changed accordingly.

e ANovel Coding Based Dimming Scheme with Constant Transmission Efficiency in VLC Systems [9]

Visible light communications (VLC) has attracted tremendous attention due to two functions:
communication and illumination. Both reliable data transmission and lighting quality need to be
considered when the transmitted signal is designed. To achieve the desired levels of illumination,
dimming control is an essential technology applied in VLC systems. In this paper, the authors proposed
a block coding-based dimming scheme to construct the codeword set, where dimming control can be
achieved by changing the ratio of two levels (ON and OFF) based on on-off keying (OOK) modulation.
Simulation results show that the proposed scheme can maintain good error performance with constant
transmission efficiency under various dimming levels.

e Low-Complexity Hybrid Optical OFDM with High Spectrum Efficiency for Dimming Compatible
VLC System [10]

In this paper, the authors proposed a novel dimming compatible hybrid optical orthogonal
frequency division multiplexing (DCHO-OFDM) method to fulfil the requirements for both
communications and illuminations. Explicitly, the signal branch of the unclipped asymmetrically
clipped O-OFDM (ACO-OFDM) and the down/upper-clipped pulse-amplitude-modulated
discrete multitone (PAM-DMT) are adaptively combined to increase the spectrum efficiency.
The chromaticity-shift-free and pulse width modulation (PWM) are adopted for the precisely dimming
control, and a time-varying biasing scheme is used to mitigate the non-linear distortion. As the
different signal components in DCHO-OFDM are combined in an interference-orthogonal approach,
the transmitted symbols can be readily detected by a standard OFDM receiver. The simulation
demonstrated that a high spectrum efficiency of the conceived DCHO-OFDM scheme can be achieved
with less fluctuation in a wide dimming range.

e  Shipborne Acquisition, Tracking, and Pointing Experimental Verifications towards Satellite-to-Sea
Laser Communication [11]

Acquisition, tracking, and pointing (ATP) with high precision is a key technology in free space
laser communication. In this paper, the authors report the acquisition and tracking of low-Earth-orbit
satellites using shipborne ATP and verify the feasibility of establishing optical links between laser
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communication satellites and ships in the future. They developed a shipborne ATP system for
satellite-to-sea applications in laser communications. The proposed acquisition strategy improves
shipborne ATP pointing accuracy. They acquired and tracked some low-Earth-orbit satellites at sea,
achieving a tracking accuracy of about 20 urad. The results achieved in this work experimentally
demonstrate the feasibility of ATP in satellite-to-sea laser communications.

3. Future Perspectives

Optics in the information and communication industry has a wide range of applications. It has
experienced enormous growth in the past decades. Current communication systems and networks
utilize the preeminent property of lightwaves for information transmission. To support the continuous
exponential Internet traffic growth for many newly-emerging and unanticipated applications in the
future, such as new services in the 5G network, we anticipate that the evolution of optical transmission
technology will continue in order to meet the challenge ahead, probably through parallel process and
integration [1,12]. On the other hand, many other emerging technologies, such as optical quantum
communication and optical computing, promise to provide a number of new services and applications,
and possibly to change future information infrastructure significantly [13]. This certainly requires
more innovations and breakthroughs in optical signal processing technology.
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Featured Application: This work is performed for the compensation of the laser phase noise
(LPN) and the equalization enhanced phase noise (EEPN) in high-capacity, long-haul, coherent
optical fiber networks.

Abstract: Long-haul optical fiber communication employing digital signal processing (DSP)-based
dispersion compensation can be distorted by the phenomenon of equalization-enhanced phase noise
(EEPN), due to the reciprocities between the dispersion compensation unit and the local oscillator
(LO) laser phase noise (LPN). The impact of EEPN scales increases with the increase of the fiber
dispersion, laser linewidths, symbol rates, signal bandwidths, and the order of modulation formats.
In this work, the phase noise cancellation (PNC) employing a radio frequency (RF) pilot tone in
coherent optical transmission systems has been investigated. A 28-Gsym/s QPSK optical transmission
system with a significant EEPN has been implemented, where the carrier phase recovery (CPR) was
realized using the one-tap normalized least-mean-square (NLMS) estimation and the differential
phase detection (DPD), respectively. It is shown that the RF pilot tone can entirely eliminate the LPN
and efficiently suppress the EEPN when it is applied prior to the CPR.

Keywords: coherent optical fiber communication; laser phase noise (LPN); carrier phase recovery
(CPR); phase noise cancellation (PNC); equalization enhanced phase noise (EEPN); radio frequency
(RF) pilot tone

1. Introduction

Long-haul optical communication is seriously deteriorated by transmission impairments, e.g.,
chromatic dispersion (CD), polarization mode dispersion (PMD), laser phase noise (LPN), and Kerr
fiber nonlinearities [1,2]. The combination of coherent detection, digital signal processing (DSP),
and advanced modulation formats offers a very promising solution for long-haul, high-capacity optical
transmission, to offer great capabilities and flexibilities in the design, deployment, and operation of core
telecommunication networks [3-5]. In the reported phase noise cancellation (PNC) methods, the radio
frequency (RF) pilot tone scheme was verified to be an efficient approach to remove laser phase
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fluctuations [6-9]. However, these works only studied the behaviors of RF pilot tones in short-reach
systems, where the enhancement effect of fiber dispersion on the LPN was neglected [10,11]. Actually,
due to the interplay between the electronic dispersion compensation (EDC) module and the LPN from
the local oscillator (LO), a phenomenon of equalization enhanced phase noise (EEPN) is induced and
plays a significant role in the carrier phase recovery (CPR) in high-capacity optical communication
systems [10-16]. However, so far, no DSP-based CPR has been developed to effectively compensate for
EEPN [16-18]. Therefore, it will be of great significance to study the suppression of LPN and EEPN
using an RF pilot tone scheme.

In this work, the performance of an orthogonally polarized RF pilot tone scheme is investigated
for eliminating both the LPN and the EEPN in long-haul optical transmission systems. A 28-Gsym/s
quadrature phase shift keying (QPSK) system is numerically implemented, where the CPR is realized
using a one-tap normalized least mean square (NLMS) estimation and a differential phase detection
(DPD) scheme, respectively [19-21]. The results show that the LPN can be fully removed and the EEPN
can also be effectively suppressed, when the RF pilot tone scheme is applied prior to the CPR.

2. EEPN in Optical Communication Systems

Figure 1 describes the block diagram of a long-haul, coherent optical communication system
with EDC and CPR. The LPN from the transmitter (Tx) laser passes through the optical fiber and
the dispersion compensation unit, and thus the net CD experienced by the Tx LPN approaches zero.
By contrast, the LO LPN goes only through the dispersion compensation unit. Consequently, the LO
LPN interplays with the dispersion compensation component in EDC and the interactions will degrade
the performance of the optical communication system. This effect is called EEPN [10-13].

Optical Fiber N(t)

Figure 1. Block diagram of coherent transmission system and equalization-enhanced phase noise
(EEPN). ¢y: Tx laser phase noise (LPN), ¢r0: LO LPN, ADCs: analogue-to-digital converters.

The variance of the EEPN distortion will increase with fiber dispersion, local oscillator laser
linewidth, and signal symbol rate. The noise variance of EEPN can be written as follows [10,19]:

2 _7'(/\2 D-L-Afio 1
OFEPN = 2 T T, (1)

where A is the central wavelength of the optical carrier, c is the speed of the light in vacuum, L is the
length, D is the CD coefficient of the fiber, Ts is the symbol period of the signal, and Af; is the 3-dB
linewidth of the LO laser.

It is noted that the EEPN evaluation in Equation (1) only works for the static time-domain and
frequency-domain EDCs, which involve no phase noise compensation functions [22,23].
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3. CPR Using One-Tap NLMS

A one-tap NLMS filter could be effectively applied in the CPR [20], and its tap weight w(k) is
expressed using the following equations:

wlk+1) = w(k) + ——x* (k)e(k), @)
(k)|
e(k) = d(k) —w(k) - x(k), ®)

where x(k) is the input signal, k is the symbol indeXx, d(k) is the desired symbol, e(k) is the error between
the output and the desired symbols, and i represents a parameter of the step size.

The schematic of the NLMS CPR is illustrated in Figure 2, which can actually be implemented in a
feed-forward structure and can be realized in parallel in the field programmable gate array (FPGA)
circuits for a real-time operation [4].

Xin(K)

.V.muf(k)h

. 4

d(n)

Figure 2. Block diagram of the one-tap normalized least-mean-square (NLMS) carrier phase recovery
(CPR).

Similar to the definition of the Tx and the LO, a concept of effective linewidth Afgg is employed
here to describe the total phase noise in coherent transmission systems considering EEPN [17,19]:

2 2 2
o7 T 910 + Oy

Afesr» T )

o3 =2nAfry-Ts (5)

0%, =2nAfio-Ts (6)

where a%x and o%o are the LPN variance of the Tx and LO lasers, respectively, and Afr, is the 3-dB

linewidth of the Tx laser.

It has been established that the step size i can be optimized to enhance the performance of NLMS
CPR [19]. Therefore, it is significant to find the optimal step size for NLMS CPR, when the EEPN is
considered in coherent optical communication systems. Figure 3 shows the optimal step size parameter
for various effective linewidths in the 28-Gsym/s QPSK system, applicable to the time-domain and the
frequency-domain static dispersion equalizations [22,23]. In all numerical simulations in this paper,
the NLMS algorithm is operated with its corresponding optimal value of the step size.
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Figure 3. The optimal step size parameter in the NLMS CPR for various effective linewidths.

4. Differential Carrier Phase Recovery

Differential phase detection (DPD) can also be employed for recovering the carrier phase in
coherent communication systems. In the DPD scheme, signal data are encoded in and extracted from
the phase differences between consecutive transmitted signal symbols [21]. For instance, the phase
information of the k-th symbol can be extracted according to the phase difference between the k-th
and the (k + 1)-th symbols. Therefore, the CPR error is determined by the phase fluctuation between
the k-th and the (k + 1)-th symbols within a symbol period [19]. It is noted that DPD does not require
additional computations such as the n-power, the averaging, and the phase unwrapping, compared to
other CPR methods [20,24-26]. Therefore, it can be easily implemented in DSP hardware for a real-time
operation. The block diagram of DPD CPR is provided in Figure 4.

Xin(k+1) Y lmr(_k)’

Figure 4. Schematic of the differential phase detection.

5. Transmission Setup with RF Pilot Tone Scheme

Figure 5 depicts a 28-Gsym/s QPSK coherent optical fiber transmission system using an RF pilot
tone orthogonally polarized against the transmitted signals. The electrical data were converted into
28-Gsym/s QPSK signals using an in-phase and quadrature (I-Q) optical modulator. The modulated
signals occupied one polarization state, and the RF pilot tone was transmitted in the orthogonal
polarization state. The signals and the RF pilot tone are integrated into the fiber via a polarization
beam combiner (PBC). At the receiver side, both the received signals and the RF pilot tone are mixed
with the LO laser, respectively, and are then detected by balanced photodiodes after the 90° hybrid.
After that, both the received signals and the RF pilot tone are digitized using 8-bit analogue-to-digital
converters (ADCs) at 56 Gsym/s and are then equalized using the EDC module. The signals are further
multiplied with a conjugate of the processed RF pilot tone to suppress the impact of both LPN and
EEPN. The central wavelengths of both the transmitter and the local oscillator lasers are 1553.6 nm,
and the fiber dispersion coefficient is 16 psnm~' km~!. Here, we have neglected fiber attenuation,
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PMD, and Kerr nonlinearities [27,28]. The EDC is implemented in the frequency domain [23]. The CPR
is performed using the one-tap NLMS and DPD methods, respectively.

Optical Fiber  N(t)

Pilot tone

Figure 5. High-speed coherent communication system with an orthogonally-polarized RF pilot tone.
6. Results and Analyses

Figure 6 shows the results of PNC using the RF pilot tone in a 2000 km coherent communication
system, where the CPR is realized using the NLMS algorithm. In Figure 6a, the effective linewidth
is 170 MHz and there is no EEPN, since the linewidth of the transmitter laser is 170 MHz and the
linewidth of the LO laser is 0 Hz. It is found that both the Tx and the LO LPN can be entirely
suppressed. In Figure 6b, the linewidths of both the Tx and the LO lasers are 5 MHz. According to
Equations (1) and (4), the EEPN is quite significant in such a case, and the effective linewidth is the
same (170 MHz) as that in Figure 6a. It is found in Figure 6b that the BER performance improves
considerably (around half an order of magnitude in the BER floor, from 8 X 107* to 3 x 10~*) using the
RF pilot tone, compared to the case of NLMS CPR only. The results in Figure 6a,b demonstrate the
efficiency of the RF pilot tone in compensating for both LPN and EEPN. It can be found that the use of
RF pilot tone can entirely mitigate the LPN from both the Tx and the LO lasers. However, it cannot
fully compensate for the EEPN in optical fiber transmission systems since the EEPN actually represents
a complicated integration of the phase, the amplitude, and the time jitter noise [10,12,16,29].
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Figure 6. Phase noise cancellation (PNC) results of the 2000 km coherent transmission system (the
one-tap NLMS CPR). Ideal: linewidth of both Tx and LO lasers is 0 Hz. w/o: without, w/: with.
(a) Transmitter: 170 MHz, local oscillator: 0 Hz; (b) Transmitter = local oscillator: 5 MHz.

When the CPR is implemented using DPD, the results of the PNC using the RF pilot tone in the
same 2000 km coherent system are illustrated in Figure 7. In Figure 7a, the linewidth of the transmitter
laser is 170 MHz and the linewidth of the LO laser is 0 Hz, representing an absence of EEPN. It is found

10
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that the full suppression of LPN can be performed with the use of the RF pilot tone, compared to the
scheme of DPD only. In Figure 7b, the linewidths of both the transmitter and local oscillator lasers
are 5 MHz, so that the EEPN is significant again (with an effective linewidth of 170 MHz). Similar
to Figure 6b, a considerable improvement of BER performance is also achieved with half an order of
magnitude in the BER floor (from 6.5 x 10 to 1.5 x 107*), when the RF pilot tone scheme is applied
prior to the DPD.

1074 104
Ideal Ideal
—=— w/o RF pilot tone, —&—w/o RF Ptlo[ tone
—e—w/ RF pilot tone ) —®—w/ RF pilot tone
10724 107
2 as
2 &
10° 10°
10 10
10 14 18 22 26 30 10 14 18 22 26 30
OSNR (dB) OSNR (dB)
(a) (b)

Figure 7. PNC results of the 2000 km coherent transmission system (DPD CPR). Ideal: linewidth of
both Tx and LO lasers are 0 Hz. (a) Transmitter: 170 MHz, local oscillator: 0 Hz; (b) Transmitter = local
oscillator: 5 MHz.

7. Discussions

It has to be clarified that the use of the RF pilot tone for the PNC in this work has occupied one
polarization state in the fiber, since here we aim to investigate and discuss the efficiency of the use of an RF
pilot tone for PNC in a simplified transceiver structure. In fact, the RF pilot tone can also be transmitted
using the same polarization state as the optical data signals, which requires a more complicated
implementation to perform the generation and recovery of the RF pilot tone [7,30,31]. In such systems,
a pilot-carrier vector modulation (PCVM) scheme has been applied, where the transverse magnetic
(TM) component is loaded with the signal data in X-polarization and the transverse electric (TE)
component is employed to carry both the signal data in Y-polarization and the RF pilot tone [7]. It was
reported that the PNC in such PCVM transmission schemes can also provide a good performance
for an effective linewidth of up to 30 MHz [7,31]. The performance comparison between such PCVM
transmission scheme and our proposed RF pilot tone-PNC scheme will be investigated in future work.
In addition, for orthogonal frequency division multiplexing (OFDM) optical transmission systems it
will be straightforward to employ one subcarrier as the RF pilot tone within the OFDM spectrum to
remove the influence of laser phase noise and EEPN [32].

To study the impact of PMD on the proposed RF pilot tone PNC scheme, numerical simulations
using the same 28-Gsym/s QPSK coherent transmission setup have been implemented with a PMD
coefficient of 0.1 ps/ Vkm. The differential group delay (DGD) and the random rotations between the
transmitted data and the RF pilot tone (due to effect of PMD) are mitigated using a constant modulus
algorithm CMA equalizer [5,33,34]. The CPR is performed using the one-tap NLMS approach. Figure 8
shows the PNC results of the same 2000 km coherent system, with and without including the impact of
PMD. Similarly, the linewidth of the Tx laser is 170 MHz and the linewidth of the LO laser is 0 Hz in
Figure 8a, and the linewidths of both the Tx and the LO lasers are 5 MHz in Figure 8b. Both scenarios
indicate an effective linewidth of 170 MHz, and there is no EEPN in Figure 8a. It can be clearly found
that, for both transmission scenarios, the impact of PMD can be fully suppressed using the CMA
equalizer and the performance of the RF pilot tone-based PNC (both with and without EEPN) will not
be affected due to the introduction of PMD.
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Figure 8. PNC performance of the 2000 km coherent transmission systems with and without PMD,
when the NLMS-CPR is applied. Ideal: linewidth of both Tx and LO lasers are 0 Hz. (a) Transmitter:
170 MHz, local oscillator: 0 Hz; (b) Transmitter = local oscillator: 5 MHz.

8. Conclusions

In this work, an orthogonally polarized RF pilot tone is investigated to suppress the LPN and EEPN
in long-haul coherent optical fiber communication systems. A 28-Gsym/s QPSK optical transmission
system is numerically implemented, where the CPR is performed using the one-tap NLMS and DPD
methods, respectively. Our results demonstrate that the LPN in the communication system can be
completely eliminated and the EEPN can also be effectively suppressed, when the RF pilot tone scheme
is applied prior to the CPR.
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Abstract: In this article, we first review the current status of 400GBASE client-side optics standards
and multi-source agreements (MSAs). We then compare different form factors for 400GE modules,
including CFP8, OSFP and QSFP-DD. The essential techniques to implement 400GE, such as pulse
amplitude modulation (PAM4), forward error correction (FEC) and a continuous time-domain
linear equalizer (CTLE), are discussed. A 400GE physical interface card (PIC) in Juniper’s PTX5000
platform has been developed, conforming to the latest IEEE802.3bs standard. To validate the PIC’s
performance, a commercial optical network tester (ONT) and the PIC are optically interconnected
through two CFP8-LR8 modules. The CFP8-LR8 module utilizes eight optical wavelengths through
coarse wavelength division multiplexing (CWDM). Each wavelength carries 50 Gb/s PAM4 signal.
The signal transmits through 10 km of single mode fiber (SMF). The ONT generates framed 400GE
signal and sends it to the PIC through the first CFP8 module. The PIC recovers the signal, performs an
internal loopback, and sends 400GE signal back to the ONT through the second CFP8 module.
The optical spectrum, eye diagram, receiver sensitivity, long time soaking results, and internal digital
diagnosis monitoring (DDM) result are fully characterized. The pre-FEC bit error rate (BER) is well
below the KP4 FEC threshold of 2.2 x 10~*. After KP4 FEC, error-free performance over 30 km of
SMEF is achieved. In this way, we demonstrate both the interoperation between the PIC and the ONT,
as well as the interoperation between the two CFP8 modules. This demonstration represents the
successful implementation of the 400GE interface in the core IP/MPLS router.

Keywords:  optical communication; fiber optics; client-side optics; 400G Ethernet;
CFP8-LR8 transceiver

1. Introduction

Processing information and transmitting information are two fundamental functions in
communication networks [1]. From a quantum physics perspective, particles can be classified as
fermions or bosons. Electrons follow Fermi-Dirac statistics, while Bose-Einstein statistics apply to
photons. Due to strong interaction, electrons are ideal for processing information. As there is minimal
interaction between bosons, photons are ideal for transmitting information in different degrees of
freedom including wavelength, time, amplitude, phase, polarization, mode, and space [2,3].

Figure 1 illustrates the architecture of a core router, which is widely used in today’s
communication networks. A typical router includes a routing engine (RE), routing control board
(RCB), physical interface card (PIC), flexible PIC concentrator (FPC), and switch interface board
(SIB). Information processing in the communication network is mainly performed by these functional
units, which is in the electron domain. Moreover, some of Juniper’s packet optics products on the
PTX platform are also shown in Figure 1. Information transmission is mainly performed by these
functional units, which is in the photon domain. The integrated photonics line card (IPLC) tightly
couples a 1 x 2 wavelength selective switching (WSS), embedded bi-directional switch gain amplifiers,
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optical multiplexer/de-multiplexers, and optical supervisory channel for optical management into
a single package that supports up to 64 ITU-T C-band wavelengths at 50 GHz spacing via an IPLC
expansion line card. P3-15-U-QSFP28 and P2-PTX-5-100G-WDM are PTX Series PICs that support
15 QSFP28 and 5 CFP2 modules.
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Figure 1. Typical architecture of core router and Juniper packet optical product. RE: routing engine;
RCB: routing control board; PIC: physical interface card; FPC: Flexible PIC concentrator; SIB: switch
interface board.

In 2017, standardization of the 400 Gigabit Ethernet (400GE) was ratified by the IEEE P802.3bs
Task Force [4]. This paves the way for deployment of 400GE in the network. It is expected that the
demand for 400GE will grow rapidly over the next couple of years [5]. Recently, multiple industrial
line-side and client-side interoperability trials have been successfully demonstrated using 400GE
CFP8 pluggable optical modules [6-8]. These trials demonstrate that the ecosystem for the 400GE
application is mature. In this paper, we present a successful demonstration of the 400GE physical
interface card (PIC) integrated in the core internet protocol/multi-protocol label switching (IP/MPLS)
router, with the CFP8-LR8 modules acting as the optical front end.

IEEE defines the optical and electrical parameters for the physical media dependent (PMD) to
guarantee interoperability between PMDs. The physical implementations of PMDs are defined by
multi-source agreement (MSA) instead. Currently, there are still multiple MSAs defining pluggable
optical modules. Figure 2 below shows the comparison between different form factors defined by
multiple MSAs [9-16]. The most notable form factors for 400GE defined by MSAs are QSFP-DD,
OSFP and CFP8. Currently the industry is converging behind QSFP-DD due to the high port density
on the front panel, backward compatibility with QSFP28/QSFP+, and large ecosystem.
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Figure 2. Form factors and electrical lanes for pluggable optical modules.
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On-off-keying (OOK) has been the modulation format for 40 Gigabit Ethernet (40GE) and
100 Gigabit Ethernet (100GE). The IEEE 802.3bs has selected 4-level pulse amplitude modulation
(PAM4) for 400GE transmission. Compared with OOK, the required baud rate of PAM4 could be
reduced by a factor of two when keeping the desired net data rate constant. Thus, the transceiver
implements PAM4 with fewer optical lanes/lower bandwidth components. This leads to lower cost,
smaller power consumption and a denser footprint.

The following variants are defined in 803.bs: 400GBASE-DR4, 50 gigabit per second (Gb/s)
4 parallel single mode fiber transmission (PSM4) up to 500 m; 400GBASE-FRS, 25 Gb/s 8-A wavelength
division multiplexing (WDM) transmission up to 2 km; and, 400GBASE-LRS, 25 Gb/s 8-A coarse WDM
transmission up to 10 km. All interfaces use a 1300 nm window with minimum chromatic dispersion
and a low-cost transceiver. For 8-A WDM transmission, the assignment of the optical wavelength
on the coarse wavelength division multiplexing (CWDM) grid removes the requirement of precise
temperature control for the laser diode.

To improve sensitivity and increase the transmission distance, forward error correction (FEC)
is widely used in today’s client-side optics interface. IEEE has approved two FEC coding schemes,
KR4 and KP4. KR4-FEC utilizes Reed-Solomon coding (528, 514). The net coding gain is 5.3 dB and
the bit error rate (BER) threshold for the uncorrected code word (UCW) is 2.1 x 10~°. This is widely
used in the non-return-to-zero (NRZ) OOK modulation format. However, with the same symbol rate,
the sensitivity penalty of PAM4 over NRZ OOK is 10 x logyg (1/3) = 4.77 dB. In practice, there is
further performance degradation due to the system nonlinearity. In order to close the link budget,
KP4-FEC defined in IEEE 802.3bs clause 91, is widely used in PAM4 transmission [17]. KP4-FEC
utilizes Reed-Solomon coding (544, 514). The net coding gain is 6.4 dB and the BER threshold for the
UCWis22 x 1074

Figure 3 illustrates PAM4 eye diagrams without and with pre-compensation. As one can see,
especially for the high baud rate PAM4 signal, its eye can easily be closed due to system bandwidth
limitation. Consequently, it is critically important to implement pre-compensation techniques to
improve the signal quality and open up the PAM4 eye. A continuous time-domain linear equalizer
(CTLE) has been widely used to equalize the frequency-dependent loss for the electrical interface
between the packet forwarding engine (PFE) and the pluggable optical module. CTLE is essentially
a high-pass filter which inverts the frequency response of the trace on the printed circuit board
(PCB). The typical response of CTLE is plotted in Figure 4. In Reference [4], the emphasis of the
CTLE is defined in 1 dB steps. However, 0.5 dB steps may be required in large-scale deployment to
improve granularity.
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Figure 3. (a) Closed 4-level pulse amplitude modulation (PAM4) eye without pre-compensation,
(b) open PAM4 eye with pre-compensation.
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Figure 4. Typical response curve of the continuous time-domain linear equalizer (CTLE) as defined in
Reference [4] in 0.5 dB step size.

2. 400GE Pluggable Module and Host Card

Figure 5 below shows the 400GE CFP8-LR8 pluggable optical transceiver and the block diagram of
the physical interface card (PIC) hosting the 400GE pluggable module. The total data rate is 425 Gbit/s,
due to the overhead of the FEC block and the 64B/66B mapping in the physical coding sublayer (PCS).
The data are carried with 8 optical channels modulated using PAM4 signal running at 53.125 Gbit/s
(8 x 50G PAM4 WDM optical channels). The electrical interfaces (CDAUI-16) are 16 pairs of differential
lanes running at 26.5625 Gbit/s (16 x 25G electrical NRZ signals). The CFP8-LR8 uses the distributed
feedback laser (DFB) as the transmitter and the PIN photodiode (p-type, intrinsic, n-type photodiode)
as the receiver. The total power consumption is less than 16 W. Within the CFP8-LR8 module, a gearbox
integrated circuit (IC) multiplexes two electrical lanes of NRZ signal into one optical lane of pulse
amplitude modulation (PAM) signal. Gray mapping is implemented so that there is only a one bit
difference between the adjacent levels to minimize the BER.

Physical Interface Card (PIC)

Control and management

400G
MAC/ Bridge | Interlaken
16x25G PCS
FPGA
(@) (b)

Figure 5. (a) Picture of 400GE CFP8-LR8 pluggable optical transceiver; (b) configuration of physical
interface card (PIC). MAC: media access control, PCS: physical coding sublayer, FPGA: field
programmable gate array, PFE: packet forwarding engine, CDAUI-16: 400G attachment unit interface,
running at 16 lanes with 26.5625 Gb/s per lane.

Juniper’s PIC hosts the PFE which forwards the IP packet based on the routing table generated
from the routing engine (RE). The additional interfaces, like the bridge, the media access control (MAC)
and the PCS layer are implemented with a field programmable gate array (FPGA). The control and
management function is implemented in FPGA as well. One PIC can host three pluggable optical
modules, giving a total capacity of the PIC of 1.2 Thit/s.

Figure 6 shows the experimental setup to demonstrate the interoperation of CFP8-LR8 modules.
We use an optical network tester (ONT, Viavi) to generate a CDAUI-16 signal. One CFP8-LR8 module
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is inserted into the ONT to perform electrical-to-optical conversion. The optical signal goes through a
variable optical attenuator (VOA) and is received by a second CFP8-LR8 module, which is hosted by a
Juniper’s PIC. Within the PIC, the 400GE signal is electrically looped back to the transmitter of the
second CFP8-LR8 module. The signal either bypasses or goes through a single mode fiber (SMF) spool.
The signal is then received by the CFP8-LRS8 from the first module, and the ONT counts the BER.

Viavi RX -
Juniper

~  VOA2 U V|
X ]
400G & 400G
CFP8 CFP8
& RX

PIC
ONT i

(&

VOA1

R
(a) (b)

Figure 6. (a) Experimental demonstration of the interoperation of CFP8-LR8 modules; (b) two
CFP8-LR8 modules in Juniper’s PIC and PTX5000 chassis.

3. Transmitter Performance

Figure 7 below shows the optical eye diagram obtained through Keysight’s digital communication
analyzer (DCA). The CDAUI-16 electrical signal is generated by a Viavi optical network tester (ONT)
and passed through a pluggable connector. A clock signal derived from the ONT drives the DCA
to obtain these optical eye diagrams. As seen, a clear 4-level eye diagram with wide eye opening
indicates a good signal to noise ratio (SNR). One can also notice that there is a misalignment in the
center of the eye, due to the nonlinear response of the modulator.

Figure 7. Optical eye diagrams of eight wavelength division multiplexing (WDM) channels using
PAM4 modulation format. Top: channels 1 to 4; bottom: channels 5 to 8.

Figure 8 shows the optical spectrum from the CFP8-LR8 modules. The optical wavelengths are
around 1310 nm so that the influence of chromatic dispersion is minimized. The wavelength assignment
of these eight optical channels follows the CWDM designation. This facilitates the interoperation
between the CFP8 modules. Also, the measured side mode suppression ratio (SMSR) is well above
40 dB, indicating the excellent jitter performance for the optical modules.
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Figure 8. Optical spectra of two CFP8-LR8 modules: (a) first sample module; (b) second sample

module. Top: spectrum at the output of the transmitter; Bottom: spectra of the individual lanes after
going through a de-multiplexer.

4. Link Performance

In this section, we first study the system performance in a back-to-back scenario, and then extend
our experiment to tens of kilometers of fiber transmission.

4.1. Back-to-Back Performance

We first measure the performance of the 400GE CFP8-LR8 module in a back-to-back scenario.
Here we bypass the SMF spool as shown in Figure 9. We first adjust the VOAT to test the interoperation
between the transmitter (Tx) of the first module to the receiver (Rx) of the second module. Meanwhile,
the attenuation of VOA2 is set to zero so that there is minimum error introduced on the backward
path from the PIC to the ONT. As seen, even with 14 dB attenuation between the transmitter and the
receiver, the BER is still below the FEC’s UCW threshold of 2.2 x 10~4. For the BER performance of
16 ONT electrical lanes, we note that some lanes perform better than others. This is potentially because
of the non-ideal combination of the PAM4 signal from two individual NRZ OOK signals.

Next, we adjust the VOA2 to test the interoperation between the Tx of the second module and the
Rx of the first module. Meanwhile, the attenuation of VOA1 is set to zero so that there is minimum
error introduced on the forward path from the ONT to the PIC. As seen in Figure 10, even with 12 dB
attenuation between the transmitter and the receiver, the BER is still below the FEC’s UCW threshold
of 2.2 x 107,

We also measure the receiver optical power (ROP) at the different values of attenuation. There is
a difference of 2.3 dB between the launching powers of eight optical lanes. At 12 dB attenuation,
the average ROP is —12.4 dBm.
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Figure 9. Back-to-back performance for interoperation of two CFP8-LR8 modules. The signal is
transmitted from the transmitter (Tx) of the first module to the receiver (Rx) of the second module:
(a) Bit error rate (BER) vs. VOA1’s attenuation for 16 individual electrical lanes; (b) total BER vs.
VOA1’s attenuation. The threshold for the uncorrected code word (UCW) is shown as the red line.
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Figure 10. Back-to-back performance for interoperation of two CFP8-LR8 modules. The signal is
transmitted from the Tx of the second module to the Rx of the first module: (a) BER versus VOA2's
attenuation for 16 individual electrical lanes; (b) total BER vs. VOA2’s attenuation. The threshold for
UCW is shown as the red line.

4.2. Fiber Transmission

Furthermore, we measure the performance of the 400GE CFP8-LR8 module with the single mode
fiber. The attenuation of VOALI is set to zero so that there is minimum error introduced on the forward
path from the ONT to the PIC. We adjust the fiber length and measure the BER. The result is shown in
Figure 11. As seen, even with 30 km SMF between the transmitter and the receiver, the BER is still
below the FEC’s UCW threshold of 2.2 x 10~%. This clearly demonstrates 400G Ethernet interoperation

using two CFP8-LR8 modules.
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Figure 11. Interoperation of two CFP8-LR8 modules through single mode fiber (SMF) spool. The signal
is transmitted from the Tx of the first module to the Rx of the second module: (a) BER vs. fiber length
for 16 individual electrical lanes; (b) total BER vs. fiber length. The signal is transmitted from the Tx of
the second module to the Rx of the first module: (c) BER versus VOA2's attenuation for 16 individual
electrical lanes; (d) total BER vs. VOAZ2's attenuation. The threshold for the UCW is shown as the
red line.

5. Conclusions

In this article, we review the current status of the 400G Ethernet standard. The essential techniques
to implement 400G client-side optics, like PAM4, FEC and CTLE, are discussed. The PIC in Juniper’s
PTX5000 platform has been developed with the CFP8-LR8 modules being the optical front-end.
The optical signal transmits through 30 km SME. The pre-FEC BER is well below the threshold for
UCW and there is no post-FEC error. This demonstration represents the successful implementation of
a 400G Ethernet interface in the core IP/MPLS router using the CFP8-LR8 pluggable modules.

Author Contributions: Conceptualization, Y.Y. and J.A.; methodology, Y.Y.; software, Y.Y. and Q.W.; validation,
Y.Y.; formal analysis, Y.Y. and Q.W.; investigation, Y.Y., Q.W. and J.Y.; resources, Y.Y., Q.W., ].Y.,J.O. and D.P; data
curation, Y.Y.; writing—original draft preparation, Y.Y. and Q.W.; writing—review and editing, Y.Y., Q.W., J.Y.,
J.O., D.P. and J.A ; visualization, Y.Y. and Q.W.; supervision, J.A.

Funding: This research received no external funding.

Acknowledgments: The authors gratefully acknowledge the vigorous encouragement and strong support for
innovation from Domenico Di Mola at Juniper Networks.

Conflicts of Interest: The authors declare no conflicts of interest.

22



Appl. Sci. 2018, 8, 2055

References

1.

Kaminow, L; Li, T.; Willner, A.E. Optical Fiber Telecommunications, 6th ed.; Academic Press: San Diego, CA,
USA, 2013; ISBN 9780123969606.

2. Bozinovic, N,; Yue, Y.; Ren, Y.; Tur, M.; Kristensen, P.; Huang, H.; Willner, A.; Ramachandran, S. Terabit-scale
orbital angular momentum mode division multiplexing in fibers. Science 2013, 340, 1545-1548. [CrossRef]
[PubMed]

3. Winzer, PJ. Making spatial multiplexing a reality. Nat. Photonics 2014, 8, 345-348. [CrossRef]

4. IEEE P802.3bs 400 Gb/s Ethernet Task Force. Available online: www.ieee802.org/3/bs/ (accessed on
1 September 2018).

5. Rokkas, T.; Neokosmidis, I.; Tomkos, I. Cost and Power Consumption Comparison of 400 Gbps
Intra-Datacenter Transceiver Modules. In Proceedings of the 2018 International Conference on Transparent
Optical Networks (ICTON), Bucharest, Romania, 1-5 July 2018.

6. Nelson, L.E.; Zhang, G.; Padi, N.; Skolnick, C.; Benson, K.; Kaylor, T.; Iwamatsu, S.; Inderst, R.; Marques, F;
Fonseca, D.; et al. SDN-Controlled 400GbE end-to-end service using a CFP8 client over a deployed,
commercial flexible ROADM system. In Proceedings of the 2017 Optical Fiber Communications Conference
and Exposition (OFC), Los Angeles, CA, USA, 19-23 March 2017.

7. Birk, M,; Nelson, L.E.; Zhang, G.; Cole, C.; Yu, C.; Akashi, M.; Hiramoto, K.; Fu, X.; Brooks, P.; Schubert, A.;
et al. First 400GBASE-LRS interoperability using CFP8 modules. In Proceedings of the 2017 Optical Fiber
Communications Conference and Exposition (OFC), Los Angeles, CA, USA, 19-23 March 2017.

8. Nelson, L.E. Advances in 400 Gigabit Ethernet Field Trials. In Proceedings of the 2018 Optical Fiber
Communications Conference and Exposition (OFC), San Diego, CA, USA, 11-15 March 2018.

9.  CFP-MSA. Available online: http://www.cfp-msa.org/ (accessed on 1 September 2018).

10. SFF Committee. Available online: http://www.sffcommittee.com/ie/ (accessed on 1 September 2018).

11.  OSFP. Available online: http:/ /osfpmsa.org/index.html (accessed on 1 September 2018).

12.  QSFP-DD. Available online: http:/ /www.qsfp-dd.com/ (accessed on 1 September 2018).

13.  OIF: Optical Internetworking Forum. Available online: http://www.oiforum.com/ (accessed on
1 September 2018).

14. Cole, C. Beyond 100G client optics. IEEE Commun. Mag. 2012, 50, s58-s66. [CrossRef]

15.  Yue, Y.; Wang, Q.; Maki, ].].; Zhang, B.; O'Neil, ].; Vovan, A.; Anderson, J. Latest Industry Trend in Pluggable
Optics. In Proceedings of the 2017 International Conference on Optical Communications and Networks
(ICOCN), Wuzhen, China, 7-10 August 2017.

16. Isono, H. Latest standardization trends for client and networking optical transceivers and its future directions.
In Proceedings of the 2018 optoelectronics, photonic materials and devices conference (SPIE OPTO),
San Francisco, CA, USA, 27 January-1 February 2018.

17. Chagnon, M.; Lessard, S.; Plant, D.V. 336 Gb/s in Direct Detection below KP4 FEC Threshold for Intra Data
Center Applications. IEEE Photonics Technol. Lett. 2016, 28, 2233-2236. [CrossRef]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses /by /4.0/).

23



friricd applied
A sciences

Atrticle

Power and Signal-to-Noise Ratio Optimization in
Mesh-Based Hybrid Optical Network-on-Chip Using
Semiconductor Optical Amplifiers

Jun Yeong Jang !, Min Su Kim !, Chang-Lin Li 2 and Tae Hee Han 3*

1 Department of Semiconductor and Display Engineering, Sungkyunkwan University, Suwon 16419,

Gyeonggi-Do, Korea; sodehd11@skku.edu (J.Y.].); runemory@skku.edu (M.S.K.)

Eyenix Co., Suwon 16690, Gyeonggi-Do, Korea; clli@eyenix.com

Department of Electrical and Computer Engineering, Sungkyunkwan University, Suwon 16419,
Gyeonggi-Do, Korea

*  Correspondence: than@skku.edu; Tel.: +82-31-299-4587

Received: 3 March 2019; Accepted: 22 March 2019; Published: 25 March 2019

Abstract: To address the performance bottleneck in metal-based interconnects, hybrid optical
network-on-chip (HONoC) has emerged as a new alternative. However, as the size of the HONoC
grows, insertion loss and crosstalk noise increase, leading to excessive laser source output power
and performance degradation. Therefore, we propose a low-power scalable HONoC architecture by
incorporating semiconductor optical amplifiers (SOAs). An SOA placement algorithm is developed
considering insertion loss and crosstalk noise. Furthermore, we establish a worst-case crosstalk
noise model of SOA-enabled HONoC and induce optimized SOA gains with respect to power
consumption and performance, respectively. Extensive simulations for worst-case signal-to-noise
ratio (SNR) and power consumption are conducted under various traffic patterns and different
network sizes. Simulation results show that the proposed SOA-enabled HONoC architecture and the
associated algorithm help sustain the performance as network size increases without additional laser
source power.

Keywords: hybrid optical network-on-chip (HONoC); insertion loss; crosstalk noise; signal-to-noise
ratio (SNR); semiconductor optical amplifier (SOA)

1. Introduction

As multicore systems-on-chips (SoCs) have become mainstream as chips suffer from diminishing
returns of miniaturization and the power wall, a new high-performance on-chip network architecture
is needed to overcome the physical limitations of metal interconnects [1,2]. A hybrid optical
network-on-chip (HONoC) in which the electrical and optical layers are combined, using silicon
photonics technology, is emerging as a new alternative for replacing metallic interconnects [3]. The
HONOoC uses the optical layer to transmit massive data and uses the electrical layer to send control
packets or small-size data. As the number of cores in the system increases, the network-size-scalable
architecture is highly desirable. The widely-known mesh topology is chosen due to its simplicity and
regularity in terms of layout, after considering the advantages of the topology revealed by existing
studies on mesh-based HONoCs [4-6].

For reliable communication, the optical signal power arriving at the receiver should be higher than
the sensitivity of the photodetector. Because of the significant insertion loss in large-scale HONoCs
due to the accumulated microring resonator (MR) drops and waveguide crossings, the laser source
output power should be increased. As the laser source is the most power-consuming device among
the optical devices, the insertion loss acts as a dominant factor for the overall power consumption of
the HONoC.

Appl. Sci. 2019, 9, 1251; d0i:10.3390/app9061251 24 www.mdpi.com/journal/applsci
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Lan et al. [7] suggested the dynamic laser power control to reduce the power consumption of
the ONoC. However, adaptive laser power management demands complicated control and exhibits
limited power efficiency. Moreover, even if the power efficiency of the chip is increased by reducing the
laser source power, reliable communication is not guaranteed under high crosstalk noise environments
with heavy data traffic cases [8].

We propose a low-power scalable HONoC architecture by deploying semiconductor optical
amplifiers (SOAs) and the closely related SOA placement algorithm considering the insertion loss and
crosstalk noise change caused by SOA deployment. An analytic worst-case crosstalk noise model is
developed to find the optimized SOA gain that minimizes crosstalk noise and to investigate the effect
of SOAs on worst-case signal-to-noise ratio (SNR) in HONoC. Considering the relationship between
SOA placement and worst-case insertion loss, we calculate the minimum SOA gain for laser source
power savings.

The remainder of this paper is organized as follows. Section 2 briefly provides related research
and background information regarding insertion loss and crosstalk noise. In Section 3, we introduce
the optical router and the SOA model and present a constraint optimization problem for implementing
an SOA-enabled HONoC. In Section 4, to solve the constraint optimization problem, we propose an
SOA placement algorithm and analyse the worst-case crosstalk noise. Based on the crosstalk noise
model, the correlation between the SOA and the SNR is analysed. We also calculate the minimum
SOA gain to apply laser source power independent of the longest path. In Section 5, we evaluate
and compare the worst-case SNR and power consumption of SOA-enabled HONoC. We draw the
conclusion in Section 6.

2. Related Work

2.1. Insertion Loss

The worst-case insertion loss is the dominant factor in determining the laser source output power
to ensure reliable communication in the HONoC. The two major causes of insertion loss due to MR
drop (Figure 1a) and waveguide crossings (Figure 1b) were reported to be 0.5-1.5 dB and 0.04-0.12 dB,
respectively [9-13].

Output 2

Output 1

Output 3

() (b)

Figure 1. Two major insertion losses in optical network-on-chip (ONoC): (a) Microring (MR) drop loss;
and (b) waveguide crossing loss.

The received signal power should be higher than the sensitivity of the photodetector. Therefore,
the relationship between the laser source power (P, ), Worst-case insertion 10ss (Pyorst 11.) and
sensitivity of the photodetector (Psepsitiviry) can be expressed as

Pluser > PworstIL + Psensitivityr (1)
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where Pgpsitiviry has been reported as approximately —20 dBm [14].
Other types of optical signal power losses considered at the system-level analysis are as follows:

(1) The waveguide propagation loss is —0.274 dB/cm [15].
(2) The MR through loss is smaller than the MR drop loss by two orders of magnitude [16].

Given that these factors are minor in comparison to major insertion losses, most on-chip
network architecture studies focus on reducing the insertion losses caused by MR drops and
waveguide crossings.

2.2. Crosstalk Noise

Crosstalk noise is an unavoidable characteristic of photonic devices. Sanchis et al. proposed a
method for selecting the optimal crossing angle of the waveguide to reduce the crosstalk [17]. Chen et
al. proposed multimode-interference (MMI)-based waveguide crossing instead of plain waveguide
crossing for reducing signal power loss [18]. They designed a compact structure to minimize the
crosstalk at the device level.

Despite these efforts, leakage signals that act as crosstalk cannot be ignored due to their
accumulation. Especially, crosstalk noise should be considered as network size increases. In a
network-level, Xie et al. analysed crosstalk noise and worst-case SNR through a formal approach
in a mesh-based ONoC [19]. According to their research, crosstalk noise causes severe performance
degradation and limits the scalability of the HONoC architectures.

Studies on crosstalk noise have been conducted with respect to router architectures, network
topologies and traffic patterns [20—22]. On the other hand, there are few studies regarding crosstalk
noise when integrating the SOA. The SOA can significantly reduce insertion loss; however, it can also
increase crosstalk noise. In this regard, we analyse the correlation between the SOA, insertion loss and
crosstalk noise and then propose a methodology to efficiently compensate insertion loss and minimize
crosstalk noise.

3. SOA-Enabled HONoC Architecture

Our proposed architecture, as shown in Figure 2, is a mesh-based HONoC with integrated SOAs
and consists of two layers. The electrical layer controls the optical layer while transmitting control
packets and small-size data through packet switching. Before the optical data transaction between the
cores starts, the routing path should be setup in advance through the electrical layer. During the path
setup process, the ON/OFF state of SOAs and MRs located in the path are determined and the SOA
gain is controlled by adjusting the bias current applied to the SOA.

o i)
i ‘ P Layer

i/ : : = =3 Optical Switch
'—J = L = = &3 Electrical Control Unit
! & Processing Element
—— Optical Interconnect
—— Metallic interconnect
--------- TSV-wire

> S0A

Electrical
Layer

Figure 2. Semiconductor optical amplifier (SOA)-enabled HONoC architecture.

In the optical layer, data transaction is performed using circuit switching due to the absence of
optical storage. The SOAs can amplify the optical signal power attenuated by photonic devices in the
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routing path. The SOAs outside of the routing path are in the OFF state and absorb the optical signal
power. In this study, the expected effects of integrating the SOA with the mesh-based HONoC are as
follows:

e The SOA compensates for the insertion loss by amplifying the optical signal and reduces the
burden of the laser source to reduce the total power consumption of the HONoC.

e Anappropriate SOA gain can prevent the SNR degradation problem of the longest path due to
the network size growth of the mesh-based HONoC.

3.1. Optical Router Model

The 5 x 5 general optical router for mesh-based HONoC, as shown in Figure 3, consists of the
following five ports: Injection/Ejection, North, East, South and West. The ONoC parameters in this
analysis are based on the study conducted by Xie et al. [19], which presented the formal analytic
models of insertion loss and crosstalk noise for mesh-based HONoCs.

North

Ejection

Injection

General
Optical
Router

West East

South

Figure 3. General optical router model.

Optical signals can traverse from the ith port to the jth port and the value of i and j varies from
0 to 4: 0 denotes the Injection/Ejection port and 1-4 denote the North, East, South and West ports,
respectively. P! denotes the optical power coming into the ith port and L;j(x,y) is the insertion loss
from the ith port to the jth port in the optical router located at (x,y) in the mesh-based HONoC.
Py j(x,y), defined in (2), is the optical power when going from the ith port to the jth port in the optical
router R(x,y).

Pij(x,y) = PuLij(x, y)i,j€{0, ..., 4}, xe€{l, ..., m}, ye{l, ..., n} ()
N,',j(x, y), calculated in (3), denotes the crosstalk noise introduced into the optical router located
at (x,y) in the mesh-based HONoC and K; ; ; is the crosstalk noise introduced into the kth port when
the optical signal travels from the ith port to the jth port.
Nij(x,y) = Po(x,y)Kijo+ Py (%, 9)Kij1 + Poy(x,y)Kij2 + Poy (x,)Ki 5+ Py (6, )Kija - (3)
The SNR is the ratio of the signal power to the noise power and can be written as

SNR = 10log<§—;>, 4)

where Ps is the power of the optical signal and Py is the power of noise.
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3.2. Semiconductor Optical Amplifier

The SOA is mainly used for amplifying the input optical signals, switching and frequency
conversion [23]. The SOA can be integrated into a CMOS-compatible chip and thus can be implemented
in the HONoC by using silicon photonics technology. The operating principle of the SOA is that
electrons and holes are injected into the n-type region and the p-type region respectively, causing
population inversion in the active region. Population inversion leads to stimulated emission and
therefore, a photon injected into the SOA triggers another photon with the same phase, wavelength
and direction. Optical gain is obtained through this process.

In the active region, the gain per unit length of the SOA is called material gain (g) and is expressed
in (5a) as a function of wavelength (A) and current (I). As L increases, the SOA gain (G) increases
accordingly. Here, ¢ and G are in cm~! and dB units, respectively.

2(A — 1570)2}

HOES [Falno{é - 1} —a][l1-— A2 (5a)

G(A,I) = 101ogyg (51 1) (5b)

I, a1, ng, L, I, « and AA depend on the material and the structural characteristics of the SOA;
the definitions and values of each parameter are shown in Table 1 [24]. As in Equation (5), the SOA
gain is proportional to the current. The operating voltage of the SOA and the wavelength are assumed
to be 1.5 V and 1550 nm, respectively. In addition, it takes 20-50 ps for the SOA to reach the target
gain. The SOA model in this study is simplified for the purpose of system-level analysis; therefore, the
physical effect of the amplified spontaneous emission (ASE) introduced by the SOAs is not considered.
Although ASE cannot be ignored in physical implementations with contemporary silicon photonics
technology, this study focuses on the emerging architecture with a matured manufacturing process
that enables feasible on-chip SOAs, assuming a negligible ASE compared to the cumulated crosstalk
noise. Additionally, it is also assumed that the placement of SOAs can be over-layered on waveguides
in the physical layout; therefore, SOAs do not affect the spaces between optical routers.

Table 1. Definitions and values of SOA parameters.

Parameter Definition Value

T Light confinement factor 0.4

m Constant 6.7 x 10716 cm?
i Transparency carrier concentration 1.2 x 108 cm—3
L Length of the SOA active region 10 um

Ip Threshold input current 5 nA

« Loss in the SOA active region 10 cm ™!
AA SOA gain linewidth 95 nm

3.3. Constrained Optimization Problem in SOA-Enabled HONoC

In the HONoC, laser source power mainly depends on the total loss experienced by the optical
signal in the longest path. The laser source power level is determined to ensure that the signal power
at the receiver is greater than the sensitivity of the photodetector. Therefore, we reduce the burden of
the laser source power by using the SOA, which is easy to integrate and of relatively low processing
cost. Appropriately placing SOAs across the signal path is an effective way to save the laser source
output power in large-scale HONoCs if the additional power consumption of SOAs is reasonably
smaller than the reduced amount of the laser source power.

As the total power consumption of the SOA-enabled HONoC depends on the location, spacing
and number of SOAs, an efficient SOA placement is needed to achieve the goal. Furthermore, the SOA
placement also affects the worst-case SNR because SOAs can amplify the crosstalk noise power as well
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as the desired optical signal power. Therefore, the constrained optimization problem for implementing
the SOA-enabled HONoC in an m X n mesh is defined as follows:

Minimize : Y Paser + Y, Pson
total total

Subject to 1 Peepsitivity < min {PL?S)QO)(XL%)} (6a)

min {SNR( >} < min {SNRSOA } (6b)

x0,%0) (x1,51 (x0.90) (x1,y1)

xo, x1 €{1, ..., m}, yo, y1 €{1, ..., n}

Here, Py, is the laser source power consumption of the SOA-enabled HONoC, Psp 4 is the total power
consumption of the SOAs, Poensitivity 18 the sensitivity of the photodetector, PL?’S)?/O)(XIJ/N is the power
loss of the optical signal traveling from the router (xo, o) to the router (xq,y1) in the SOA-enabled
HONOC, SNR (1, yo)(x,,51) 15 the SNR of the path from the router (xo, yo) to the router (x1,y1) in the
conventional mesh-based HONoC and SN ng)f;a) (1) is the SNR of the path from the router (xo, o)
to the router (x1,y7) in the mesh-based HONoC with SOAs.

4. Design Methodology for SOA-Enabled HONoC

As mentioned in Section 3.3, the insertion loss problem exacerbates as the network size scales up.
On the other hand, the SOA placed to compensate for the insertion loss might adversely affect the SNR
caused by unintended crosstalk noise amplification. Therefore, SOA placement considering the routing
algorithm should be performed in terms of SNR. In this regard, we devise a design methodology of the
SOA-enabled HONoC when XY routing is used in the mesh topology. XY routing has been reported
to realize the best performance in terms of bandwidth, latency, load balancing and insertion loss in
mesh-based HONoC [5].

The proposed methodology for the SOA-enabled HONoC comprises three steps, as shown in
Figure 4. In step 1, we propose an SOA placement algorithm considering insertion loss and SNR. In
step 2, the worst-case crosstalk noise due to the SOA placement and the SOA gain to be realized to
suppress the crosstalk noise amplification are presented. Based on the SNR analysis with segmented
regions, we compare the SNR of the longest path according to the SOA gain and analyse the path in
which SNR degradation occurs even if the SOA gain is controlled. In step 3, the algorithm for finding
the minimum required SOA gain is developed to allocate the laser source output power independent
of the network size.
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Figure 4. Overall flow of the proposed design methodology.
4.1. SOA Placement Algorithm for Laser Source Power Saving and SNR Enhancement

The SOA gain modelling in Equation (5) shows that using a single SOA is superior to using
multiple SOAs in that it uses less bias current to obtain the same gain, as described in Equation (7).

n
G(Itutal) > G(Ii)r Liotal = 2 I 7)
i=1 i=1

In addition to the gain efficiency of the SOA, the small number of SOAs with high gain is
advantageous in terms of the area in which the SOA devices and control units are placed. However,
this strategy should be validated. As the worst-case insertion loss determines the output power of
laser sources and even one SOA has impact on various routing paths, an effective SOA placement rule
is needed to reduce the laser source power using the appropriate number of SOAs. Considering the
insertion loss due to the SOA placement in the routing path, the power consumption of the HONoC
can be effectively reduced by equalizing the maximum number of hops that do not pass through the
SOA in all routing paths. We denote this maximum hop count without SOAs as , which is determined
by t and t,, indicating the SOA spacing on the X-axis and Y-axis, respectively.

The accumulated crosstalk noise power at the destination depends on not only the number of
SOAs but also the location of the SOAs. For example, as shown in Figure 5, the crosstalk power
increases when the SOA is placed nearer to the destination rather than the source. In other words, to
minimize the crosstalk power amplified through the SOAs in the optical signal path, SOA should be
placed close to the source. In the mesh-based HONoC with XY routing, the optical signal is transmitted
along the Y-axis after the X-axis. Hence, placing more SOAs on the X-axis is preferred to Y-axis in
terms of SNR. Accordingly, we propose the SOA placement algorithm as follows. In this study; it is
assumed that all SOA gains are the same for the convenience of design and analysis of the network.
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N, N, N3
L L G G(NyLyLyLs + NaLyLs + N3Ls)
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t G L G(NyLyLyLg) + NyLyLs + N3Lg
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Figure 5. Example of cumulated crosstalk noise according to the SOA placement.

In Algorithm 1, the optimal SOA spacing in the X-axis (fy) and that in the Y-axis (f,) are selected
according to the maximum number of hops among the possible routing paths without SOAs (h).
Therefore, the total number of SOAs placed in the network depends on the possible combinations of ¢
and t, with a consistent 1. To minimize the additional power consumption of the SOAs, use of the
smallest number of SOAs should be pursued. If there are several cases with the same number of SOAs,
the narrowest X-axis spacing is chosen to improve the SNR (lines 1-10). After the spacing of the SOAs
is determined, SOAs are placed on the link of the corresponding router (lines 11-23).

Algorithm 1. SOA Placement for Laser Source Power Saving and SNR Improvement

Input: mesh size (1, ), maximum hop count of possible paths without SOAs (/)
Output: number of SOAs (150 ,4), SOA spacing of X-axis and Y-axis (ty, ty)

1: HSOA:<H71)/1+(WI71)/(I’I+1)

2: Forifrom1toh+1do

3: j=h+2-i

4: nli]=(n—-1)/i+ (m—1)/j

5: If n[i] <ngp, then

6: nso4 = nli]

7: t=i

8: End if

9: End for

10: tx:t, ty:h+27t,H50A:m~tx+Vl-ty
11: For i from t, ton — 1 do

12: For j from 1 to m do

13: Allocate SOA at east link of R(j, i)
14: j=j+1

15: End for

16: i=i+ty

17: End for

18: For i from t, tom —1do

19: For j from 1 to n do

20: Allocate SOA at south link of R(7, j)
21: j=j+1

22: End for

23: i=i+ty

24: End for

4.2. Worst-Case Crosstalk Noise and SNR Analysis

For the analysis of the worst-case SNR in the proposed architecture, we use several definitions as
follows:

e  1,: the total number of routers in the optical signal path
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e 15 the total number of SOAs in the optical signal path

e 1;: the number of the routers between the ith SOA and the (i — 1)th SOA in the optical signal path
(to = 0, ty, 41 = (# of routers between the last SOA and the destination))

e  Py;: the crosstalk noise introduced into the ith router in the optical signal path

e  L:router loss, G: SOA gain, K: crosstalk noise coefficient

To simplify the worst-case SNR equations, we make the following assumptions

e  The insertion loss and the crosstalk noise coefficient are the same regardless of ports. (L;; =
L, Ki,j,n = K)
e  The mesh size is m x m.

As the crosstalk noise introduced into each router is also amplified by the corresponding SOAs in
the optical signal path, these effects are reflected in the SNR as in (8).

ns 7 Ny i
SNR =10log | — 7_P5TC_; T‘L — | where T, = ) 8)
Lig Gr L o (P L) k=0

As shown in Equation (8), it is inevitable that the crosstalk noise introduced into the optical
signal passes through the SOAs located in the signal path. Therefore, to maximize the SNR, the worst
crosstalk candidate must be suppressed before it leaks into the desired optical signal path.

The dominant crosstalk power is mainly caused by the crosstalk noise coming from the nearest
router in conventional HONoCs. However, in the SOA-integrated HONoC, the worst crosstalk
candidates vary depending on the gain of the associated SOAs. If the SOA gain is larger than the
insertion loss between the SOAs, the crosstalk noise introduced from a farther router has a greater
impact on the SNR than that from a nearer router. For example, when there are the three crosstalk
noise sources P, P, and P3 as shown in Figure 6, each crosstalk noise power can be expressed as in (9).
If the total SOA gain is smaller than the total power loss (] G;L; < 1), the magnitude of each crosstalk
noise power is ordered as N; < N, < N3; otherwise, N; > Np > Nj.

Nl = P] G]L]G2L2G3L3K (9&)
N, = P,GyLrG3L3K (9b)
N; = P3G3L3K (9c)

where Py =P, = P3,G1 = Gy, = G3

Py P Py

N N—

G &

N
N N2 B
Ly L, Lg

Figure 6. Example of crosstalk noise paths whose magnitude order varies depending on SOA gains.
Therefore, the worst crosstalk noise differs depending on the SOA gain even with the same
placement of SOAs. To quantify the effect of SOAs when the current signal path acts as a crosstalk

noise to other adjacent signal paths, we introduce the concept of average insertion loss (Layg) per SOA
as (10). Here, definitions of terms are as follows:

e n,.: the total number of routers in the crosstalk path
e n,.: the total number of SOAs in the crosstalk path

32



Appl. Sci. 2019, 9, 1251

e 1. the number of the routers between the ith SOA and the (i — 1)th SOA in the crosstalk path

Ns,c

ns, 11 L;, 121 ti,c 7é Nyc
i€{2, nrc 1=
sl ie{ My} (10)

Lavg = Ns,c
ns,c—1 IT L;, Z tie = Nrc
i€{2, nyc}t i=1

To analyse the worst crosstalk candidates, we denote the router to be analysed as Rpyr and
the SOA farthest from the Rpyt in the crosstalk-inducing path as SOApyr. In Equation (10), Layg is
determined by the power loss of an optical signal traveling from SOApy to Rpyr and the number of
SOAs in that path. If an SOA is placed in the link directly connected to Rpy, this SOA is not included
in the calculation for Lgye because incoming crosstalk noise passes through that SOA inescapably. With
the SOA gain and the average insertion loss, the dominant crosstalk noise introduced into the router
can be identified. The worst crosstalk noise due to the SOA gain can be expressed as Equation (11).

’

(1) G > |Lang

Pn = PpserKLe GMo (11a)

(2 G< |L1wg

’

s,c
PLaserKLr Z ti,c 7£ Nyc
i=1

s,c

PLuserKLG/ 2 ti/c = Hrc
i=1

Py = (11b)

If the SOA gain is greater than |L,qg|, the crosstalk power originating from the farthest SOA is the
largest. This worst crosstalk noise power increases as the SOA gain and mesh size increases and the
SOA spacing decreases. Conversely, if the SOA gain is less than or equal to ‘Luvg , the crosstalk noise
from the nearest router is dominant. In this case, the crosstalk can be amplified or not, depending on
the presence of the SOA in the corresponding waveguide.

Therefore, SOA gain control is required to minimize the dominant crosstalk before it leaks into
the optical signal path. The average insertion loss is equal to the maximum gain of the SOA required
to minimize the worst crosstalk as given in Equation (12).

Giax = !Lavg{ (12)

On the other hand, as the crosstalk noise introduced into the optical signal is amplified by the
SOAs on the signal path, we analyse the specific cases in which SNRs are strongly affected by the SOAs.

4.2.1. SNR Analysis with Multiple SOAs Using Segmented Regions in Mesh-Based HONoCs

To facilitate the analysis of the SNR change resulting from SOAs and crosstalk, the entire on-chip
optical network is partitioned into several sub regions. The criteria for region partitioning are that no
sub region should contain any SOA inside and should be surrounded by the SOA-placed links. The
sub region is denoted as REG(i, j) where i and j indicate the row and column position, respectively, as
shown in Figure 7.
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Figure 7. Non-SOA sub regions (REG) according to the SOA placement algorithm.

It is apparent that the crosstalk noise introduced at the same REG with the source node of the
optical signal to be routed will be subject to the same number of SOAs as the optical signal, whereas
the other crosstalk noises introduced at nearby REGs to the destination node will be amplified to a
lesser degree by the SOAs than by the optical signal under analysis. More specifically, we formulated
the SNRR of the optical signal path that travels from REG(1,1) to REG(ny, n,) in Equation (13a) for
an SOA-enabled HONoC. For comparison purposes, the SNR for the non-SOA case is derived in
Equation (13b).

PsLREG(1,1)(112,my)

SNR; = 10log  NREG(L) LREG(Lit1) (nx,ny) Y NREG(jny) LREG (41,1 ) (12 my) (132)
Ni el Vi Gx=1)+(-1)
PsLREG(1,1)(1ymy)
SNR, = 1010 )y (13b)
g():\ﬁ NREG(1,i) LREG(1,i+1) (112,m,) T 259j NREG (j,rx) LREG(j-+1,m) (1 ny)

ie{l,...,nx—1}, je{l..., n}

Here, the total crosstalk noise introduced into the optical signal when it passes through REG(i, j)
is represented by Nggg(; ) and the signal power loss that occurs when migrating from REG (i, jo)
to REG(iy, 1) is denoted by LREG(ip,jo)(ir,jr)- Additionally, ny and n, are the number of subregions
divided by the SOA-placed links in the X and Y axes, respectively.

In the non-SOA enabled HONoC, the SNR decreases as the routing path length increases as a result
of increased signal attenuation and more involved crosstalk noises. In the proposed architecture, the
effect of additional crosstalk noise according to the path length increase decreases by the appropriate
placement of SOAs to boost the SNR. As shown in Equation (13a), the noise terms decrease by GO,
G, ... and G""772 respectively. The SNR enhancement becomes more apparent as the number of
REGs increases. Therefore, at the router level, we analysed a path that passes through the greatest
number of REGs and a path inside an REG.

4.2.2. SNR Analysis of the Longest Path

As the worst-case SNR of the longest path can vary depending on the dominant crosstalk affected
by the SOA gain, the SNR values of three representative cases are analysed as follows.
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(1) Casel: h=0,G < |Layg]

SNR; ~ L/K (14a)
—1 — —(m—2 —(m—4
{((GL) +26L) (z,?jo 3 (GlL)i> —(GL) "2 (L) >}
(2) Case2:h=0,G > |L,wg}
SNR; ~ L/K (14b)
-1 m—1 2m—3 1 m—1 m—2 1
{((GL) +(GL) ) (Zi:‘) (GL)") * ((GL) * 1) < i=0 (GL)2’>:|
(3) Case3:h=2m-—1
L/K
SNR3 =~ (14¢)
(L1 +2) (T2 &) — L2 L~ (m=9]

The case when /i = 0 indicates that SOAs are placed on all waveguides, whereas there is no SOA
when /1 = 2m — 1. When h = 0, a REG consists of only one router. As shown in Figure 8a of Case 1,
the incoming crosstalk from the nearest router is dominant. In contrast, the crosstalk introduced from
the farthest router causes the worst-case SNR in Case 2 as shown in Figure 8b.

D Processor core I:l Source of the optical signal path > SOA in the crosstalk noise path === Optical signal path

O Optical router D Destination of optical signal path ’ SOA in the optical signal path === Crosstalk noise path

Figure 8. Worst-case SNR of the longest path in accordance with the SOA gain: (a) 1 = 0, G < |Laog
and (b) h =0, G > |Lyog|-

’

As shown in Equation (14a) and (14c), SNR; and SNR3 have an identical form because of the
same traffic pattern for the worst-case SNR in the network. If the GL of SNR; is replaced by L; and
if the L of SNR3 is L3, then L; is always less than L3. Therefore, SNR; is always greater than SNR3
because the insertion loss of Case 1 is smaller than that of Case 3.

In contrast, some crosstalk components have the chance to be amplified more times than the
optical signal by SOAs as described in Case 2. In Equation (14b), (GLy"! represents the worst
crosstalk noise due to the SOAs and (GL)i indicates the ratio of the number of SOAs that the optical
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signal passes through to the number of the SOAs that the introduced crosstalk noise passes through.
Therefore, if (GL)™ ! is larger than (GL)’, this implies that the number of SOAs that the crosstalk noise
passes through is greater than the number of SOAs that the optical signal passes through. Consequently,
SNR; severely degrades and eventually can be smaller than SNR3 as the SOA gain grows.

4.2.3. SNR Analysis inside Regions without SOAs

As previously described, the SNR can be improved when the optical signal passes through
multiple SOAs with suitable SOA gain control. However, if the optical signal path forms within a
certain REG, the SNR can degrade compared to a non-SOA HONoC, even if the condition G < |L,wg|
is satisfied.

When there is a path that travels along the boundary of REG, as shown in Figure 9, both the
crosstalk noise occurring inside REG and the optical signal will not pass through any SOA, whereas
the crosstalk noise originating from the outside of REG is amplified by SOAs.

G O O |
St

Processor core

Optical router

SOA

SOA in the crosstalk noise path

[]
O
>
>
D REG
[]
=

Source of the optical signal path

Destination of the optical signal path

Optical signal

N—
qﬂ qﬂ q I:\k ====>Crosstalk noise
( (

——> Amplified crosstalk noise

Figure 9. Worst-case signal to noise ratio (SNR) of the non-SOA region surrounded by SOA-placed links.

The worst-case SNR of the SOA-integrated HONoC under the corresponding traffic condition
and that of the HONoC without SOAs under the same condition can be expressed as follows:

(1) Case1: 0 <h <2m—1,G < |Laug|

Lhtt—1 /K
SNRy ~ be qtytty—1—i by 1t ‘V L bx=2 7 bty —i by=2 r i (152)
GL(zzi;le+r T L)+ 2 T LT “’1>
(L8 L L) 4 (D L)
(2) Case2:h=2m-—1
th+ty71 K
SNR, ~ / (15b)

L<2 25;1 L[,g#»iy*lfi + Elt‘/zz L;‘y*i 42 th;_lz L[,g#»iy*i + Zfi/:*l2 Ltyfi)
(Lt L)+ (D L)

Case 1 represents the SOA-integrated HONoC and Case 2 denotes the HONoC without SOAs. In
Equation (15a), the first term in the denominator is the crosstalk noise introduced from outside of REG
and amplified by the SOA gain (G). Assuming the same optical signal power for both cases, the SNR
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of the SOA-integrated HONOoC is less than that of the HONoC without SOAs. Therefore, if the SOAs
are not placed on every link, there is a path along which the SNR decreases.

4.3. Minimum SOA Gain and Laser Source Power Allocation

In a conventional mesh-based HONoC, a laser source power is applied considering the insertion
loss of the longest path and the receiver sensitivity. However, in the proposed SOA-enabled HONoC, a
new analysis of the worst-case insertion loss is required, as the optical signal is amplified whenever it
passes through the SOA. If the total SOA gain is larger than the total insertion loss of the overall signal
path, the signal power at the destination is greater than that at the source. Therefore, we present the
allocation of the laser source power independent of the longest path considering the SOA placement,
SOA gain and mesh size.

4.3.1. Minimum SOA Gain Allocation

The SOA gain should be sufficiently large to compensate for the insertion loss between two
adjacent SOAs along the signal path. Thus, the laser source power need not be increased even if the
network size grows. Overall, the laser source power level is determined by the insertion loss of the
longest signal path that does not pass through any SOAs.

As shown in Figure 10, the top-leftmost sub region REG(1,1) occupies the largest area among
the sub regions because uniform placement of SOAs is performed from the top-leftmost corner of
the network according to the proposed SOA placement algorithm. Assuming that the reference laser
source power level is calculated by considering the longest path formed within REG(1,1), we can
compute the minimum SOA gain to compensate for the insertion loss without increasing the laser
source power.

REG(1,1) ]
==» Path X1 E REG
—=» PathYL,YI' [] Source of Path A, B, and C
—> Path X2 [ Destination of Path A
—> PathY2 Bl Destination of Path R
------ > Path A: X1-Y1 [l Destination of Path C

=== == Path B: XI-X2-YI' [> SOAinPath X2

------ ——> Path C: XI-Y1-Y2 [> SOAinPathY2

Figure 10. Example of determining the minimum SOA gain considering traffic paths across the
top-leftmost non-SOA region.

Once the laser source power is determined by the insertion loss of Path A, the next step is to
identify the larger insertion loss between Path B and Path C to compute the minimum SOA gain.
Finally, the minimum SOA gain is chosen as the larger value between the insertion loss of Path X2 and
that of Path Y2. To summarize, the minimum SOA gain can be expressed as follows:

Guin = max(Lx2, Ly2), (16)

where Ly, and Ly, denote the insertion loss of Paths X2 and Y2, respectively. Considering mesh size
and SOA spacing, we propose the following algorithm to calculate the minimum SOA gain:

As the optical signal passes through the router in a straight manner, Algorithm 2 checks the paths
(W — E) and (E — W) in the X-axis and (S — N) and (N — S) in the Y-axis, respectively, to find the
maximum power loss. Then, Lx, and Ly, are independently calculated for each axis. If n, > 2, the
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maximum hop count is the SOA spacing along the X-axis (t,) (lines 2-3). Otherwise, the hop count is
the number of routers in the X-axis (1) excluding ¢ (lines 4-6). The same process is performed on the
Y-axis (lines 7-11) and the larger insertion loss between Ly, and Ly, is chosen as the minimum SOA
gain (line 12).

Algorithm 2. Calculation for the Minimum SOA Gain

Input: mesh size (m, n), SOA spacing (tx, ty)
Output: minimum SOA gain (G,i,)
1: ny = (n—1)/ty,ny = (m—1)/ty

2: If ny > 2 then

3: Lxy = max(LW,E, LE,W) X ty

4: Else

5: Lxy = max(LW,E, LE,W) X (1’1 — tx)
6: End if

7: If n, > 2 then

8: Ly, = max(Lg N, Ln,s) X ty

9: Else

10: Ly, = max(Lgn, Ly,s) x (m —t)
11: End if

12: Gin = max(Lxa, Ly2)

4.3.2. Minimum Laser Source Power Allocation

When the SOA effectively compensates for the insertion loss along the optical signal path, the
worst-case insertion loss depends on /1, which is the maximum number of hops along which the optical
signal does not pass through any SOAs. If i = 0, the maximum insertion loss case occurs when the
length of the optical signal path is one hop as the optical signal is amplified just once. Otherwise, the
worst insertion loss is among the sub-longest paths that are not amplified by the SOA.

When the waveguide crossing loss is —0.12 dB, the insertion loss of the input/output port in the
5 x 5 Crux router is shown in Table 2. The crux router is the optimized optical router for the insertion
loss and the SNR when using X-Y routing [25]. A shown Table 2, the optical router has different
insertion loss values depending on the signal flow at the input/output ports. Therefore, the total
power loss depends on the routing path even if the number of hops that the optical signal travels along
are the same. The worst-case insertion loss according to / considering the input and output port is
as follows.

1 h=0,1
Puyorst_1r. = (Lin,e + Lw,gj) o (LiaN + Ls,j) (17a)
@ h=2
Pyorst_i. = (Lin,e + Lw,n + Lsj) (17b)
@ h>3
Puorst 1. = (Line+ Lwn + Lsn X (h—=2) + Lggj) (17¢)

Here, the loss values are in dB units. When h = 0, the worst-case insertion loss is equal to the case
of h = 1, as the SOA exists in all links; however, the SOA gain should be additionally considered when
calculating the minimum laser source power. Therefore, the minimum laser source power according to
h can be expressed as follows:

P, t_1L + Peensitivity — Poain, 1 =0
P[ o worst_ sensi Y 8 (18)
aser_min { Puorst 11, + Psensitivif]// h#0
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where Pyorst 11, is the worst-case insertion loss in the SOA-enabled HONOC, Ps,psitiviry is the minimum
optical power required by the photodetector and Py, is the SOA gain.

Table 2. Loss value in 5 x 5 Crux router.

Loss Value (dB) Loss Value (dB)
Linw 0.50 Lew 0.38
Line 0.88 LEn 0.50
Linn 0.88 Les 1.00
Lins 0.63 Lk 0.63
L.k 0.38 Lns 0.38
Lwn 1.00 Ly gj 0.50
Lws 0.50 Lsn 0.38
Ly 0.88 Ls g 0.88

5. Simulation Results

We built up a C-based simulator to evaluate the SNR and the power consumption of the
SOA-enabled mesh-based HONoC in comparison with an HONoC without SOAs. The typical values
of insertion loss and crosstalk coefficient for system analysis are presented in Table 3. The chip size of
16 x 16 HONOC is assumed as 1 cm? and in other cases, the chip sizes are assumed to be proportional
to the number of cores. It is reasonable to suppose that the chip size of the SOA-enabled HONoC is
the same as that of the conventional one, as the SOA is small enough to be embedded in a waveguide
without widening the space between photonic devices. The traffic patterns are generated using
modified BookSim [26] and Crux router is deployed because it is optimized for insertion loss and SNR

in the mesh topology.
Table 3. Loss and crosstalk coefficient values.
Parameter Value Reference
Waveguide crossing loss -0.12dB [12]
Propagation loss per cm -0.274 dB/cm [15]
Power loss of CSE in OFF state -0.04 dB [13]
Power loss of CSE in ON state -0.5dB [9]
Power loss of PSE in OFF state —-0.005 dB [9]
Power loss of PSE in ON state -0.5dB [9]
Crossing crosstalk coefficient —45 dB [27]
Crosstalk coefficient of PSE in OFF state -20dB [28]
Crosstalk coefficient of PSE in ON state -25dB [28]

5.1. SNR Analysis

In the conventional m x n mesh-based HONOoC, it is proved formally that the worst-case SNR is
among the 1st, 2nd and 3rd longest paths and the best SNR performance is achieved when m = n [19].
For fair comparison, symmetric mesh topologies are chosen for evaluations.

Figure 11 shows worst-case SNR for the 1st, 2nd and 3rd longest paths according to the SOA
gain when every link contains an SOA and the network size is 8 x 8, 16 x 16, 24 x 24 and 32 x 32,
respectively. When the SOA gain is 0 dB, the SNR values are the same as that for non-SOA HONoCs.
The SNR gradually improves as the SOA gain increases, whereas it decreases at a certain threshold of
the SOA gain. Furthermore, the SNR decreases further than that of the conventional HONoC without
SOAs if the SOA gain increases even more.
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Figure 11. Worst-case SNR for SOA-enabled HONoC according to the SOA gain for different network
sizes: (a) 8 x 8; (b) 16 x 16; (c) 24 x 24; and (d) 32 x 32.

Figure 12 shows the worst-case SNR of the SOA-enabled HONoC and that of the conventional
HONOoC according to the mesh size in an m x m mesh. When the network size is larger than 12 x 12,
the noise power exceeds the signal power in the mesh-based HONoC. In addition, the SNR decreases
drastically as the network size increases. However, in our proposed architecture, the SNR of the 1st,
2nd and 3rd longest paths are 1.19 dB, 0.89 dB and 0.28 dB when the network size is 24 x 24. When
the network size is 32 x 32, the worst-case SNR is —1.05 dB and the SNR degradation is not large even
if the network size is further increased. As the worst-case SNR determines the feasibility and the
scalability of the HONoC, the proposed architecture shows a great advantage over the conventional
HONoC architecture.
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Figure 12. SNR comparison for the 1st, 2nd and 3rd longest paths between SOA-enabled HONoC and
conventional HONoC (without SOAs) in accordance with the mesh size.

Figure 13 shows the SNR improvement in an average basis for the 1st, 2nd and 3rd longest
paths with respect to the maximum hop count without SOAs, /. The number of SOAs is proportional
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to the mesh size and is inversely proportional to i. When the mesh size is smaller and / is larger,
the amplification of the optical signal is relatively small. On the contrary, the amplification of the
introduced crosstalk noise occurs frequently when the mesh size is larger and / is smaller. Therefore,
the SNR improvement is closely related to the mesh size as well as /1, which determines the number of
SOAs in the optical signal path. When the SOA placement is performed according to the optimal /1, the
SNR is improved by 4.26 dB, 8.91 dB, 13.69 dB and 18.65 dB when the network size is 8 x 8,16 x 16,
24 x 24 and 32 x 32, respectively. Therefore, the degradation of the worst-case SNR in the large-scale
HONOC can be mitigated through the placement of SOAs.

[
=]

p—
n

(9]

SNR improvement (dB)
—
<

=]

8x8 16x16 24x24 32x32
mesh size
®h=0 ®h=2 @h=4 ®h=8
Figure 13. SNR improvement in an average basis for the 1st, 2nd and 3rd longest paths of the
SOA-enabled HONoC according to different / and network sizes.

Figure 14 shows the worst-case SNR reduction of the non-SOA region surrounded by the
SOA-placed links, in accordance with the SOA gain. As previously analysed in Section 4.2.2, there
is a path in which the SNR decreases due to the several amplified crosstalk noises, compared to the
equivalent optical signal power if the SOAs are not placed on all links (1 # 0).

12 T T T T T T T T T

SNR (dB)

0 I I I I I I I
0 0.5 1 15 2 2.5 3 3.

SOA gain (dB)
Figure 14. SNR reduction in the region surrounded by the SOA-placed links. X indicates the appropriate
SOA gain for the worst-case SNR.

When h becomes smaller, the SNR of the longest path traveling along the boundary decreases
more as the SOA gain increases. This result denotes that the shorter path length is more affected by
the amplified crosstalk noise. However, as marked X in Figure 14, the appropriate SOA gain for the
worst-case SNR on the whole network differs depending on /. The SNR losses at the mark X are
2.06 dB, 3.96 dB and 2.26 dB when h = 2, h = 4 and h = 8, respectively. The SNR reduction is the
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smallest when I = 2; however, there are more paths in which such SNR degradation occurs in the
network because the SOA spacing is narrower than in other cases. In other words, it means that SNR
degradation may occur when SOA spacing is narrow but it does not occur in the same path when
SOA spacing is wide. Therefore, i = 8 can be the best case considering both the magnitude of SNR
reduction and the probability that these SNR-reduced paths will occur.

5.2. Power Consumption

Figure 15 shows the laser source power considering the mesh size, the placement of the SOA and
the worst-case insertion loss. We assume that the efficiency of the laser source power is 20% [29]. If there
is no SOA, the laser source power increases sharply as the mesh size increases. In the SOA-enabled
HONOoC, however, the laser source power is independent of the mesh size. Although additional power
consumption due to the SOAs will be inevitable, it is expected to be a comparable trade-off owing to
the laser source power savings that will be realized by incorporating this work.

1.4 . . , . ; ; ;
—— without SOA
12} | ——h=2 P
——h=4

L —h=8

Laser source power (mW)

0 . . . . . . .
8x8 9%9 10x10  11x11  12x12  13x13  14x14  15x15  16x16
Mesh size

Figure 15. Laser source power comparison between a conventional HONoC (without SOA) and
SOA-enabled HONoC.

With common traffic patterns for NoCs, the simulation results in terms of power consumption
in the conventional HONoC and the SOA-enabled HONoC are illustrated in Figure 16. We assume
that the mesh size is 8 x 8 and SOAs are placed on every waveguide where the laser source power is
the smallest. According to the previous studies, the power consumption of MR activation has been
reported as 50 uW [30]. Simulation was performed on the HONoC without SOAs and the SOA-enabled
HONOoCs optimized for SNR and power consumption, respectively. Power consumption is reduced
by 16.26-35.86% when focusing on the SNR and by 21.81-37.68% when focusing on the total power
consumption. There is a slight difference in power consumption between when optimizing for SNR
and when optimizing for power consumption.

42



Appl. Sci. 2019, 9, 1251

—
[

p—
=]

Power consumption(mW)

Random Bit Transpose Bit Reverse Bit Rotation — Shuffle Tornado  Neighbor
Uniform Complement

Traffic pattern
B Laser (without SOA) @BLaser+SOA (SNR_opt) @Laser+SOA (Power_opt)

Figure 16. Power consumption comparison between a conventional HONoC (without SOA)
and SOA-enabled HONoC optimized for SNR and power consumption, respectively, for various
traffic patterns.

Figure 17 shows the total power consumption according to the maximum hop count of possible
paths without SOAs (/) and different traffic patterns when network size is 8 x 8. When I = 0, the laser
source power can be reduced by the SOA gain; however, the efficiency of the SOA gain is low and the
number of SOAs is the most. If & # 0, the number of SOAs in the network is reduced as / increases;
however, the laser source power and single SOA power consumption increase.
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Figure 17. Power consumption of an SOA-enabled HONoC according to the SOA spacing for various
traffic patterns.

When h = 4, the number of SOAs is twice as high as when /1 = 8 and the power consumption
increases. Furthermore, in the case of & = 2, the number of SOAs is three times higher than when
h = 8; however, the power consumption is reduced slightly or similar. Therefore, the total power
consumption in relation to / is hard to predict because it is determined by the total sum of the power
consumption per unit SOA, the number of SOAs in the network and the laser source power. Simulation
results show that the power consumption is the largest when i = 0; therefore, placing SOAs on all
links is inefficient in terms of power consumption. Contrarily, the minimum power consumption is
achieved when /1 = 2 and the overall power consumption of the SOA-enabled HONoC is reduced by
32.17-45.49%, compared to the conventional HONoC.

Figure 18 shows the comparison of power consumption between the SOA-enabled HONoC and
the conventional HONoC according to the mesh size and the hop count between SOAs in a random
uniform pattern. The increase in the power consumption in the proposed HONoC is relatively low
compared to that in the conventional HONoC because the insertion loss is independent of the longest
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path. As a result, the power saving realized by the proposed approach becomes prominent as the mesh
size grows.
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Figure 18. Power consumption comparison between a conventional HONoC (without SOA) and
SOA-enabled HONoC in terms of mesh size and maximum hop count without SOAs.

6. Conclusions

We proposed the SOA-enabled HONoC architecture to reduce the total power consumption and
mitigate SNR degradation, considering network size scalability without increasing laser source output
power. An SOA placement algorithm was developed for efficient laser source power reduction and
SNR enhancement. We suggested the worst-crosstalk noise model and presented the attuning method
for optimal SOA gain with respect to power consumption and SNR, respectively. We constructed a
C-based simulator to evaluate the SOA-enabled HONoC with an associated SOA placement algorithm.
Simulation results showed that the worst-case SNRs for the 1st, 2nd and 3rd longest paths are improved
by an average of 4.26 dB and power consumption is reduced by 32.17% to 45.49% under various traffic
patterns in the 8 x 8 network. The performance gaps regarding various SOA spacings were not
significant; on the other hand, the improvement achieved in both SNR and power consumption was
increased in proportion to the mesh size. Therefore, the proposed SOA-enabled HONoC can be a
scalable solution to cope with the performance degradation problem of large-scale HONoCs.
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Abstract: Constellation shaping has been widely used in optical communication systems. We review
recent advances in two-dimensional constellation shaping technologies for fiber-optic communications.
The system architectures that are discussed include probabilistic shaping, geometric shaping,
and hybrid probabilistic-geometric shaping solutions. The performances of the three shaping schemes
are also evaluated for Gaussian-noise-limited channels.

Keywords: constellation shaping; probabilistic shaping; geometric shaping; fiber-optic communications;
quadrature amplitude modulation; mutual information; generalized mutual information

1. Introduction

The advances in photonics integrated circuit [1,2], software-defined networking [3,4],
application-oriented fibers [5,6], and optical amplifiers [7,8], have been greatly pushing forward
development and commercialization of optical communications. In the modern optical transport
systems, especially in terrestrial and transoceanic fiber-optic communications, advanced modulation
formats have been overwhelmingly implemented in optical transceivers [9-14], thanks to the
ever-cheaper optical frontend and powerful digital signal processing (DSP) chips with smaller
size and lower power consumption. Traditional quadrature amplitude modulation (QAM) formats
have been applied extensively to realize high-capacity and long-reach optical communications, and we
have witnessed numerous two-dimensional QAM (2D-QAM)-based hero experiments in recent years
to explore the highest possible system capacity and longest transmission distance [15-17].

Due to the loss profile of the standard single mode fiber (SSMF) and gain profile of commercial
Erbium-doped fiber amplifiers (EDFAs), C-band window (1530-1565 nm) is mostly used for data
loading [18]. However, the capacity bottleneck becomes more visible for the traditional QAM-based
C-band optical transmissions [19]. In order to meet the increasing bandwidth requirements, in particular
the upcoming 5G infrastructure, more advanced solutions are expected to be introduced to
optical infrastructures. We can roughly divide the promising solutions into two categories: coded
modulation [20-27] and extended multiplexing [17,28-31]. The idea of coded modulation is increasing
information bits per channel use, including higher-order 2D modulation formats, like 1024QAM [22],
multidimensional QAM formats, like 4D optimized constellations [23], and constellation shaping
techniques [24-26], like probabilistic shaping (PS)-64QAM [25]. Alternatively, extended multiplexing is
amore straightforward solution, which mainly contains C+L band wavelength multiplexing [17,28] and
space-division multiplexing [29-31]. All the solutions come with the trade-off choice between optical
complexity and electrical complexity. In order to implement C+L band wavelength multiplexing,
C-band EDFAs and L-band EDFAs should be used together to simultaneously amplify the channel
loss per span [17]. Raman amplifier may be another option [32], but the telecom industry is not in
favor of it because of its high cost. Space-division multiplexing based on few-mode fiber or multi-core
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fiber is an efficient way to directly boost the aggregate capacity. However, it seems to have been
put at the bottom of the to-do list, because (i) it will be quite challenging to replace and rebuild the
current fiber links, (ii) space-division-multiplexing-based optical amplifiers are too expensive for
commercial applications, and (iii) complex multi-input multi-output (MIMO) channel equalization
may be required to compensate channel crosstalk [33]. The telecom industry always chooses the most
cost-efficient way to upgrade their communication systems. Therefore, extended multiplexing solution
is barely found in the roadmap of optical communications, especially in the field of long-reach optical
communications. On the contrary, coded modulation seems to be a more attracting solution. Higher
modulation formats are more common now, but they have more stringent requirements on optical
signal-to-noise ratio (OSNR), digital-to-analog converter/analog-to-digital converter (DAC/ADC),
and DSP recovery. Multidimensional QAM solution can further enlarge the minimum Euclidean
distance between constellation points, but it requires powerful DSP technology to recover signals.
What is more, such performance optimization can come at a price of less information bits per channel
use [34].

In traditional QAM formats, the constellation points are located on a uniform grid. Such uniform QAM
formats are easy for generation and recovery but suffer a 1.53-dB asymptotic loss towards the Shannon limit.
In order to close the gap, constellation shaping was introduced to optical communications. Constellation
shaping, including PS [25,35-37], geometric shaping (GS) [26,38—41], and hybrid probabilistic-geometric
shaping (HPGS) [42—45], is used to mimic a Gaussian distribution with limited constellation points.
Although target at approaching Gaussian distribution, PS and GS have completely different generation
and detection implementations. GS-QAM is obtained by optimizing some metrics, like mutual information
(MI) [40] and generalized MI (GMI) [41], which will relocate the constellation point in geometric space.
PS-QAM is applied on a uniform grid, but the constellation points will be transmitted with different
probabilities. HPGS can optimize the performance in both geometric space and probabilistic space which
should, in principle, provide the optimal performance.

In this paper, we review recent advances on 2D constellation shaping in fiber-optic communications.
Section 2 gives an overview of PS, GS, and HPGS. Section 3 discusses the performance of PS, GS,
and HPGS in Gaussian-noise-limited channels. Finally, the concluding remarks are given in Section 4.

2. Typical Constellation Shaping Schemes

2.1. Probabilistic Shaping

In a Gaussian-noise-limited channel, PS-QAM yielding a Maxwell-Boltzmann (M-B) distribution
is recognized as the optimal format to maximize the channel capacity [46]. In general, the low-amplitude
constellation points are sent with a higher probability than the high-amplitude ones. Besides,
the constellation points under the same amplitude layer are sent equally likely. Therefore, the average
symbol power will be decreased, but at a cost of lower source entropy.

The first PS scheme was proposed by Gallager, which is based on many-to-one mapping [47].
Complex forward error correction (FEC) coding is required to be implemented to recover the original
bits from the systematic errors after many-to-one demapping. The recently proposed arithmetic
coding-based constant composition distribution matcher (CCDM) is an invertible fix-to-fix length
distribution matcher, enabling maximum information rate asymptotically in the block-length [48]. Later,
there are some methods proposed to further reduce the complexity of CCDM, like multiset-partition
distribution matching [49] and streaming distribution matching [50]. The first PS-based coded
modulation was probabilistic amplitude shaping (PAS) [51], which could seamlessly combine the
binary FEC coding and CCDM in a square M-QAM format.

The proposed PAS enables capacity approaching fiber-optic communications, but also brings
some issues. Firstly, CCDM and the modified CCDM architectures are hard to be implemented in
commercial optical transceivers. Secondly, more bit-to-symbol (B2S) mapping and symbol-to-bit (S2B)
mapping modules are required to be implemented at the transceivers, leading to extra complexity.
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Thirdly, there will be an entropy loss by shaping on a given M-ary signal constellation format. Fourthly,
intrablock error propagation will loom over the dematching procedure once the FEC coding cannot
totally correct all bit errors. Fifthly, the applicable FEC code rate is limited, which will be lower-bounded
by [log, (M) — 2]/ log,(M). Sixthly, DSP circuit will be under a higher pressure to recover Gaussian-like
constellation diagrams. Thereafter, more pilot-tones are essential to be used for signal recovery.
Last but not least, although could be used for reach extension, PAS-MQAM suffers more from the
modulation-dependent noise in long-haul fiber-optic communications [52].

In a square MQAM format, the coordinate of each constellation can be represented by the Cartesian
product of two pulse-amplitude modulation (PAM) coordinates, namely,

X ={+1, £3,..., (VM-1)} 1)
The well-known M-B distribution is defined by
P, (x) =/ Y oohF @
x'eX

where v is a non-negative scaling factor. If v is 0, the PAM format follows a uniform distribution.
The capacity of PAS-MQAM format can be defined as [51]

C=H(p)-m(1-R) ®)

where H(p) is the entropy of the PAS-MQAM format, R is the FEC code rate, and m = log, (M).
Figure 1 shows the conceptual diagram of PAS-MQAM generation, where 16QAM is used as an
illustrative example. In such scheme, the 1D amplitude symbols labeled by 1-3-1-1-1-3 ... , will be
probabilistically shaped according to the M—B distribution (the probabilities of Symbol-1 and Symbol-3
are indicated by the blue and black colors, respectively), and the sign bits labeled by 1-0-0-1-0-1
.., will be used to carry the uniformly distributed parity-check bits. The S2B mapping is used to
map the Symbol-1 and Symbol-3 to amplitude bits, i.e., Bit-1 and Bit-0, respectively. In the FEC
encoder, the party-check bits will be appended to the sign bits, and combine with the amplitude bits.
Such encoded bits are remapped to PAM-4 symbols (00—-3, 01—-1, 11—+1, 10—+3). Therefore,
after FEC coding, the M-B distribution will not be changed, and Gray-mapping rule is still applicable.

1 0 00 01 11 10
+1 +3  Amplitude -3 Lol +3
Binary 1D- S2B bits FEC | | B2S In-phase 10.00 10.%5 10.” 1(20
data DM |{31]13... | mapping ENC mapping
‘ Sien bi I 1100 110+l] 1111 1110
100101, >1E0 oIS ¢ ol e o
010110... VQMOD -3 -1 +1 +3
‘ Sign bits l e ol o o
0100 0101 | 0111 0110
Binary 1p- [31131.. | s2B FEC | | B2S 3
data DM mappin; i ENC mappin; ® ®- ® ®
pping Amgilt‘:“de PPIE | Quadrature 0000 0go1 | 0011 0010

1 0 00 01 11 10

+1 +3 -3 -+ +3

Figure 1. The conceptual diagram of probabilisticamplitude shaping (PAS)-M-ary quadrature amplitude
modulation (MQAM) generation.

2.2. Geometric Shaping

GS-QAM is generated by optimizing certain criterion under a given signal-to-noise ratio
(SNR). Such criteria can be maximizing MI [40], maximizing GMI [41], maximizing constellation
figure of merit [53], or minimizing mean-square error of Gaussian distribution [54], etc. Typically,
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the lower-amplitude constellation points will be more concentrated around the origin. Generalized
cross constellations and Voronoi constellations were proposed decades ago [38,39]. GMI-optimized
constellations have also been proposed recently to enhance the capacity in a binary FEC coding featured
fiber-optic communication systems.

GS could potentially simplify the process to generate Gaussian-like constellations, but it also brings
several issues. Firstly, due to the unavailability of Gray-mapping in most cases, GMI performance
hardly approach MI performance. Although nonbinary FEC coding is a solution to close such gap,
the high complexity hinders its commercial development [55]. Secondly, the common asymmetry of the
constellations may result in more complex PAM constellations in both in-phase and quadrature branches.
Therefore, the ADC/DAC is required to be implemented with higher resolutions. Thirdly, the DSP
circuits to recover GS-MQAM formats are not compatible with the ones to recover regular-MQAM.
As a result, new DSP algorithms are suggested to be developed to efficiently recover the GS-MQAM
signals. Fourthly, it is hard to reach standard agreements between optical transceiver manufacturers
due to the variety of GS-QAM formats and the matched DSP algorithms.

Figure 2 shows the conceptual diagram of a GS-QAM-based communication system. If binary
FEC coding is used, the suboptimal B2S mapping table has to be found to minimize the gap between
GMI and MI, in order to minimize the Non-Gray mapping penalty. Brutal force algorithm may be used
to find such mapping rule at a cost of high computational complexity. Alternatively, binary data can be
mapped to the GS-QAM symbols through any B2S look-up table, followed by a reasonable complexity
nonbinary FEC encoder to sustain reliable communications [56].

fm——————=
Binary Binary Sub-optimal | Nonbinary : MOD
data FEC ENC B2S mapping | FEC ENC :
‘ g S
Channel
- - " Nonbinary |
Binary Binary S2B ) : Nonbinary DEMOD
data FEC DEC demapping , FECDEC |
________ |

Figure 2. The conceptual diagram of a geometric shaping (GS)-QAM-based communication system.

Figure 3 shows 16/32/64QAM formats generated by maximizing constellation figure of merit [53],
minimizing mean-square error of Gaussian distribution [57], and maximizing GMI [41], respectively.
The GS-16QAM constellation shown in Figure 3a is obtained by maximizing the minimum Euclidean
distance under the same average power of the 16-ary constellation.

Figure 3. GS-QAM formats based on (a) maximizing constellation figure of merit, (b) minimizing

mean-square error of Gaussian distribution, and (c¢) maximizing generalized mutual information (GMI).
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The GS-32QAM constellation shown in Figure 3b can be obtained by the following steps.

1.  Choosing 2D Gaussian distribution as the optimal source distribution, and select the uniformly
distributed regular-32QAM as the initial constellation.

2. Generating a symbol sequence following the Gaussian distribution.

3. Distributing the symbols into 32 clusters, where the decision is made as per the minimum
Euclidean distance from the 32QAM constellation points obtained in previous iteration.

4. Finding the average central positions from the symbols labeled by each cluster. Such 32 points
located on the central positions are used as the new MQAM constellation points.

5. Iterating over Steps 2 and 4 until convergence.

The GS-64QAM constellation shown in Figure 3b is designed with the constraint of Gray mapping,
which can maximize the GMI. Due to the Gray mapping constraint, such scheme cannot fully explore
the 2D space, but it can also reduce capacity gap towards the Shannon limit.

It is an open question about the optimal GS solution, since it depends on lots of implementation
scenarios. When the amount of the constellation points is more than 64, GS may suffer more
implementation penalties than PS.

2.3. Hybrid Probabilistic-Geometric Shaping

When more flexible constellation formats are required, especially multi-dimensional QAM formats,
HPGS may be an enabling technique, since each constellation point during the optimization process
will not be limited to equal probability or uniform-grid locations. Figure 4 shows HPGS-5QAM
and HPGS-9QAM formats based on Huffman coding [58,59]. The probability of each symbol is
predetermined by the corresponding Huffman tree, and the coordinates of the symbols can be obtained
by optimizing the ML

@
A 4

(@ (b)

Figure 4. Huffman coding (a) and the constellation format (b) for 5-QAM; Huffman coding (c) and the
constellation format (d) for 9-QAM.

As an illustrative example, the generation process of HPGS-9QAM constellation can be found below:

1. Parsing the binary source into nine blocks labeled by unique bit sets {00, 010, 110, 011, 100, 1110,
1111, 1010, 1011}. If the binary sequence is sufficiently long, the resulting blocks should be
generated with the probabilities of {P(00) = 1/4, P(010) = 1/8, P(011) = 1/8, P(100) = 1/8, P(1110) =
1/16, P(1111) = 1/16, P(1010) = 1/16, P(1011) = 1/16}. Thereafter, the entropy is 3, i.e., there is no
entropy loss.

2. Mapping the 9-block sequence to any 9-QAM symbols with the constraints: (i) The 9-ary
constellation points with the same probability are uniformly located in the same power layer,
(ii) The constellation points with higher probabilities are located at higher power layers. In other
words, such 9-ary constellation should be featured with three power layers and 1, 4, and 4 points
are equally spaced in each power layer, respectively.
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3. Maximizing the MI by iterating over all amplitude ratios and phase differences of such
9-ary constellation.

Huffman coding can be treated as a variable-length and prefix-free PS scheme, which can also be
uniquely decodable, but it cannot provide flex rate.

There are four major problems for this HPGS scheme. Firstly, it is quite challenging to implement
Huffman coding when the amount of symbols increase. Secondly, as any other variable-length coding
technology, Huffman coding will also suffer from the overflow or underflow problems. Thirdly,
the higher-complexity nonbinary FEC coding is required. Fourthly, error propagation may occur if
unexpected symbol errors remained after FEC decoding.

A more efficient and practical way to generate HPGS-QAM is based on universal probabilistic
shaping scheme and GMI-optimized GS scheme [44,60]. Figure 5 shows the constellation formats for
HPGS-32QAM, as well as the regular/PS-32QAM.

(b) (c) (d)

Figure 5. Constellation formats for (a) hybrid probabilistic-geometric shaping (HPGS)-32QAM,
(b) regular-32QAM, (c) shallowly shaped 32QAM, and (d) deeply shaped 32QAM.

The constellation diagram of the HPGS-32QAM shown in Figure 5a is generated by the generalized
pairwise optimization algorithm. The objective function is maximizing GMI under the constraints of
zeros mean amplitude and normalized average power. The two constraints can be expressed as

pixi = —A=pjx; 4
2 Pip
’p]-x/-+b| +p—é|aq| =1-B 5)
1
where (x;, x;) is one pair of the M-ary constellation (M = 32 in this case), p; is the probability of x;,
M M
A= Y pxpandB= Y  plxl’ The objective of maximizing GMI will be searching
k=1 ket kot k=1cti k]

the (x;, xj) pair over a hypersphere with the center and radius determined by the other M —2
constellation points. Such generalized pairwise optimization algorithm can converge to the final
steady state after iterating all M(M —1)/2 pairs. As a rule of thumb, we suggest start the iteration
with the regular-32QAM, and the optimal HPGS-32QAM shown in Figure 5a can be obtained within
1000 iterations.

Such HPGS constellation could provide the trade-off between the number of nearest symbols and
their Hamming distance. Any constellation format shown in Figure 5 does not belong to the square
QAM category. As a result, the well-known PAS scheme cannot be used for the PS purpose.

Figure 6 shows the modified probabilistic fold shaping and universal probabilistic shaping
schemes [60]. Probabilistic fold shaping can be used for shaping any F-fold rotationally symmetric
constellation, like regular-32QAM, as shown in Figure 6a. In such kind of constellations, the bits
determining the fold index yield uniform distribution, which can be used to carry the parity-check bits.
There is a major difference between PAS and probabilistic fold shaping. PAS is a 1D shaping scheme,
which uses the single bit determining the positive or negative amplitude to carry the parity-check bit
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and shapes the 1D-PAM with a 1D M-B distribution. On the contrary, probabilistic fold shaping is a
2D shaping scheme, which uses the log, (F) bits determining the fold indexes to carry the parity-check
bits, and shapes the 2D constellation points in one fold with a 2D M-B distribution. As an illustrative
example, the 32QAM shown in Figure 6a is featured with four-fold rotational symmetry. The 8-ary
constellation points in one fold are firstly shaped with a 2D M-B distribution, where different colors
indicate different probabilities. The bit sets {11,01,00,10} determining the fold indexes will carry the
parity-check bit after FEC encoding and rotate the 8-ary constellation by 0°, 90°, 180°, 270°, respectively.
Therefore, 2D M-B distribution can be applied to the constellation points in one fold, and the selection
of the fold-index can be performed by the parity-check bits. The target distribution will not be changed
after the binary FEC coding.
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Figure 6. Modified probabilistic shaping (PS) schemes based on (a) probabilistic fold shaping,
(b) universal PS.

The universal probabilistic shaping scheme shown in Figure 6b can be applied to shape any
QAM format. The MQAM symbols generated from the CCDM may not yield a M-B distribution.
The binary bits generated after the bit labeling block are used to carry the uniformly distributed
parity-check bits. During the process of B2S mapping, the parity-check bits will be uniformly
mapped to partial MQAM symbols, i.e., N-ary QAM (NQAM) symbols, where N is the largest
power of 2 to contain the MQAM constellation points with the desirable probabilities of >(1—R)/M.
Assuming that the desirable probability distribution of the MQAM symbols is P(x), the probability
distribution of the MQAM symbols after the CCDM is Pp(x), and probability distribution of
the NQAM symbols is given by Py(y) = 1/N. The final relationship can be written as
Pu(x) = [RPD(x)/ log, (M) + (1 —R)PN(y)/logz(N)]/[R/ log, (M) + (1 -R)/ logz(N)]. In such a
way, any desirable distribution of the HPGS-MQAM symbols can be obtained.

3. Performance Comparison in Gaussian-Noise-Limited Channels

As a rule of thumb, HPGS-MQAM cannot show clear performance improvement over PS-MQAM
and GS-MQAM when M < 32. In addition, if M > 64, PS-MQAM could closely approach the Shannon
limit, thus it is not necessary to apply HPGS to higher order QAM formats. In this paper, we performed
Monte Carlo simulations in MATLAB. The block-length of the CCDM was chosen more than 5000,
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so the normalized divergence of the encoder output and the desired distribution is negligible. The awgn
function provided by MATLAB was used to add white Gaussian noise to the 2D-MQAM signals.
All the results were averaged over 1000 trials.

In a numerical simulation, as shown in Figure 7, we compared the MI performances of
the minimizing mean-square error of Gaussian-distribution-based GS-8/16/32QAM, CCDM-based
PS-8/16/32QAM, and regular-8/16/32QAM. Figure 7al,a2,b1,b2,c1,c2 show the constellation diagrams
of PS/GS-8/16/32QAM. Here we chose MI as the metric for performance comparison, because MI
can be measured without the consideration of the FEC coding performance. Given that most of
the current nonbinary FEC coding and binary FEC coding schemes may vary in performance and
implementation penalty, MI instead shows the upper limit of the capacity obtained with the “ideal”
FEC coding scheme [61]. In order to easily describe the PS-MQAM with an entropy of A b/s, we adopt
the notation of PSSMQAMA. For example, we use PS-8QAM2.3 to denote the PS-8QAM with an entropy
of 2.3 b/s. As we can see from Figure 7a,b, the best MI performances can be obtained by GS-8/16QAM.
GS-8/16QAM can always outperform regular-8/16QAM. PS-8QAM can have comparable performance
over GS-8QAM when the SNR is less than 6.2 dB; the performances of PS-16QAM and GS-16QAM
are quite similar when the SNR is less than 11.7 dB. In the region of high SNR region, PS-8/16QAM
cannot bring better MI performance. In Figure 7c, we find that the best performance can be achieved
by PS/GS-32QAM separately. In addition, GS-32QAM is always better than regular-32QAM in terms
of MI performance. When the SNR is more than 15.7 dB, GS5-32QAM has the best performance,
while PS-32QAM formats can maximize the MI performance when the SNR is less than 15.7 dB.
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Figure 7. Cont.
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Figure 7. Mutual information (MI) versus signal-to-noise ratio (SNR) performance in Gaussian-noise-
limited channels for (a) PS/GS/R-8QAM, (b) PS/GS/R-16QAM, (c) PS/GS/R-32QAM. Insets (al,a2) The
constellation diagrams of PS-8QAM and GS-8QAM. Insets (b1,b2) The constellation diagrams of
PS-16QAM and GS-16QAM. Insets (c1,c2) The constellation diagrams of PS-32QAM and GS-32QAM.

Although PS-256QAM and PS-1024QAM have been investigated over fiber links [62], we still
believe that PS-64QAM is expected to be the most promising solution for high-order QAM-based
fiber-optic communications, at least for the upcoming 400 G/800 G Ethernet. It is mainly because
that PS-64QAM has near-capacity-approaching performance, and its implementation penalty may
also be well reduced to an acceptable level in the near future. While, unfortunately, regular-64QAM
and PS-64QAM have been suffering a large implementation penalty so far. Here we compare the
performances of PAS-64QAM and GMI-optimized HPGS-32QAM (referred to as opti-32QAM in
this paper).

In another numerical simulation, Figure 8 shows the post-FEC bit error rate (BER) versus SNR
performances of PAS-64QAM, opti-32QAM, PS-32QAM, and regular-32QAM. DVB-S2 irregular
low-density parity-check (LDPC) codes were applied for FEC coding. The performance comparisons
were executed under the same capacity levels, i.e., C = 3.33 b/s and C = 4 b/s. Table 1 lists the parameters
used in the post-FEC BER analysis under the capacity levels of 3.33 b/s and 4 b/s. In Figure 8a,
the performance of PS-32QAM is slightly better than opti-32QAM, but worse than PAS-64QAM
by 0.2 dB. Opti-32QAM shows a 0.8-dB performance improvement over regular-32QAM in case of
C =3.33 b/s. In Figure 8b, the performance of opti-32QAM is better than PS-32QAM by 0.2 dB, better
than regular-32QAM by 0.8 dB when the capacity is 4 b/s. However, PAS-64QAM is also shown
to outperform opti-32QAM by 0.4 dB. It is reasonable to find that PAS-64QAM always has the best
post-FEC performance over shaped 32QAM. While in a realistic communication system, we believe
that the performance of HPGS-32QAM (opti-32QAM) should be similar to that of PAS-64QAM, due to
the higher implementation penalties that PAS-64QAM may suffer.

Table 1. The parameters used in the post-forward error correction (FEC) bit error rate (BER) analysis
under the same capacity.

C [b/s] H/R R-32QAM  Opti-32QAM  PS-32QAM PAS-64QAM
333 H(p) 5 5 433 453
: R 2/3 2/3 4/5 4/5
. H(p) 5 5 4.55 5.2
R 4/5 4/5 8/9 4/5
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Figure 8. BER versus SNR performances in the scenarios of (a) C = 3.33 b/s, (b) C = 4 b/s.
4. Concluding Remarks

Constellation shaping will play an increasingly important role in fiber-optic communications in the
wake of the booming 5G era. In this paper, we focused on the performance of 2D constellation shaping
in Gaussian-noise-limited channels. We have discussed three key constellation shaping schemes, i.e.,
PS, GS, and HPGS, and analyzed their pros and cons in terms of performance and implementation
complexity. We also introduced two modified CCDM-based shaping schemes, i.e., probabilistic fold
shaping and universal PS, which could enable applying PS on any 2D modulation format. We found that
GS-8QAM and GS-16QAM could outperform PS/regular-8QAM and PS-regular-16QAM, respectively,
in terms of MI performance. In addition, the best MI performance of 32-ary QAM format could be
reached by PS-32QAM and GS-32QAM separately. We compared the post-FEC BER performances of
HPGS/PS/regular-32QAM and PAS-64QAM under the same capacity.

The performances of HPGS/PS-32QAM were shown to be similar, and better than regular-32QAM.
What is more, PAS-64QAM could still have 0.2-0.4 dB performance gains over HPGS/PS-32QAM.

For a commercial CCDM-based PS implementation, the power consumption is mainly determined
by the block length and the entropy of the CCDM, as well as FEC coding selection. GS-QAM formats
will cost more power consumption than regular-QAM formats, because of that a higher complexity DSP
circuit is required to be used for GS-QAM-based transceivers to recover the signal from the received
data with Gaussian-like distribution. Although the best performance can be theoretically achieved by
HPGS-QAM, the extra power consumption arising from PS and GS schemes is nontrivial. Considering
that both PS and GS can closely approach the Shannon limit and only limited margin can be reached
by HPGS, HPGS may not be in favor by the industry due to the low benefit—cost ratio.
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Abstract: M-ary pulse-amplitude modulation (PAM) meets the requirements of data center
communication because of its simplicity, but coarse entropy granularity cannot meet the dynamic
bandwidth demands, and there is a large capacity gap between uniform formats and the Shannon
limit. The dense wavelength division multiplexing (DWDM) system is widely used to increase the
channel capacity, but low spectral efficiency of the intensity modulation/direct detection (IM/DD)
solution restricts the throughput of the modern DWDM data center networks. Probabilistic shaping
distribution is a good candidate to offer us a fine entropy granularity and efficiently reduce the gap
to the Shannon limit, and Nyquist pulse shaping is widely used to increase the spectral efficiency.
We aim toward the joint usage of probabilistic shaping and Nyquist pulse shaping with low-density
parity-check (LDPC) coding to improve the bit error rate (BER) performance of 8-PAM signal
transmission. We optimized the code rate of the LDPC code and compared different Nyquist pulse
shaping parameters using simulations and experiments. We achieved a 0.43 dB gain using Nyquist
pulse shaping, and a 1.1 dB gain using probabilistic shaping, while the joint use of probabilistic
shaping and Nyquist pulse shaping achieved a 1.27 dB gain, which offers an excellent improvement
without upgrading the transceivers.

Keywords: pulse amplitude modulation; nyquist pulse shaping; DWDM system; LDPC coding

1. Introduction

In view of the current development of the annual growth rate of data center transmission, the widely
used coherent optical communication [1-5] is moving toward the data center networks market, but has not
dominated because of its high cost, high power consumption, and implementation complexity. Self-coherent
detection is a viable solution to reduce the cost, but its expensive coherent receiver still limits its use to
a narrow range of applications [6-8]. To match the low-cost requirement, many researchers have paid
increasing attention to pulse-amplitude modulation (PAM) [9-11]. However, for the currently widely
used uniform distribution, coarse entropy granularity of M-ary PAM (M =2, 4, 8, ... ) cannot meet the
dynamic bandwidth demands. More importantly, there exists a large capacity gap between the uniform
modulation formats and the Shannon limit.

To compensate for the performance loss, in recent years, a constellation shaping scheme has
attracted increasing research attention, which include geometric shaping (GS) [12-17], probabilistic
shaping (PS) [18-23], and hybrid geometric-probabilistic shaping [24-27]. These different shaping
schemes can approach the Shannon limit. Since it may be easier to have a common standard agreement
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among network service providers if the PS scheme is used for constellation shaping, PS should be
more suitable to be used in data center networks. PS can be realized using Huffman coding [28,29],
many-to-one mapping [30], and a constant composition distribution matcher (CCDM) [31,32]. Given
that a CCDM can flexibly generate fractional entropy without systematic error, the optical industry is
more inclined to apply a CCDM-based PS scheme. PS can not only be used for quadrature amplitude
modulation (QAM) formats, but also for a PAM scheme [33-35]. For a PAM scheme, it imposes an
exponential-like distribution on a set of equidistant constellation points. It transmits symbols with
smaller amplitudes more often than larger ones, which can offer us a fine entropy granularity and
enable a transmission with a lower signal-to-noise ratio (SNR) at the same forward error correction
(FEC) overhead.

The requirement of channel capacity is greatly increasing nowadays, which leads to the dense
wavelength division multiplexing (DWDM) system being widely using in data center networks [36-38],
but the low spectral efficiency of the intensity modulation/direct detection (IM/DD) solution restricts
the throughput of the modern DWDM data center networks, which results in large investments to
upgrade the transceivers in order to meet the increasing bandwidth requirement.

Nyquist pulse shaping (NPS) is a good solution to increase the spectral efficiency of a DWDM
system [39,40]; it uses a raised-cosine filter to limit the effective bandwidth and can reduce the
inter-symbol interference (ISI) by properly selecting the roll-off factor (ROF) for NPS.

The purpose of this paper was to demonstrate the joint usage of both the PS distribution and NPS
in a DWDM system for short-reach applications, in particular data center networks. In addition to the
joint shaping format, the employment of a suitable FEC code was also important for improving the
overall performance. Low-density parity-check (LDPC) codes represent excellent FEC candidates to
be applied together with the proposed shaping scheme. We transmitted LDPC-coded 8-PAM signals
for both uniform and nonuniform signaling and compared the performance for different LDPC code
rates. We further evaluated the performance improvements when NPS was used for different ROFs
in both PS and uniform distribution-based systems. We experimentally evaluated the bit error rate
(BER) performance improvement of the proposed joint shaping scheme, compared with the uniform
signaling scheme.

The rest of the paper is organized as follows. In Section 2, we introduce the DWDM system
employing the proposed joint probabilistic-Nyquist pulse shaping scheme. In Section 3, we demonstrate
the improvements with respect to uniform signaling via simulation and experimental verifications.
Relevant concluding remarks are provided in Section 4.

2. Proposed PS-NPS-8-PAM-Based DWDM System

Figure 1 shows the proposed LDPC-coded PS-NPS-8-PAM signal generator. The input was a
pseudorandom binary sequence (PRBS), and after the distribution matcher (DM), there was an array of
different amplitudes that satisfy a certain probability distribution. After binary labelling and LDPC
encoding [36], we obtained a block of LDPC-coded binary bits. After mapping to the PAM constellation
points, we performed the Nyquist pulse shaping, followed by the DWDM multiplexing.

Binary LDPC e

Figure 1. Low-density parity-check (LDPC)-coded, probabilistic shaping, Nyquist pulse shaping,

8-level pulse-amplitude modulation (PS-NPS-8-PAM) signal generator. DM: Distribution matcher.
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The PS distribution performances are highly dependent on a selected distribution function.
In this paper, we used an exponential distribution [33], in which different constellation points a; were
transmitted with probabilities determined using:

P(a;) = exp(=Alaill) /Z(A), A 20, 1)

where Z(A) is the normalization function used to ensure that the probabilities of occurrence of symbols
sum up to one, which means Z(A) is defined as:

Z(A) = Liexp(—Mlaill). )

Nyquist pulse shaping is widely used in DWDM systems to improve the spectral efficiency [40].
It often uses a low-pass raised-cosine (RC) filter with the frequency response being:

Ts 0 < |w| < 7(1 - ROF)/Ts
. T, -
Hye(w) = { %(1-sin[mz5p(lwl - £)]),  m(1-ROF)/Ts < |w| < 7(1+ROF)/Ts ,  (3)
0 lw| > (1 + ROF) /Tg

where w is the angular frequency, T is the symbol duration, and ROF is the roll-off factor mentioned
before. A small ROF value can make the frequency response an almost rectangular shape and be
able to reduce the channel spacing but comes with a longer memory length and a higher generation
complexity. In this study, we used the square-root raised cosine (SRRC) filter, whose transfer function

is given as:
Hsgre(w) = /Hre(w). @

Figure 2 shows the frequency response for two different ROF values of neighboring DWDM
channels, with the channel spacing set to 50 GHz. It is clear that a smaller ROF had a better spectral
efficiency with a lower inter-channel crosstalk.

0.03 0.03

0.02 0.02

0.01 0.01

0 0 ST bl e a2k b0 bbb Ll stk s
25 50 75 100 25 50 75 100 0 25 50 75 100
Frequency (GHz) Frequency (GHz) Frequency (GHz)
(a) (b) ()

Figure 2. Frequency response with different roll-off factors (ROFs): (a) ROF; = ROF, =0.1; (b) ROF; =1,
ROF; = 0.1; and (c) ROF; = ROF, = 1.

Figure 3 shows the whole DWDM system. On the transmitter side, we generated the
PS-NPS-8-PAM signals using the generator in Figure 1 and sent them to the modulator for each
channel with a different frequency. Then, after transmission, at the receiver, we used a super Gaussian
filter to select every target frequency (wavelength).
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PS-NPS-8-PAM
Gensron
PS-NPS-8-PAM WDM WDM

Generator MUX DEMUX

PS-NPS-8-PAM
St Modulator

Figure 3. Structure of the PS-NPS-8-PAM-based DWDM system. DEMUX: demultiplexer.
3. Simulation and Data Center Experimental Results

In this section, we first describe the optimization of the code rate of the LDPC encoder for the PS
distribution and show a different ROF factor performance using simulations. Then, we introduce the
experimental setup and the improvement we achieved from our PS-NPS-8-PAM scheme.

3.1. Simulation Results

Figure 4 shows the BER performance comparison for LDPC-coded 8-PAM signals with PS and
uniform distributions for different LDPC code rates. As the PS distribution has a smaller entropy,
we needed to make sure that each modulation scheme had the same information rate to guarantee
that the comparison was fair; in other words, they had the same FEC overhead. The code rate of the
uniform distribution was 0.6, so the information rate was 1.8 bits/symbol, with a 66.7% FEC overhead.
From Figure 4, we can see that all PS distributions outperformed the uniform distribution, and the best
improvement offered a 0.8 dB signal-to-noise ratio (SNR) gain over the uniform distribution at a BER
of 1075, which appeared when code rate (r) equal to 0.8.

Different code rate and distribution for same information rate
10" E 3

1072

x 107 _
w
[a1)]
=7 Uniform
104 F[-0—r=2/3 3
r=3/4
—©—-r=4/5 \
5| r=5/6 i
19 r=8/9
——r=9/10
10.5 1 1.5 12

SNR (dB)

Figure 4. Bit error ratio (BER) performance for different LDPC code rates (r). SNR: Signal-to-noise ratio.

Figure 5 shows the BER performance of the LDPC-coded PS and uniform distribution for different
values of the ROF. We can see for both distribution schemes that a smaller ROF achieved a better
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BER performance, which was caused by the reason shown in Figure 2: a smaller ROF value can lead
to the frequency response of a rectangular shape, improving the spectral efficiency. For every ROF
value considered, we found that the PS distribution-based scheme always outperformed uniformly
distribution-based one.

Figure 5a shows a very clear error flow when the ROF was set to 0.5. Namely, every LDPC
code had an effective SNR region, in which it sufficiently improved the BER performance after a
corresponding SNR threshold. According to Figure 2, a larger ROF brought a wider bandwidth
and more inter-channel crosstalk, which prevented us reaching the SNR threshold of the employed
LDPC code.

Different ROFs for an 8-PAM PS distribution Different ROFs for an 8-PAM uniform distribution
W BT : - : . + q 10 . . - . q
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Figure 5. BER performance for different ROF values for: (a) a PS distribution with an LDPC code of
rate r = 0.8 and (b) a uniform distribution with an LDPC code of rate r = 0.6.

3.2. Experimental Setup and Results

The performance of the LDPC-coded PS-NPS-8-PAM transmission in a fiber channel-based DWDM
system was experimentally verified with the testbed depicted in Figure 6. Three 10 kHz-linewidth,
continuous-wave, tunable sources (with the following center frequencies: f; = 193.30 THz, f, =
193.35 THz, and f3 = 193.40 THz) were coupled by an optical coupler and launched to a Mach-Zehnder
modulator. The PRBS was sent to our LDPC-coded PS-NPS-8-PAM generator. Then, the LDPC-coded
PS-NPS signals were sent to an arbitrary waveform generator (AWGen) to create 11.5 GBaud 8-PAM
signals with a 66.7% FEC overhead, which meant the bit rate was 20.7 Gbps. After being converted to
the optical domain by the modulator, the resulting signals were boosted by an erbium-doped fiber
amplifier (EDFA) with a 6 dB noise figure. The enhanced signal was then sent to a 1 X 3 coupler to be
split and interleaved into three fibers with different lengths (delay lines). The corresponding outputs
were then applied to a 32 x 32 arrayed waveguide grating (AWG)-based datacenter network at three
different input ports. Every input port worked as a selective bandpass filter. At the output port, we
obtained three different center frequencies with different delays, which worked as our DWDM system.
The output signal was then mixed with an amplified spontaneous emission (ASE) noise signal using
a2 X 2 coupler. We also employed a variable optical attenuator (VOA) after the ASE noise source
to emulate the different optical SNR (OSNR) channel conditions. At the receiver side, the targeted
frequency f, was selected by a tunable filter (TF) and detected using a photodetector (PD). To collect
the received baseband signal, we employed a 100 GS/s digital phosphor oscilloscope from Tektronix.
Then, we performed offline digital signal processing (DSP) with the collected signals.
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Figure 6. Experimental data center setup. CP: coupler, DL: delay line.

The BER performance of the LDPC-coded PS-NPS-8-PAM is shown in Figure 7a. We transmitted
the PS-NPS-8-PAM signals with ROF = 0.8 and 1, and compared them against a PS-8-PAM. From this
figure, we can see that when ROF = 1, it performed the same as the PS-8-PAM without NPS, which is
because ROF = 1 will not change the pulse shape. On the other hand, when we set the ROF to 0.8,
we obtained a 0.43 dB shaping gain improvement in OSNR at BER = 107°. In Figure 7b, we compare
the LDPC-coded PS- and uniform distribution-based schemes with both ROFs set to 0.8. We can see
that uniform distribution required higher OSNRs, and we obtained a 1.1 dB shaping gain improvement

in OSNR at BER = 1075,
PS vs uniform distribution with ROF=0.8

Different ROFs for a PS distribution
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Figure 7. BER performance for: (a) a PS distribution with different ROFs and without NPS, and (b) a
PS and uniform distribution comparison with the same ROF. OSNR: optical signal-to-noise ratio.

Figure 8 shows the comparison of BER performance between the LDPC-coded PS-NPS-8-PAM
and LDPC-coded uniform distributed 8-PAM schemes. Evidently, the joint usage of PS and NPS could
obtain a 1.27 dB OSNR improvement at BER = 10~ compared to the uniform signaling.
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Figure 8. BER performance of an LDPC-coded PS-NPS-8-PAM against an LDPC-coded uniform 8-PAM.

4. Conclusions

In our simulation results, we found that a smaller ROF could provide a better BER performance,
and to optimize the PS performance, we needed to consider both the signal entropy and the error
correction capability of an LDPC code. In practical usage, there will be many potential limits on
the ROF and FEC overhead, since in most cases, we can only use an appropriate ROF for a certain
FEC overhead. We have shown that the optimization was not highly sensitive to either the ROF
or FEC overhead, and we could do the optimization on any limit of the ROF and FEC overhead.
The improvement can be achieved without any equipment upgrade, which means that the proposed
LDPC-coded PS-NPS-8-PAM scheme can be widely applied in data center communications and other
short-reach applications. We have shown that the Nyquist pulse shaping could provide a 0.43 dB
improvement, and the probabilistic shaping provided a 1.1 dB gain. By the joint use of probabilistic
shaping and Nyquist pulse shaping, we obtained a 1.27 dB performance gain.
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Abstract: Coherent in-phase quadrature (IQ) transponders are ubiquitous in the long-haul and the
metro optical networks. During the transmission, the coherent signal experiences a bandwidth
narrowing effect after passing through multiple reconfigurable optical add-drop multiplexers
(ROADMs). The coherent signal also experiences a bandwidth narrowing effect when electrical
or optical components of the coherent IQ transponder experience aging. A dynamic method to
compensate the bandwidth narrowing effect is thus required. In the coherent optical receiver, signal
bandwidth is estimated from the raw analog-to-digital converter (ADC) outputs. By adaptively
adjusting the tap coefficients of the finite impulse response (FIR) filter, simple post-ADC FIR filters
can increase the resiliency of the coherent signal to the bandwidth narrowing effect. The influence of
chromatic dispersion, polarization mode dispersion, and polarization dependent loss are studied
comprehensively. Furthermore, the bandwidth information of the transmitted analog signal is fed
back to the coherent optical transmitter for signal optimization, and the transmitter-side FIR filter
thus changes accordingly.

Keywords: coherent communications; optical communications; fiber optics; digital signal processing

1. Introduction

Coherent line-cards using the polarization-division-multiplexed quadrature amplitude modulation
(PDM-QAM) have been the de-facto standards for the metro and the long-haul optical fiber
communications systems [1]. When a modulated signal passes through multiple reconfigurable
optical add-drop multiplexers (ROADMs), the bandwidth of the propagating signal narrows down
due to two effects. One is the spectral shape of the ROADM filter, and the other is the misalignment
between the central frequency of the signal and the ROADM passband [2,3]. This inevitably leads
to an increase in the observed bit error ratio (BER) at the receiving end and eventually causes the
receiver to lose track of the signal. Moreover, the bandwidth narrowing effect due to the ROADM is
relatively dynamic.

Several methods have been studied to quantify the effect of cascading ROADMs. In [4], an
accurate model is developed to predict the final bandwidth of the signal after passing through multiple
cascaded ROADMs. In [5,6], the weighted crosstalk method is used to estimate the transmission
penalty, including the effects of signal bandwidth narrowing, crosstalk filtering, and nonlinear-enhance
crosstalk. In [7], the impact of the random group delay ripple on multiple cascading ROADMs is
thoroughly studied. In [8], one observes signal-to-noise ratio (SNR) for n times and determines
the minimal SNR. Then, the probability of this minimal SNR being smaller than a specified target
is evaluated through extreme value statistics. This approach improves the reliability to access the
performance of cascaded ROADMs. In [9], the influence of the bandwidth narrowing effect on a
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probabilistically shaped 64-QAM system is evaluated using generalized mutual information (GMI).
The shaping parameters can be optimized to improve the tolerance to the bandwidth narrowing effect.

With a comprehensive understanding from the theoretical models and experimental results above,
different schemes to compensate the effects of the bandwidth narrowing have been demonstrated.
In [10], digital pre-equalization is applied to the coherent transmitter based on the estimation of the
signal’s bandwidth using an analytical model. The parameters in the analytical model are determined
by the statistics from the measurement results. In [11], the maximum likelihood sequence estimation
(MLSE) is used to mitigate inter-symbol interference (ISI) induced by the bandwidth narrowing effect.
In [12], time-domain digital pre-equalization is used for a bandwidth-limited coherent communications
system. The characteristics of the channel are generated from the coherent receiver through a digital
adaptive equalizer. In [13], the bandwidth narrowing effect is studied in the context of elastic optical
network. Different techniques, like bandwidth-variable transmitter and optical spectrum shaping, are
used to compensate the bandwidth narrowing effect. In [14], the bandwidth-variable transceivers offer
flexibility in adjusting both the symbol rate and the spectral efficiency. With the cascaded ROADMs,
the balance between the optical filtering tolerance and the required SNR can be optimized. In [15],
the data stream from the transmitter passes through a digital filter and generates the duobinary data
pattern, which is more tolerant to the bandwidth narrowing effect.

In this work, we propose a novel scheme to compensate the bandwidth narrowing effect by
simply using the finite impulse response (FIR) filters. First, we demonstrate that the bandwidth of
the received signal can be estimated from the raw analog-to-digital converter (ADC) data samples.
Then, we adaptively adjust the FIR filter in the coherent receiver to provide compensation according to
the received signal bandwidth. The tolerance of the coherent receiver to the bandwidth narrowing
effect is improved by 5 GHz, which is equivalent to the bandwidth degradation of the signal passing
through >10 ROADMs [16]. Furthermore, the estimated signal bandwidth can be fed back to the
coherent transmitter. By adaptively adjusting the FIR filter in the coherent transmitter, one can
dynamically change the spectral shape of the coherent signal. The system tolerance to the bandwidth
narrowing effect through the cascaded ROADMs is further improved. This scheme is relatively simple
to implement, and it is also complementary to the other methods discussed above [10-15].

2. Experimental Setup and Signal Bandwidth Estimation

On top of the optical transport network, there is an Internet protocol (IP) network utilizing
the packet forwarding engine (PFE) application-specific integrated circuit (ASIC) to forward the IP
packets. It is very desirable to physically integrate the coherent transponder with the PFE, which
will remove any client-side optical transponders to reduce the cost and power consumption. Figure 1
shows the architecture, which closely integrates the PFE, the digital signal processing (DSP) ASIC, and
the coherent optical transponders. The client’s signal is received by the DSP and converted to the
polarization-division-multiplexed quadrature phase shift keying (PDM-QPSK) modulation format
at 30.1 giga-baud (GBd). The coherent optical transponder is a highly integrated C form factor two
analog coherent optics (CFP2-ACO) module [17]. The payload of each transponder is either 100 gigabit
Ethernet (GbE) or Optical Channel Transport Unit 4 (OTU4).

The IP traffic is converted into optical signal through the coherent transmitter and then transmitted
through the long-haul optical communications system, which can have multiple cascading ROADMs.
During the transmission, multiple optical impairments, such as chromatic dispersion (CD), polarization
mode dispersion (PMD), and polarization dependent loss (PDL), can accumulate. At the receiver,
the optical signal is coherently detected by beating with the local oscillator (LO). Then, the signal
is converted back to the digital domain through the ADC. Most of the optical impairments are
compensated by the DSP ASIC. Figure 1 depicts this detailed configuration. In addition, a network
management layer oversees the whole long-haul system.

The digital analog converter (DAC), the circuit trace, the connector for pluggable optics, the
radio-frequency (RF) amplifier, and the electro-optical modulator form the analog interface between
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the DSP chip and the coherent transmitter (Tx). Together with the ADC, the photodiode, the
trans-impedance amplifier, the circuit trace, and the connector in the pluggable ACO form the analog
interface between the coherent receiver (Rx) and the DSP chip. The received signal bandwidth is
influenced by the bandwidth of both these analog interfaces. Although this influence is relatively static, it
might degrade over the lifetime of the coherent transponder. Thus, a dynamic mechanism to compensate
the bandwidth narrowing effect would also improve the tolerance to the component degradation.

rec| X |pact?
FIR i

DA
Analog interface
A
FEC CPE |PMD | CD | Rx ADC € =
comp [ comp | comp | FIR C
. OSNR, CD, PMD, PDL

Figure 1. Block diagram of coherent line-card and optical line system. FEC: forward error correction,
CPE: carrier phase estimation. Network management layer is not shown for simplicity.

Figure 2 shows the experimental setup to study the bandwidth narrowing effect. CD, PMD,
and PDL emulators are used to emulate various impairments in the transmission system. The 4 x 4
non-blocking optical switches can reconfigurably load either individual impairment or combined
impairments. The noise produced by the amplified spontaneous emission (ASE) is added to adjust
the optical signal-to-noise ratio (OSNR). An optical filter whose center frequency and pass-band are
tunable is placed in front of the coherent receiver. The tunable filter is Finisar’s WaveShaper built
on the liquid crystal on silicon (LCOS) technology. The filter’s passband closely resembles that of
a wavelength selective switch (WSS), which is widely used in modern ROADM [4]. One noticeable
difference is that with multiple cascading ROADMs, there is a steep roll-off at high-frequency content
of the filter’s frequency response, which cannot be emulated by the WaveShaper. Despite this slight
difference, one can adjust the pass-band of the tunable filter, allowing the emulation of the bandwidth
narrowing effect to the coherent signal.

nplifier

A q o 4 OSA
- B 2 — VOA e VOA
Coherent Tx c 4x4 3 Amplifier 9 Tunable
D 4 filter
Coupler Coherent Rx

CD emulator
Amplifier
PMD emulator ASE Tunable

source filter

PDL emulator VOA

Figure 2. Experimental setup to emulate the bandwidth narrowing effect together with other
impairments during the transmission. VOA: variable optical attenuator, OSA: optical spectrum analyzer.

To achieve adaptive compensation of the bandwidth narrowing effect, we firstly estimate the
signal’s bandwidth. The coherent DSP ASIC can provide a snapshot of the ADC raw data and store
them in the random-access memory (RAM). The network management layer can extract the ADC
raw data and perform fast Fourier transform (FFT) to calculate the spectrum of the modulated signal.
The sample rate of the ADC is 45 GHz. There are 16,384 points for the ADC raw data, and FFT is then
applied to the whole data set. The raw spectra from FFT are shown in Figure 3a. However, the data
modulation makes it difficult to estimate the exact bandwidth. Thus, we apply the Savitzky-Golay
filter [18] to smooth the raw spectrum. The length of the filter tap is 11, and the polynomial order of
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the filter is three. The Savitzky-Golay filter can improve the SNR with minimum distortion to the
signal. It performs much better than the averaging filter, which filters out a significant portion of
high frequency content of the signal. Figure 3b shows the spectrum after the Savitzky-Golay filter
being applied.

Next, we adjust the bandwidth of the optical tunable filter to emulate the narrowing effect for
the coherent signal’s bandwidth. We define this parameter as the signal’s bandwidth. The spectra of
the X-polarization in-phase tributary (XI) under different bandwidth are shown in Figure 3c. Clearly,
the bandwidth narrowing effect is presented in the spectrum of the received signal. We defined the
difference between the signal’s power at the spectrum’s edge (Nyquist frequency) and the one at the
spectrum’s center as Attnpgg,. This parameter is closely related to the spectral shape of the signal and
can be used to characterize the bandwidth of the signal. This value was further averaged over four
tributaries to improve the accuracy. Figure 4 shows a roughly linear relationship between Attngge,
and the signal’s bandwidth. There is small variation for Attnggg, over different measurements, thus
multiple measurements are used to improve the accuracy.

Itis also noticeable that Attngge, is dependent on the SNR level. To estimate the signal’s bandwidth
(BW) from Attnpgee, one must approximately determine the SNR. In our experiment, the noise is
emulated by an external ASE source. In such a condition, the SNR is approximately equivalent to the
OSNR. One can thus use the pre-FEC BER to estimate the SNR [19].

In the long-haul optical communications system utilizing dense wavelength division multiplexing
(DWDM), the noise is also coming from the nonlinear effect. In a modern DWDM system where
coherent transponder is widely deployed, CD is continuously accumulated, and it is not compensated
by the inline dispersion compensation module (DCM) anymore. Consequently, uncompensated CD
broadens the spectrum of a coherent signal to a Gaussian-like shape. In the nonlinear regime where
the per-channel power is larger than the optimal launching power, cross phase modulation (XPM) is
the main source of fiber nonlinearity. However, most systems operate in the linear regime or weakly
nonlinear regime where the per-channel power is smaller than the optimal launching power. Here,
four wave mixing (FWM) is the main source of fiber nonlinearity. The noise generated from FWM
approximately acts as the additive white Gaussian noise (AWGN) to the channel under consideration
due to its Gaussian-like spectrum [20]. As a result, SNR is further reduced to a value smaller than
OSNR. A well-known Gaussian noise (GN) model has been developed as a simple yet reliable tool to
predict the performance of uncompensated coherent systems [21]. Thus, the pre-FEC BER can also be
used to estimate SNR using the GN model.

Based on the discussion above, the measured Attnggq, can be used to reversely estimate the signal’s
bandwidth at the coherent receiver. In turn, the FIR filter in the receiver’s data path can be adaptive
adjusted to compensate the bandwidth-narrowing effect based on the value of Attngg,.
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Figure 3. (a) Spectra from the analog-to-digital converter (ADC)’s raw outputs. (b) Spectra after
applying the Savitzky-Golay filter. (c) Spectra of XI tributary under different bandwidths. Results are
measured with 14-dB optical signal-to-noise ratio (OSNR).
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Figure 4. Attenuation at spectrum edge (Attngg) versus the signal’s bandwidth in the receiver. For
each setting of signal’s bandwidth, we measure 16 times and take the average value.

3. Adaptive Compensation through Digital Filters

Simple FIR filters can be placed right after the ADC and before the frequency-domain CD
compensation module. The typical usage of those simple FIR filters is to compensate the RF losses
of the analog interface, and the tap values of the FIR filters usually remain unchanged during the
lifetime of the coherent transponder. However, in this work, the tap coefficients of the FIR filters are
dynamically optimized, particularly to compensate the bandwidth narrowing effect. As discussed in
Section 2, the value of Attnggg, is directly correlated to the signal’s bandwidth. One can use this value
to see whether the signal’s bandwidth is limited. If so, one can adjust the simple FIR filter to provide
more peaking to compensate the limited bandwidth.

Two key parameters determine the shape of channel filters—peaking frequency and peaking
amount. The peaking amount is the difference between the maximal frequency response and the
frequency response close to the direct current (DC). The peaking frequency is where the maximal
response locates in the frequency domain. The output of the FIR filter is a convolution between the
input signal and the FIR’s impulse response, as shown in the equation below.

y(n) = ) h(j)x(n—-j) )

=

-
Il
-
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Here, x is the input signal to the FIR filter, / is the tap coefficient of the FIR filter, and N is the total
number of taps. In the current DSP ASIC, N is equal to three. The FIR filter is Ts/2 spaced, where T; is
the symbol period. The tap coefficients of those digital filters are real numbers only. Also, four sets of
the FIR filters (for four tributaries) share the same tap coefficients. These simplifications greatly reduce
the complexity in the hardware implementation.

Next, we search different combinations of the tap coefficients and identify the desired spectral
shapes. The desired range for the peaking frequency is from 13 GHz to 19 GHz, and the one for the
peaking amount is from 1 dB to 5 dB. To obtain the target spectral shape, we first set the value of
main tap to be one. Next, we perform a coarse scan on the values of precursor and postcursor. We
adjust those values between —0.5 to 0.5 at the step of 0.1. By performing a Z-transform, the frequency
response of FIR filter is determined. Then, we identify a small range of precursor and postcursor.
Within this small range, the peaking amount and the peaking frequency are close to the target values.
Furthermore, we optimize the values of precursor and postcursor by performing a fine scan within this
small range. With only three taps, we sometimes cannot obtain both the desired peaking amount and
the peaking frequency simultaneously. In those situations, we prioritize the peaking amount over the
peaking frequency. Finally, we convert the representation of tap coefficients from floating-point number
to signed-integer number. The conversion is based on the following rules—the tap coefficients are
implemented by 8-bits registers with the most significant bit (MSB) being the sign bit; for the remaining
seven bits, two bits are used to represent integer value, and five bits are used to represent fractional
value. Figure 5 shows spectral shape dependence of a few FIR filters on the peaking frequency and
the peaking amount. One advantage of those simple FIR filters is their approximately linear phase
response, which minimizes the ripple in the frequency domain.
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Figure 5. Normalized amplitude and phase responses of simple finite impulse response (FIR) filters with
different peaking frequencies and peaking amounts. The results are obtained by applying Z-transform
on the tap coefficients of the FIR filter.

For each filter shape, there are multiple sets of tap coefficients satisfying the requirement. It is
also important to consider the DC gain of the FIR filter, which is determined by the summation of the
absolute value of those tap coefficients. A FIR filter with a high DC gain will lead the signal to being
clipped, while a FIR filter with a low DC gain will lead the signal to being submerged under the noise.
We optimize the DC gain of the FIR filter to achieve the best performance. We choose three typical
filters: 2-dB peaking at 13 GHz, 4-dB peaking at 15 GHz, and 4-dB peaking at 19 GHz, corresponding
to the three filters shown in Figure 5. We adjust the DC gain of the FIR filter while maintaining the
spectral shape in the frequency domain. We measure the BER under different DC gain and summarize
the results in Figure 6. As seen, for each filter’s shape, there is an optimal DC gain setting leading to
minimum BER. In the following sections, we set the DC gain of the FIR filter to the optimal point.
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Figure 6. The direct current (DC) gain of the FIR filter should be optimized to minimize the bit error
ratio (BER).

In general, the spectral response of the FIR filter should be inverse to the overall frequency response
of the cascaded ROADMs for equalization. When a signal has a relatively high bandwidth with a small
number of cascading ROADMs, the optimal filter has a small peaking amplitude and a small peaking
frequency. Otherwise, more noise will be amplified. When a signal has a low bandwidth due to larger
number of cascading ROADMs, the optimal filter should have a large peaking amplitude and a large
peaking frequency. In this way, any reduction of the signal’s bandwidth will be compensated by this
adaptive FIR filter.

We first study the scenario where no FIR filter is applied. However, we obtain a subpar BER
result. The performance degradation is much more severe when various impairments are included.
The reason is that the optical and the electrical components in the receiver’s data path accumulate
the limitation on the received signal’s bandwidth. Even when the receiver’s signal bandwidth is not
limited by the filter-narrowing effect due to the cascading ROADM, a FIR filter with certain peaking
amount is still needed to compensate the bandwidth limitation introduced by various components
in the receiver’s data path, as discussed in the introduction. We experimentally identify that a
mild FIR filter with 2-dB peaking at 13 GHz provides the optimal results across different scenarios.
The performance is similar to that reported in [22], where a coherent transponder is built with discrete
premium components. This demonstrates that the mild FIR compensates the bandwidth limitation of
integrated coherent receiver.

To demonstrate the advantage of our proposed method, we also select a strong FIR filter with 4-dB
peaking at 19 GHz for further study. It is expected that the mild FIR filter will perform better when the
signal’s bandwidth is large, while the strong FIR filter will perform better when the signal’s bandwidth
is small. Through the experimental measurements under different transmission impairments, we
validate this prediction. The results are summarized in Figure 7.

For these two settings, we measure the pre-FEC BER at 16-dB OSNR with a receiver optical
power of —18 dBm. This is close to our system’s end-of-life specification, which is the summation
of the required OSNR for the coherent receiver and the reserved margin for operation. The pre-FEC
BER is reported by the DSP ASIC using the output of the FEC decoder. Furthermore, one can use
the pre-FEC BER to estimate the SNR. We first convert the measured BER to the Q? factor. Next,
we choose the baseline as the measured Q? factor in the back-to-back scenario with the strong FIR
setting. We determine the penalty by calculating the difference between the Q? factor under the specific
scenario and the Q2 factor of the baseline scenario.
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In the subplot of the back-to-back scenario, the penalty of the Q? factor under the strong FIR
setting is always zero, since this is chosen as the baseline. With the signal’s bandwidth larger than
40 GHz, we obtain a negative penalty for the mild setting, which indicates a better BER performance.
However, when the signal’s bandwidth is smaller than 30 GHz, we obtain a positive penalty for the
mild setting, which indicates a worse BER performance. In the other scenarios, the penalty in the Q?
factor is always positive due to the fact that the transmission impairments such as CD, PMD, and
PDL cause the degradation in the BER. Still, we can notice that the mild FIR setting performs better
with the signal’s bandwidth larger than 40 GHz, while the strong FIR setting performs better with the
signal’s bandwidth smaller than 30 GHz. Those experimental results agree with the analysis above.
In the scenarios of back-to-back, 3-dB PDL, and combined impairment, as shown in Figure 7a—c, a
coherent receiver using a strong FIR setting can still recover the signal with 20-GHz signal’s bandwidth;
however, a coherent receiver using the mild FIR setting fails to recover this signal. This indicates that
the operation range of the coherent receiver using 4-dB peaking at 19 GHz (strong FIR setting) is 5 GHz
larger than that of the coherent receiver using 2-dB peaking at 13 GHz (mild FIR setting). A 5-GHz
improvement on the tolerance to the bandwidth narrowing effect will allow the coherent signal to pass
10 additional ROADMs [16].
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Figure 7. The penalty in Q? factor versus the receiver bandwidth under different scenarios of the
transmission impairments. (a) Result in back-to-back setup. (b) Result with 40 ps/nm CD. (c) Result
with combined impairment. (d) Result with 25 ps PMD. (e) Result with 3 dB PDL. The Combined

impairments are 3-dB polarization dependent loss (PDL), 18-ps polarization mode dispersion (PMD),
and 40-ns/nm chromatic dispersion (CD).

In the data path of the coherent receiver, there is another adaptive equalizer (AEQ) to track the
state of polarization (SoP), de-multiplex the orthogonal polarizations, and compensate the PMD. It is
illustrated as the “PMD Comp” block in Figure 1. The AEQ also has multiple taps, thus a large
amount of PMD can be compensated. To some degree, the bandwidth-narrowing effect can be partially
compensated by this AEQ. The advantages of AEQ are high loop bandwidth and small response time.
Thus, the equalizer can quickly track and dynamically compensate the bandwidth narrowing effect.
However, there are certain limitations associated with the AEQ. The first limitation from AEQ is its
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complexity. The AEQ is a 2 X 2 equalizer with tap coefficients being complex numbers. It has large
power consumption and long latency as well. The second limitation is that AEQ is placed after the
CD compensation block. Thus, the bandwidth narrowing effect will increase the noise floor of the
CD compensation block. The third limitation is that the quality of the signal impacts whether AEQ
converges. When the bandwidth of the signal is severely narrowed down to <20 GHz, we notice that
the coherent receiver cannot lock due to the fact that the AEQ cannot converge anymore. This can be
seen from Figure 7a,c,e, where there are no data points for the mild FIR setting. When we apply the
strong FIR setting to partially compensate the bandwidth narrowing effect, the AEQ converges, and
the coherent receiver locks. We summarize the difference between two types of equalizers in Table 1.

Table 1. Comparison between Rx FIR filter and PMD adaptive equalizer.

Parameters Rx FIR Filter PMD AEQ (Adaptive Equalizer)
Main function Static loss compensation for RF channel SoP tracking and PMD compensation
Location Before CD block After CD block
Tap coefficients Real value Complex value
Power consumption Small Large
Complexity Simple tap-and-delay Complicate 2 X 2 butterfly
Feedback mechanism Spectrum from ADC raw data Blind equalization or data-aided equalization
Loop bandwidth Low High
Number of taps Small Moderate
Impact of signal’s bandwidth Minimal AEQ may not converge with small bandwidth

The influence of these two types of equalizers on the optical performance of the coherent
transponder can also be viewed in the experimental results above. For example, in Figure 7d, where
the impairment of 25-ps PMD is presented, we notice that the penalty in Q? factor for the mild FIR
setting is increased from 0.1 dB to 0.5 dB when the signal’s bandwidth is reduced from 50 GHz to
20 GHz. This shows that, even though the AEQ for PMD compensation can adjust its spectral response,
the impairment due to the signal’s bandwidth narrowing effect cannot be fully mitigated by the AEQ
alone. By changing the simple Rx FIR filter from the mild setting (2-dB peaking at 13 GHz) to the strong
setting (4-dB peaking at 19 GHz), the penalty in Q? factor is reduced from 0.5 dB to 0.3 dB with 20 GHz
signal’s bandwidth, demonstrating the performance improvement from the simple Rx FIR filter on top
of the AEQ. Similarly, this performance improvement can also be observed when other types of optical
impairments are introduced, as shown in Figure 7. Overall, both the AEQ for PMD compensation
and the Rx FIR for channel loss compensation can be simultaneously used to improve the tolerance to
the bandwidth narrowing effect of the coherent signal passing through multiple cascading ROADMs.
A complementary method is to use the PMD equalizer to compensate the dynamic change of the
signal’s bandwidth and use the simple FIR filter to compensate the slow drift of the signal’s bandwidth.

In addition to post-compensation at the Rx side, it is beneficial to apply pre-compensation on the
Tx side as well. The Tx FIR is located after the FEC layer and before the DAC input. Most applications
use those FIR filters to compensate the relatively static loss of the RF channel between the DAC'’s
output and the Mach-Zehnder modulator (MZM) in a set-and-forget approach. Since we can estimate
the BW of the signal, we can also adaptively adjust the Tx FIR to pre-compensate the narrowing effect
of signal’s bandwidth. In addition, the Nyquist filter is widely used to improve the spectral efficiency,
which is usually a raised cosine (RC) filter or a root raised cosine (RRC) filter. The roll-off factor for the
RC filter or the RRC filter determines the spectral response [23]. Thus, the key parameters of the FIR
in the coherent transmitter are the peaking amplitude, the peaking frequency, and the roll-off factor.
To determine the tap coefficients, the frequency response of the FIR filter with the desired peaking
frequency and the peaking amount is first multiplied with the frequency response of the Nyquist filter.
Next, a reverse Z-transform is performed to solve the coefficients of the combined filter.

As a demonstration, we apply the peaking filter and the Nyquist filter together to the Tx FIR.
The number of taps in the Tx FIR is 17, and the FIR filter is Ts/2 spaced. We use the RRC filter
with the roll-off factor of one as the Nyquist filter. We adjust the peaking amount from 1 dB to 9
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dB while keeping the peaking frequency at the Nyquist frequency. We measure the optical spectra
using a high-resolution optical spectrum analyzer (Finisar Wave Analyzer 1500) and summarize the
results in Figure 8. As seen, the optical spectra clearly show the influence of different peaking values,
demonstrating the feasibility of using Tx FIR to pre-compensate the bandwidth narrowing effect.
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Figure 8. Tx pre-compensation is achieved through the adjustment of FIR filter. The spectra above
show the output from the coherent transmitter at different peaking values from 1 dB to 9 dB at 2 dB
step size.

The capability of the FIR filter to adjust the signal’s spectrum is limited by the total number of
taps. Usually, the FIR filters in the Tx have many taps and are independently controlled for each
tributary. Thus, the Tx FIR allows great capability and flexibility for pre-compensation of the bandwidth
narrowing effect. In general, with the bandwidth narrowing effect, one should increase the peaking
amplitude, increase the peaking frequency, and reduce the roll-off factor. These parameters can be
adjusted independently or simultaneously.

We summarize the experimental parameters in Table 2 below for both the Tx FIR filter and the Rx
FIR filter.

Table 2. Experimental parameters for the Rx FIR filter and the Tx FIR filter.

Parameters Value and Range
Receiver Optical Power (dBm) -18
Transmitter Optical Power (dBm) 1
Optical Signal to Noise Ratio (dB) 16
Baud Rate (GBd) 30.1
Chromatic Dispersion (ns/nm) 40
Polarization Mode Dispersion (ps) 25
Polarization Dependent Loss (dB) 3
Signal Bandwidth (GHz) 20 to 50
Rx FIR Peaking Frequency (GHz) 13to 19
Rx FIR Peaking Amount (dB) 1to5
Tx FIR Peaking Amount (dB) 1to9

4. Application Scenarios for Different Network Topologies

Different application scenarios exist with various network topologies. For each network topology,
there is a different approach to apply the demonstrated method, as depicted in Figure 9. For most of
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the scenarios in the network, there are bi-directional links. Here, the transmitter of the network node
one on the east end goes to the receiver network node two on the west end, while the transmitter of
the network node two on the west end goes to the receiver of the network node one on the east end.
The links in both directions go through the same number of ROADMs. The ROADMs in both directions
are usually of the same type, from the same vendor, and under the same ambient environment. Thus,
we can assume that the bandwidth narrowing effect in the east-west direction is the same as that in the
west—east direction. In this case, one can estimate the bandwidth from the Rx of node 2 on the west
end and use this information to adjust the FIR filter on the Tx of node 2. Hence, the characteristics of
the west—east link are improved. This approach is shown in Figure 9a.
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Figure 9. Application scenarios for different network topologies. (a) The estimated signal bandwidth is
directly fed back from the coherent receiver to the coherent transmitter in a bi-directional link. (b) The
estimated signal bandwidth is fed back through the network management layer. (c) The estimated
signal bandwidth is fed back through the in-band signal.

Furthermore, one can also send the estimated information of the signal’s bandwidth to the network
management layer. The network layer will relay the information to the other end of the link accordingly.
This approach is shown in Figure 9b. In addition, another approach is to send the information of the
bandwidth in the reverse direction through the in-band signal, which can be embedded in Internet
protocol (IP) packet or optical transport network (OTN) frame. This approach is shown in Figure 9c.
Once the information is received by the other end, the FIR filter on the Tx side can be configured
accordingly. For example, the Rx side of node two estimates the signal bandwidth in the east-west
direction. This information is sent through the Tx of node two to the Rx of node one in the west—east
direction through two approaches above. Once the node one receives the bandwidth information,
it can adaptively adjust its Tx FIR for the pre-compensation that improves the performance of the
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east-west link. These two approaches can extend the application to any network scenario, although it
will take longer time to adjust the Tx FIR to the appropriate setting.

A typical process is depicted below. Initially the FIR filters at both the Rx and the Tx sides are
loaded with the default tap coefficients to compensate the channel loss of the analog interfaces. Next,
the bandwidth of the received signal is estimated, and the Rx FIR is adaptively adjusted. Since one can
calibrate the optical spectrum of the Tx signal and estimate the electrical spectrum of the Rx signal
based on the raw data from the ADC, one can derive the degradation due to multiple cascading
ROADMs. This information can be then fed back to the Tx directly in the bi-directional case or through
the in-band signal/network management layer in the other case. Then, one can adjust the Tx FIR filter
in one step based on a certain pre-calibrated table. Next, the Rx FIR filter can be adaptively adjusted to
compensate any dynamic bandwidth narrowing effect.

The adaptive nature of the demonstrated method is well suited for real deployment. In the case
with cascaded ROADMs, the spectral response of multiple filters will vary inadvertently. By estimating
the spectrum of the received signal from the raw data of the ADC samples, one can dynamically adjust
the simple FIR filter, which is implemented after the ADC, to compensate the bandwidth narrowing
effect. This leads to an improved performance for the long-haul optical communications system.

5. Conclusions

Both the pre-compensation from the transmitter’s FIR filter and the post-compensation from the
receiver’s FIR filter are demonstrated to compensate the bandwidth narrowing effect. The bandwidth
of the received coherent signal is estimated from the raw output of the ADC with the improved
accuracy by using Savitzky-Golay digital filter. No coherent receiver locking or data recovery is
needed. The adaptive equalization of the FIR filter can improve the system’s tolerance to the bandwidth
narrowing effect. This process can be done in real time with running traffic. The proposed method is
critical for the coherent signal with high baud rate and high spectral efficiency, such as a single-carrier
64-GBd 16-QAM signal running with 400-Gb/s information bits.
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Abstract: Visible light communication (VLC) has attracted tremendous attention due to two functions:
communication and illumination. Both reliable data transmission and lighting quality need to be
considered when the transmitted signal is designed. To achieve the desired levels of illumination,
dimming control is an essential technology applied in VLC systems. In this paper, we propose
a block coding-based dimming scheme to construct the codeword set, where dimming control
can be achieved by changing the ratio of two levels (ON and OFF) based on on-off keying (OOK)
modulation. Simulation results show that the proposed scheme can maintain good error performance
with constant transmission efficiency under various dimming levels.

Keywords: VLC; block code; dimming control; encoding/decoding algorithm

1. Introduction

Recently, light-emitting diode (LED) lighting technology has made significant progress in indoor
applications of green lighting [1,2]. Utilizing the fast response characteristic of LEDs, visible light
communication (VLC) systems can simultaneously provide high quality illumination and high-speed
wireless data transmission [3,4]. As a complementary technique to radio frequency (RF), VLC has
several advantages, e.g., huge bandwidth, high rate transmission, excellent security, and immunity to
electromagnetic interference [5]. There is no doubt that VLC is becoming an increasingly attractive
communication option. Meanwhile, dimming control plays an essential role in indoor VLC systems,
where users can maintain the variable dimming levels. Due to ever-increasing energy consumption,
the interest in dimming control has further increased. However, dimming control may cause adverse
effects on communication. To overcome these challenges, some dimming schemes have been proposed
in recent years [6-12].

Generally, the existing on-off keying (OOK)-based dimming schemes change the ratio of the two
levels (ON and OFF) to achieve dimming control. Thus, the average light intensity can be changed
to maintain the various brightness demands. In recent years, many works have been carried out to
achieve dimming control. The analog dimming scheme [7] adjusts the direct current (DC) bias of the
transmitted signal to meet the required dimming levels where light intensity is reduced proportionally
to the current. Unfortunately, this approach may change the wavelength of the emitted light, causing
a chromaticity shift effect. The variable-OOK (VOOK) scheme proposed in [7] is the combination
of OOK and the pulse width modulation (PWM) signal. The inactive portions of the duty cycle
are filled by the filler bits with either ones or zeros according to the dimming level. Variable pulse
position modulation (VPPM), where 2-PPM is combined with the PWM signal, is responsible for
dimming and data transmission. The multiple-PPM (MPPM)-based dimming scheme constructs
the codeword set to achieve the theoretical transmission efficiency limit as the codeword length
increases [8]. However, the above-mentioned dimming schemes encounter the common problem that
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the transmission efficiency cannot be fixed under different dimming levels, which may cause a severe
effect on data transmission.

In order to solve the problem of the transmission efficiency not being constant under different
dimming levels, we propose a block coding-based dimming scheme to achieve data transmission and
dimming control simultaneously. Via bitwise AND operation of the block code and dimming code,
new codewords are generated to satisfy the dimming requirement. Simulation results show that the
proposed scheme can maintain constant transmission efficiency under different dimming levels, and it
proves an attractive alternative to the dimming scheme.

The remainder of this paper is organized as follows: In Section 2, the system model of the
proposed block coding scheme is given. In Section 3, the implementation of the proposed coding
scheme is demonstrated and the construction of the encoding/decoding algorithm is summarized
accordingly. In Section 4, simulations are carried out to evaluate the error performance of the proposed
scheme. Finally, we conclude our findings in Section 5.

2. System Model

In this section, we first introduce the system model of the proposed scheme. For simplification,
intensity modulation and direct detection (IM/DD) can be applied in the VLC system, where the
message is carried by the light intensity emitted from the LED. In general, LEDs can be modeled as
Lambertian emitters, and the line of sight (LOS) path is considered for the indoor VLC system where
reflected light is much weaker then direct light [13]. At the receiver side, we assume perfect symbol
synchronization. After the optical channel, the signal detected by the receiver can be expressed as:

y = Hx+n, @

where x denotes the transmitted optical signal and n can be considered as additive white Gaussian
noise (AWGN) with variance ¢2. H represents the optical channel gain in VLC links, which is given
as [1]:

Ar(m+1
b= [ A s ()T () (peos(y), 0<y<¥e o
0, p>Ye
As shown in Figure 1, m denotes the order of the Lambertian emission, defined as m = ln(c_aiigf/z)'

0 is the receiver responsivity. A, denotes the effective receiver area of the receiver, and D is the distance
between the transceivers. ¢ and ¢ are the angle of irradiance and incidence from the LED to the
Photodetector (PD), respectively. T;(¢) is the gain of the optical filter, and g(¥) is the gain of the
optical concentrator. ¥ denotes the field of view (FOV) of the receiver.

M
Al LED

;Y axis

Figure 1. Optical channel model.
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Unlike RF systems, the transmitted optical signal should meet the practical lighting constraints,
which should be restricted to be nonnegative and less than the maximum limit of light intensity.
Without loss of generality, we make the peak light intensity P = 1. Meanwhile, considering the
dimming function, the average light intensity of the transmitted optical signal is defined as E(x) = 7P,
with dimming level v € (0,1). For reference, the whole process of the proposed dimming scheme is
shown in Figure 2.

Dimming controller: According to the dimming level v, the “dimming controller” puts parameter
K into the “message generation” part and the “dimming code” part, generating block code b and
dimming code g, respectively.

Dimming encoding: With the input block code and dimming code, the “dimming encoding”
makes the two parts a bitwise AND operation to generate the transmitted codewords c satisfying the

dimming requirement.
Message b
Generation
Dimming Dimming g Dimming
Controller Code Encoding

Message Dimming
Output ’l; Decoding

Figure 2. Block diagram of the proposed scheme. OOK, on-off keying.

Photo
Detector

3. The Proposed Coding Scheme

In VLC links, the brightness can be determined by the average light intensity of the signal. We
can achieve dimming control by adjusting the average intensity of the optical signal by constructing
the transmitted codeword set. In this section, we will demonstrate the process of the encoding and
decoding structure and give the algorithms accordingly.

3.1. Dimming Encoder

In this subsection, the encoding structure is given. To make our presentation clear, some notations
are given as follows:

(1) For a binary data sequence where the occurrence ratio of the bits of one and two is the same,
based on the required dimming level, we first divide it into a certain number of blocks with
binary data length K, denoted as b = [b, - - - , by, by], which is taken as the input of the “dimming
encoding” part.

(2) The dimming code is denoted as g = gk, -, 82 81), where g; = [gik, - ,&in,gi1] With
i€{1,2,---,K}, which corresponds to the specific dimming level. The normalized code weight
of dimming code g is:

Zszl ):]I‘<:1 8ij

W= %2

®)
(8) We perform the bitwise AND operation on block code b and each subsection of dimming code

g to generate new codeword ¢; = [cik, - ,Cip,¢i1]. Then, we combine each ¢; to make the
transmitted data ¢ = [ck, - - - , €2, ¢1], which satisfies the dimming requirement. For any random
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input data sequence, the ratio of bits of zeroes and ones is the same. Namely, these block codes
are transmitted with equal probability. Therefore, the dimming level can be expressed as:

(4
1-%, 05<y<1 )

{@, 0<y <05
¥ =

Therefore, the key point of the problem is the construction of the dimming code. To better
distinguish the generation of codewords, we provide the following principles to construct the dimming
code g.

Principle 1. The construction of the dimming code.

(1) The dimming code corresponding to the minimum dimming level should guarantee that g;; = 1 when
i=jand g;j = 0wheni # j.

(2)  As mentioned above, the dimming factor can be changed proportionally with the code weight of the dimming
code. To increase the dimming level, we can successively increase the number of “ON” levels of each g;.
Therefore, the dimming resolution is 7 = 5.

(3)  The dimming code with v € (0.5,1) is the same as the v € (0,0.5) part, and accordingly, the generated
data are &; = [Cig, - -+ ,Cip, Ci1], where Ty = 1 — ..

Example 1. To make the encoding process clear, without loss of generality, we make K = 3 here, so the dimming
code under different dimming levels is as summarized in Table 1. Meanwhile, the construction of the generated
codewords under dimming factor oy = % with K = 3 is shown in Table 2.

From the above analysis, the transmission efficiency can be expressed as:

V=2 ®)
where the transmission rate can be fixed under different dimming levels when the bandwidth is given.
We conclude the performance comparison under different K where the corresponding dimming level
and dimming range are determined, as shown in Table 3. The analysis shows that we can obtain
a wider dimming range and more precise dimming levels with the increase of parameter K. However,
a large value of K may degrade the performance of transmission efficiency. Thus, we can choose the
proper dimming scheme depending on the specific transmission condition.

Consequently, we can summarize the above-mentioned encoding process as Algorithm 1 where
® denotes the operation of bitwise AND.

Algorithm 1 Dimming Encoding

Require:
dimming factor v

input data bit b and dimming code g
nsure:

if0<y<05
c¢= ek, -, €, ¢1], where ¢ = b ® g
else0.5 <y <1
c=[Ck, -+, &), wheregy =1—c¢r, ¢ =bQ gy
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Table 1. The dimming code under different dimming levels with K = 3.

8 8 8 7
100 010 001 %
110 010 001 2
111 010 001 138
111 110 001 4
111 111 001 %
11 111 101 3
11 111 111 3

Table 2. The construction of generated codewords under dimming factor y = ¢ with K = 3.

-

b g & g c

000 100 010 001 000000000
001 100 010 001 000000001
010 100 010 001 000010000
100 100 010 001 100000000
011 100 010 001 000010001
101 100 010 001 100000001
110 100 010 001 100010000
111 100 010 001 100010001

N ONUl N

Table 3. The performance comparison under different K.

K Ymin Ymax ’? v
1 3 1 1
2 g 1 § 7
3 1 R
s 8 B g
8 8 32 4
K L 2k T 1
2K 2K 2K K

3.2. Dimming Decoder

In this subsection, we will demonstrate the process of decoding the structure. To make our
presentation clear, some notations are given as follows:

(1) After maximum likelihood (ML) detection, the received binary data can be regarded
as the estimation of transmitted data, which is denoted as ¢ = [ek,---,&,¢& ], where
& = [6ix, -+ , 6, 6] withi € {1,2,---,K}. Then, the binary data sequence ¢ is taken as the
input of the “dimming decoding” part.

(2) We perform the bitwise OR operation on each subsection of received binary codeword &, to
estimate the original input data string b.

Consequently, we can summarize the above-mentioned encoding process as Algorithm 2 where
@ denotes the operation of bitwise OR.

Algorithm 2 Dimming Decoding

Require:

received binary data ¢
nsure:

if0 <y <05
b=[xP --BrPe]
else05<y<1 -
b= [GK@~--@62€B61],whereék:1—ék

By means of the above-mentioned encoding/decoding algorithms, we can simultaneously achieve
dimming control and data transmission with a fixed transmission rate.
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4. Simulation Results

To evaluate the performance of the proposed encoding and decoding scheme, simulations
have been carried out. The indoor environment was designed based on [1] with a room size of
5m x 5m x 3 m. The LED was installed at a height of 2.5 m from the floor, and the PD was put on
the desk at 0.85 m under the LED. The semi-angle at half-power of the LED chip was 60 deg, and the
field of view was 60 deg. The effective detected area of the receiver PD was 1.0 cm?. The gains of the
optical filter and the refractive index of an optical concentrator were set as 1.0 and 1.5, respectively.

Next, to compare the error performance of the various dimming schemes, we fixed the the
peak light intensity of transmitted signal P for a fair comparison according to the literature [11,14].
The signal-to-noise ratio (SNR) can be defined as SNR = 101log;, [R% %], where the code rate R; can be
regarded as transmission efficiency here, and o2 is the variance of the AWGN. The bit error rate (BER)
was calculated by the Monte Carlo method, and the length of the transmitted data was set to be 108 in
the simulations. Simulations of BER have been carried out for the proposed dimming scheme with the
different dimming levels where the SNR gain (in dB) was utilized, and three representative dimming
levels (i.e., 0.25, 0.375, and 0.5) with different parameter K values were considered to examine the
performance of the proposed scheme.

As shown in Figure 3, the red lines and blue lines represent the proposed scheme with parameter
values K = 2 and K = 4 respectively. As the parameter K increased, the code rate R, decreased
accordingly. We can see that the BER performance with K = 2 outperformed K = 4 under the same
dimming levels. In terms of the same parameter K = 2, the error performance with dimming level
v = 0.25 was better than dimming levels v = 0.375 and v = 0.5, 1.7 dB and 2.7 dB SNR gains at
BER = 107*, respectively.

T
—— r=0.25 (K=2)

§ =@ o —8— r=0.375 (K=2)
10! o *:e‘&:gm\ ——r=05 (K=2) i
e Ko Tl B =k = 1=0.25 (K=4)
NS Sa ' o -
g L SN — - r=0.375 (K=4)
-©--r=0.5 (K=4)
107L E

0 15
SNR (dB)
Figure 3. Error performance of the proposed scheme under different dimming factor.

5. Conclusions

In this paper, we have proposed a block coding-based scheme to achieve dimming control, as
well as data transmission with constant transmission efficiency, where a large dimming range can be
achieved. Meanwhile, the encoding/decoding algorithm was provided accordingly. Via the bitwise
AND operation on the block code and each subsection of dimming code to construct the proper
codewords satisfying the dimming requirement, the proposed scheme is simple to implement and can
maintain constant transmission efficiency under different dimming levels. Simulation results show
that the proposed scheme can achieve reliable data transmission via the designed encoding/decoding
structure. Therefore, it proves an attractive alternative dimming scheme.
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Abstract: In visible light communications (VLC), dimming control constitutes an indispensable
technique to comply with various illumination necessities and with different energy consumption
constraints. Therefore, a novel dimming compatible hybrid optical orthogonal frequency
division multiplexing (DCHO-OFDM) is conceived in this paper to fulfil the requirements from
communications and illuminations. Explicitly, the signal branch of the unclipped asymmetrically
clipped O-OFDM (ACO-OFDM) and the down/upper-clipped pulse-amplitude-modulated
discrete multitone (PAM-DMT) are adaptively amalgamated in order to increase the spectrum
efficiency. For the sake of precisely achieving dimming control, the chromaticity-shift-free and
industry-preferred pulse width modulation (PWM) is further invoked to the hybrid signal, assisted
by a time-varying biasing scheme to mitigate the non-linear distortion. As the different signal
components in DCHO-OFDM are beneficially combined in an interference-orthogonal approach,
the transmitted symbols are able to be readily detected upon relying on a standard OFDM receiver,
as that of ACO-OFDM. Our simulations demonstrate that a high spectrum efficiency of the conceived
DCHO-OFDM scheme can be achieved with less fluctuation in a wide dimming range.

Keywords: visible light communications (VLC); optical orthogonal frequency division multiplexing
(O-OFDM); dimming control; pulse width modulation (PWM)

1. Introduction

Driven by the rapid development of light emitting diodes (LED), visible light communication
(VLC) constitutes a promising part of next-generation wireless communications [1-3]. Under the
trend of internet of everything (IoE), the exhaustion of radio frequency (RF) band to resolve the
unprecedented data escalation dilemma becomes a bottleneck of current communications [4,5].
As a benefit, the environmentally friendly technology of VLC possesses plenty of unlicensed spectral
resource at the high frequency band [6]. This part of electromagnetic-interference-free spectrum can
be exploited, for the sake of supporting high-speed and high-security communications in the near
future [7]. Upon relying on modulating the intensity of lights above the flicker-fusion frequency,
the dual functionality of communications and illuminations can be simultaneously achieved in VLC,
providing an efficient solution especially for short-range communications [8].

In order to achieve high-speed transmission, optical orthogonal frequency division multiplexing
(O-OFDM) modulation schemes have been extensively explored for VLC systems [9]. Since a VLC
system is based on intensity modulation and direct detection (IM/DD), the transmitted signal via
VLC link should be both real-valued and positive-valued [10]. To meet these constraints, there are
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two classic O-OFDM schemes in VLC, namely, asymmetrically clipped O-OFDM (ACO-OFDM) and
DC-biased O-OFDM (DCO-OFDM). DCO-OFDM relies on a DC bias to guarantee the positivity, which
enjoys the advantage of implementation simplicity. However, it suffers from the power inefficiency
since the DC bias which does not convey any information leads to a waste of power. By contrast,
with the aid of the properties of Fourier transform, ACO-OFDM directly clips the negative parts of the
signal to generate a non-negative signal, substantially increasing the power efficiency, but ACO-OFDM
leverages only half of the subcarriers for transmission hence, resulting in spectrum inefficiency [11].
Therefore, advanced transmission schemes have been further investigated, such as hybrid ACO-OFDM
(HACO-OFDM) [12] and layered ACO-OFDM (LACO-OFDM) [13]. In HACO-OFDM regimes,
for the sake of promoting the spectrum efficiency, the ACO-OFDM signal is further combined
with pulse-amplitude-modulated discrete multitone (PAM-DMT), where the latter is employed to
modulate the imaginary part of even-indexed subcarriers. Superior to the conventional OFDM schemes,
HACO-OFDM can notably improve the spectrum efficiency while, at the same time, maintaining high
power efficiency. However, on the receiver side of HACO-OFDM, additional operations including
the re-generation of time-domain ACO-OFDM samples, the zero-clipping, the re-production of
clipping distortion and the noise subtraction are required, leading to an increased complexity [14].
The perspective of LACO-OFDM improves the traditional ACO-OFDM upon relying on actively
invoking the unexploited subcarriers for transmission in a layer-based approach. Compared to
HACO-OFDM, the spectrum efficiency can be further enhanced. Unfortunately, the improvement
of spectrum efficiency in LACO-OFDM is accompanied by the complexity increment due to the
multi-layer transmitter and the successive interference cancellation (SIC) receiver [15].

It is worth mentioning that conventional O-OFDM schemes mainly concentrate on promoting
data rate, while ignoring the various illumination requirements. As an emerging member of green
communication technology, VLC is intrinsically distinct from the conventional RF system due to its
dual functionality: communications and ambient lighting, and not just the former [16]. Therefore,
the dimming control is envisioned to be a critical technique in VLC, for the sake of handling the
lighting and energy consumption constraints [17]. There are mainly two kinds of dimming approaches
extensively used in VLC, namely, analogous dimming and digital dimming. A popular analogous
dimming approach, known as the conventional DCO-OFDM, achieves dimming control upon
adjusting the DC bias, which is easily implemented. Unfortunately, the performance of DCO-OFDM
may fluctuate with different dimming levels. Especially when the requested dimming level is
considerably low or high, the resulting performance becomes degraded, due to the grave non-linear
distortion [18]. The analogous dimming approach is further investigated in terms of advanced O-OFDM
scheme, such as the asymmetrical hybrid optical-OFDM (AHO-OFDM) scheme [19]. In AHO-OFDM,
either the signal of PAM-DMT or ACO-OFDM is inverted, and then compounded for transmission.
By modifying the power allocated to the two components, a wide dimming range can be attained.
However, the analogous dimming approach is challenging to precisely control the brightness and
may further impinge upon the wavelength of the emitted light, resulting in undesired chromaticity
shift [20]. Therefore, another category of the dimming approach, which is referred to as digital
dimming relying on the the pulse width modulation (PWM) technique has been extensively applied.
A reverse polarity O-OFDM (RPO-OFDM) was proposed to dim the transmitted signal, such as
the conventional ACO-OFDM, upon invoking the PWM technique [21]. RPO-OFDM can realize
a steady BER performance over a wide range of dimming levels, but has a low spectrum efficiency.
To improve the spectrum efficiency, a negative HACO-OFDM (NHACO-OFDM) scheme was conceived
in [22] for combining with the high level of PWM signal, which is further amalgamated with
HACO-OFDM at the low level. In this regime, the various dimming requests can be satisfied
upon altering the proportion of these two branches, while a high spectral efficiency can be realized.
Moreover, the authors in [23] proposed a reconstructed layered ACO-OFDM (RLACO-OFDM) scheme
based on LACO-OFDM, which is further combined with PWM signal to achieve various brightness
levels, without introducing additional complexity. As a benefit, the PWM-biased dimming approach
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constitutes an implementation-friendly philosophy, where the brightness level can be well-controlled
upon varying the parameter of duty cycle [24].

However, the existing digital dimming approaches are vulnerable to the varying dimming level,
where a preliminary is required at the receiver side to detect the PWM signal, leading to an increasing
complexity. In fact, detecting the PWM signal may be intractable especially in the scenario of multiple
LEDs, since the received multi-path signals may have different dimming levels [23]. Furthermore,
as mentioned above, both the HACO-OFDM and LACO-OFDM require a successive demodulation
operation, suffering from an increased receiver complexity. Against this background, a novel dimming
compatible hybrid optical OFDM (DCHO-OFDM) is conceived in this paper incorporating the PWM technique
to realize high-spectral-efficiency transmission under various dimming levels, where the transmitted signal can
be readily recovered upon relying on a standard receiver. To be specific,

e  The conceived DCHO-OFDM signal is beneficially composed of the unclipped ACO-OFDM
signal and the down/upper-clipped unipolar PAM-DMT signal, where the time-varying bias
is further facilitated to diminish the undesired non-linear distortion. In this way, the proposed
DCHO-OFDM achieves a higher spectrum efficiency than the conventional schemes over a broad
dimming range.

e  Thanks to the elaborately combined signal, the symbol transmitted by the proposed DCHO-OFDM
is capable of being recovered without detecting the PWM signal, which is superior to the existing
digital dimming approaches. Additionally, the BER performance of DCHO-OFDM is invulnerable
to the various duty cycles of PWM, achieving a steady system performance in a wide dimming
range compared to DCO-OFDM.

e  Moreover, the information-carried subcarriers in the proposed DCHO-OFDM scheme can avoid
the corruption by the generated interference. As a benefit, the symbols transmitted by the
proposed DCHO-OFDM can be readily detected upon relying on a standard OFDM receiver,
which significantly reduces the complexity at receiver compared to the existing advanced
transmission schemes, such as HACO-OFDM and LACO-OFDM.

The superiorities of the proposed DCHO-OFDM in terms of spectrum efficiency over its counterparts
have been verified by our simulation results.

The rest of this paper is organized as follows. Section 2 provides a review of the HACO-OFDM
scheme in VLC. The detail of the proposed DCHO-OFDM regime is presented in Section 3. Our numerical
results are discussed in Section 4, whilst our conclusions are drawn in Section 5.

2. Brief Review of HACO-OFDM

To enhance the spectrum efficiency, HACO-OFDM scheme amalgamates the signal of ACO-OFDM
with PAM-DMT for achieving an ambitious transmission rate [12]. In order to guarantee real-valued
outputs, Hermitian symmetry is invoked in each branch. As demonstrated in Figure 1a, the mapped
M-ary quadrature amplitude modulation (M-QAM) symbols A; in ACO-OFDM branch occupy the
odd-indexed subcarriers, which is expressed as:

X=[0,A1,0,Az- -, An/a,0, Ay g -, A3, 0, A7, @

where the total number of subcarriers is denoted by N and A7 is invoked to present the Hermitian
symmetry of symbol A;. After performing the N-point IFFT of X, a bipolar time-domain signal x 4c0,,
is obtained. In order to acquire the positive signal appropriating for VLC propagation, the bipolar
signal of x 4c0,, has to be directly clipped at zero as:

0, xXacom <0
[*aconlec = ’ , (2)
" { XACOn/ Xacon > 0
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where the resultant clipping distortion is imposed on the even-indexed subcarriers, leaving the
odd-indexed subcarriers carrying ACO-OFDM symbols uncontaminated [25]. For the PAM-DMT
link, as depicted in Figure 1a, the mapped L-ary pulse amplitude modulation (L-PAM) symbols B; are
assigned to the the even-indexed subcarriers, with only the imaginary component being modulated.
It can be expressed as:

Y = [0,0,/B1,0,jBa, -+ ,jBxys-1,0,0,0,jBY 51,0, - ,jB3,0,jB}, 0], 3)

where we have j = \/—1. A bipolar signal of ypap;, can be then obtained, upon performing the
N-point IFFT operation of Y. For the sake of producing the non-negative result, ypap , is clipped at
zero-level, which is given by:

0, Ypamn <0
= ¢ . 4
pamnle { YPAM,n/ Ypamu = 0 @

Consequently, in HACO-OFDM scheme, the clipped signal |x4co,.]c and [ypan]c is capable of
being simultaneously transmitted, achieving a beneficially high spectrum efficiency. As the detrimental
clipping noise generated by ACO-OFDM contaminates the subcarriers carrying PAM-DMT signal,
the receiver of HACO-OFDM has to recover the ACO-OFDM symbols first and then retrieve the
clipping distortion imposed on the even-indexed subcarriers, so that the detection of PAM-DMT signal
can be successively implemented.

ﬂ ﬂ ﬂ ’_‘ ’_‘ ﬂ ’_‘ ﬂﬁ"bcl"“ ﬂ?ﬂﬂ%ﬂmﬂmﬂmﬂmﬂmﬂ Subgarier
10 11 12 13 14 15 index 9 10 11 12 13 14 15 mndx
’E‘ ’;‘

mo A B Ayl Buf| A Bl A B3| Asfl Bl | A B[ A7 A

" ‘A‘HBIHAlHE‘ H_H_H_‘
Subcarrier Subcarrier

2 3 4 5 6 7 8 9 10 11 12 13 14 15 index 0 1 2 3 4 5 6 7 10 11 12 13 14 15 index
(a) (b)

ey 88 0 5 0.8 CeE @ﬂ%ﬂ%ﬂ%ﬂ%ﬂ%ﬂ%ﬂ%ﬂmm

T 12 13 14 15 index 15 index

B;‘

Im A||B,[|A}]|B,||As Bs[| A, Af|Bi||AY| By|AY| By || A Im A||B,[|A}]|B,||A;| Bs[| A,
Subgarrier Subgarrier
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 index 01 2 3 4 5 6 71 1415 index
(c) ()
F7]  Clipping distortion imposed by clipped PAM-DMT
ACO-OFDM symbols H PAM-DMT symbols B2 Interference generated by PWM signal
BB Interference generated by the time-varying bias

Figure 1. Frequency-domain demonstration including both the real component and the imaginary
component of the proposed DCHO-OFDM signal, with N = 16 subcarriers. (a) presents the symbol
allocation for ACO-OFDM and for PAM-DMT branch, respectively; (b) demonstrates the hybrid
unclipped ACO-OFDM and the down/upper-clipped PAM-DMT signals; (c) indicates the combined
signal after performing time-varying biasing scheme; (d) depicts the hybrid signal further incorporating
the PWM signal.

For achieving dimming control, directly combining the HACO-OFDM signal with PWM is
deemed to be inefficient. Due to the non-negativity of the clipped unipolar signal |x4c0o,,|c and
YpAM,n]c, the hybrid signal may exceed the dynamic range of LEDs with a large probability [26].
To overcome, a negative-valued NHACO-OFDM signal is invoked to superpose to the high brightness
level of PWM signal to avoid non-linear distortion, while the HACO-OFDM with positive-polarity
is invoked for the low-brightness scenario [22]. In this regime, the PWM signal has to be detected
first by a receiver in order to recover the dissimilar clipping distortion generated by NHACO-OFDM
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and HACO-OFDM,, respectively. Afterwards, the transmitted information can be then extracted by
successively demodulating the ACO-OFDM and PAM-DMT branch.

3. Proposed Dimming Compatible Hybrid O-OFDM

Although the spectrum efficiency is improved in HACO-OFDM, the sequential detection
operations lead to an increased receiver complexity and process delay, compared to that of
the conventional ACO/DCO-OFDM. When dimming control is invoked, additional operation
including the detection of PWM signal is necessary before demodulation, which further increases
the implementation complexity. To overcome this, in this paper, a novel dimming compatible
hybrid O-OFDM (DCHO-OFDM) scheme is conceived with a low-complexity receiver for achieving
a high-speed VLC transmission. Moreover, the proposed scheme is insensitive to the different dimming
levels, which implies the preliminary of detecting PWM signal can be neglected.

3.1. Pulse Width Modulation

Due to the non-linear transfer characteristic of LED, the transmitted VLC signal has to be confined
in the limited linear range. We employ the notation I; and I;, to represent the lower and upper bound
of the limited linear range, respectively. Then, the dimming level # can be defined as:

loge — 1
==, ®)

1 Iy =1
where we have I, to present the average amplitude of signal. Upon observing Equation (5), different
dimming levels can be attained by altering the value of I. Although directly adding a bias can
change the value of Iy, it leads to an undesired wavelength shift of the emitted lights. Therefore,
the PWM signal is invoked in our proposed DCHO-OFDM scheme, which can be expressed as:

I, 0 < t < Ton (ON state)

d t) = 6
pwm(t) { I, Ton < t < T (OFF state) ©)

where T represents the period of PWM signal and Tpyn denotes the time duration when the signal is
in the ON state. The dimming level can be changed upon adjusting the duty cycle of PWM, which is
referred toas p = Ton/T.

3.2. DCHO-OFDM

In order to implement dimming control, the PWM signal needs to be designated for incorporating
the O-OFDM transmission. Specifically, the period of the PWM is set to be as many as the K times of
a single O-OFDM symbol duration T;, which can be represented as T = KT, where K is an integer.
Accordingly, the duration of ON state of PWM is set to Toy = K'Ts, where K’ denotes the number of
O-OFDM symbols transmitted at ON state. It can be observed that the PWM signal remains constant
in a single O-OFDM symbol duration Ts, which implies that the introduced interference is imposed
only on the 0-th subcarrier, as depicted in Figure 1d.

Since the transmitted signal in VLC has to be constrained by the limited linear transmission range
of LEDs, the O-OFDM components needs to be carefully designed, in order to incorporate PWM for the
purpose of dimming control. Taking the characteristic of the PWM signal into consideration, a signal
with negative polarity is desired during the ON state, while a positive-valued signal is required for the
OFF state. Therefore, instead of combining the unipolar signal of ACO-OFDM and of PAM-DMT as
seen in the conventional HACO-OFDM scheme, we invoke the unclipped double-side ACO-OFDM
signal in our proposed DCHO-OFDM to amalgamated with either the upper-clipped PAM-DMT signal
[YpaM,n | or the down-clipped PAM-DMT signal |ypapm . ]c as:
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it = Xacon + [Yramnles ON state -
Sﬁﬁ = XACO,n + I_yPAM,nJC/ OFF state ’
depending on the state of PWM signal. Note that the upper-clipped PAM-DMT signal is given by:
0, Yramn =0
= SR ®)
[veamale { YPAM,n/s Ypamn <0

Similar to the HACO-OFDM scheme, the ACO-OFDM symbols in our DCHO-OFDM are allocated
to the odd-indexed subcarriers, where the PAM-DMT symbols are carried by the imaginary proportion
of the even-indexed subcarriers, as shown in (1) and (3). On the contrary, the ACO-OFDM branch
in the proposed DCHO-OFDM scheme is designed to remain unclipped, yielding even-indexed
subcarriers that are free of clipping noise contamination. According to [27], the clipping distortion
generated by the down-clipped PAM-DMT is imposed only on the real-part of the even-indexed
subcarriers. Furthermore, upon the analysis provided in Appendix A, the clipping distortion caused
by the upper-clipped PAM-DMT is also encountered only by the real-portion of the even-indexed
subcarriers. Therefore, it implies that the overall generated clipping distortion in DCHO-OFDM of
either the combined signal sj" or s9ff is orthogonal to the information-carrying subcarriers, which is
demonstrated in Figure 1b. As a benefit, the bipolar signal of s3" and s9ff can be obtained in
an interference-orthogonal way. Furthermore, in HACO-OFDM scheme, the clipped ACO-OFDM
and PAM-DMT branch are superposed directly, which leads to a higher amplitude since the both
components are non-negative. In contrast, by superposing the bipolar ACO-OFDM and the unipolar
PAM-DMT signal, a lower peak-to-average-power-ratio (PAPR) can be expected, compared to that of
the conventional HACO-OFDM.

The hybrid signal in Equation (7) has double-sided polarity, as seen in Figure 2a,b. In order
to incorporate the PWM signal, it has to be converted to the unipolar signal. To tackle this issue,
we introduce a time-varying biasing scheme based on the Proposition 1, which converts the the
bipolar signal of s9" and s9ff to negative-valued and positive-valued signals for the ON and OFF states,
respectively. Moreover, the time-varying bias does not induce any additional interference imposed on
the legitimate transmitted symbols. To be specific, the Proposition 1 is exhibited as follows.

Proposition 1. If a time-domain signal z,, has the characteristic as:

_ _ g N
{ znfz¥+n, n=0,7

— - — =1... N_q1
In =ZIN_, =IN,, = IN-w n=1---,7-1

©

the interference generated by z,, imposes only on the real-part of the even-indexed subcarriers.

Proof. Please see Appendix B. [

For the hybrid signal s", it is expected to be negative for further incorporating the PWM signal

on con
n 7°N/2+4n

syt and s, |, forn = 0, N/4, so that to achieve the negative-valued samples. Uniformly, a bias of

during ON state. In the light of Proposition 1, a bias of — max {s } can be added to sample

— max {s?,“, s?\,“/zin, 5‘1)\?/2+n/ 5‘1{?7”} is applied for sample s, s?\,“/zin, S?\,“/Hn, and s3', to acquire the

non-positive values, when we have n = 1,2, - - - , N/4 — 1. Therefore, the introduced time-varying bias
zp™ for signal s9 is given by:
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on _ ,on  _ on .on —_n0 N

zy) —Z%M—fmax{sn ,S%+n}, n=07%

on __ ~On — ~0n — ~0Nn

zy 72%—7172%4-11721\1*" . (10)

_ on .on on on _ N
= —maxy{ s; ,s¥7n,s%+n,sN7n}, n=1,---,3-1
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Figure 2. A demonstration of the superposed signal in DCHO-OFDM. (a,b) depict the bipolar
signal s9" and s9ff, where the ACO-OFDM signal is directly combined with upper/down-clipped
PAM-DMT; (c,d) present the unipolar signal of sgg,, ,, and s?ffnv,n, aided by the introduced time-varying
biasing scheme.

After performing the time-varying biasing, the bipolar signal s{" is able to be converted to the
unipolar signal as:

Seonv,n = Xacon + [Ypamu|c +2°, n=0,1,--- ,N-1, (11)
where all the N samples experience non-positive values, which is demonstrated in Figure 2c. On the

contrary, a positive-valued signal is desired during OFF state transmission. Therefore, for the bipolar

signal s9ff, the time-varying bias z3 is introduced as:
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ff _ _off _ : ff ooff _ N
z9 _z"%ﬁ = —min{ s ,s‘%ﬂ}, n=0,7
off _ _off _ off __ off
Zn 72%_,[ 7zﬂ+n = ZN-n . (12)

= —min {sgff,s‘&ffin,s‘&“ﬂ,s%ﬂn} , n=1,--- ,% -1
2 2

Hence, the converted signal is given by:

off

s o = Xacon + [Ypamule +298, n=0,1,---N -1, (13)

resulting in a positive-valued signal as shown in Figure 2d, which is appropriated for OFF
state transmission.

Assisted by the time-varying biasing scheme, the acquired unipolar signals relying on the
Equations (11) and (13) can be readily amalgamated with PWM signal. To this end, the proposed
DCHO-OFDM signal can be expressed as:

v, = Sggnv,n + Iy, ON state
! sgnf)fnv/n +1I;, OFF state (14)

= Sconv,n T dPAM,n/ n=01---,N-1

Note that the signal of sconv,n consists of the ON state transmitted signal, s&3,, ,, and the
OFF state transmitted signal, sg{,;v,n, while dpap, is the sample of PWM signal dpap(t). It is
observed from Equation (14) that the PWM dimming control and the OFDM transmission can be well
integrated in the conceived DCHO-OFDM. Specifically, Figure 3 depicts the block diagram of the
proposed DCHO-OFDM.

: Dimming :
| Ty Control :
: Bits [ QAM Hermitian | X, TFFT s Xacon |
| Mapping Symmet N-Point] Yy |
| C]il;[;ing Add / !
| . Time- |Seomo [RWT] ey XV, L7
| or o | Varying cP P
| Down- [ you, ], W s° Bias |
| Clipping > > |
| |

———————————————————————————————————————————— |

|

| l

| stima Detect

B ) g 5o
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| PAM I

| Symbols }
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Receiver
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Figure 3. Block diagram of the transmitter and receiver for the proposed DCHO-OFDM.

Furthermore, according to Equation (14), the average amplitude of signal v, is given by:

T T—T,
Itwe = % (Ih + E [Sggnv,n}) + TON (Il + E [Sggnv,n])

:IZ+E1+p(Ih—Il+E2—E])

(15)

where E[e] denoted the expectation operation. Here, we have E; and E; to denote the expectation
result of signal sggﬁw and s&g,,y ,, Tespectively, which can be readily obtained by numerical simulations.

Recalling the Equation (5), the dimming level can then be further expressed as:

K Ey — Eq
U*Ih_ll-‘rp{l-i- Ih_ll]. (16)
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The Equation (16) shows that the dimming level 7 has a linear relationship with the duty cycle p.

It is essential to discuss the receiver structure for the proposed DCHO-OFDM scheme.
The clipping distortion caused by down/upper-clipped PAM-DMT branch in DCHO-OFDM
is orthogonal to the information-carrying subcarriers. Moreover, in the light of Proposition 1,
the odd-indexed subcarriers carrying ACO-OFDM and the imaginary-part of the even-indexed
subcarriers carrying PAM-DMT is capable of remaining uncontaminated during the polarity conversion
process relying on the introduced time-varying bias, which is demonstrated in Figure 1c. When the
converted signal is amalgamated with PWM for dimming control, the interference caused by PWM
falls only on the 0-th subcarrier, which does not introduce additional interference to the transmitted
signal. As a benefit, the DCHO-OFDM signal is obtained in an interference-orthogonal approach.
Therefore, DCHO-OFDM symbols can be readily recovered upon relying on a standard OFDM receiver,
as shown in Figure 3.

3.3. Complexity Analysis

In this section, the complexity of the proposed DCHO-OFDM is discussed. For comparison,
the conventional HACO-OFDM is invoked as a benchmarker. At the transmitter side, the main
difference between the conventional HACO-OFDM and the proposed scheme lies in the signal
component. To elaborate, the zero-clipping operation of the ACO-OFDM branch is required in
HACO-OFDM, while the time-varying biasing process is introduced in the proposed DCHO-OFDM.
Remarkably, the zero-clipping operation of ACO-OFDM branch is based on computing the maximum
value between zero and the signal sample, which is similar to the calculation process of the time-varying
biasing scheme in the proposed DCHO-OFDM. Therefore, the proposed DCHO-OFDM is capable of
achieving the similar complexity as the conventional HACO-OFDM at the transmitter.

At the receiver side, due to the undesired clipping distortion generated by the ACO-OFDM
branch, an additional process including the clipping noise re-generation and cancellation is required in
HACO-OFDM. Therefore, the associated computational complexity mainly relies on the sum of two
real-valued N-point FFT operations and of one complex-valued N-point IFFT operation [14]. On the
contrary, a benefit to the orthogonal interference, the detection of DCHO-OFDM, can be achieved
upon relying on a standard OFDM receiver seen in Figure 3, as that of ACO/DCO-OFDM. Hence,
the computational complexity of DCHO-OFDM is dominated by a single real-valued N-point FFT
operation, which is significantly reduced compared to the HACO-OFDM counterpart [28]. Moreover,
for the HACO-OFDM-based dimming control scheme [22], an additional operation is required at
the receiver side to distinguish if either HACO-OFDM or NHACO-OFDM is transmitted, since they
introduce different clipping distortions. Instead, the proposed DCHO-OFDM signal is invulnerable
to the varying dimming level and can be directly recovered without detecting the PWM signal,
which futher reduces the complexity compared to that of the HACO-OFDM scheme.

To this end, superior to the conventional HACO-OFDM scheme, the complexity and the process
delay of the proposed DCHO-OFDM scheme at the receiver is significantly reduced, without increasing
the complexity at the transmitter side.

4. Numerical Results

This section provides our simulations for quantifying the proposed DCHO-OFDM, where we
employ N = 256 for the O-OFDM VLC system. The lower bound and the upper bound of LED are
referred to as I; = 0 and Ij, = 1, respectively. In order to evaluate the non-linear distortion, a pair of
scaling factors Baco and Bpaps are defined as Baco = (I, — I}) /0aco and Bpay = (I, — ;) /opam,
where 040 and 0pap denote the standard variance of the unclipped ACO-OFDM and PAM-DMT,
respectively.

To begin with, we investigate the PAPR performance of the proposed DCHO-OFDM scheme,
compared to that of the HACO-OFDM, where the associated complimentary cumulative distribution
function (CCDF) can be seen in Figure 4 [26]. It is observed that the proposed DCHO-OFDM achieves
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a much lower PAPR than that of the conventional HACO-OFDM. This observation is as expected
for the reason that the unclipped ACO-OFDM is invoked in DCHO-OFDM, which is capable of
avoiding relatively high amplitudes. Note that a lower PAPR results in a better ability to resist the
non-linearity [26]. Therefore, unlike the HACO-OFDM, the proposed OFDM scheme is capable of
alleviating the undesired non-linear distortion in the presence of the non-linear transfer characteristic
of LED. In this case, a better BER performance can be achieved by the proposed DCHO-OFDM,
leading to an improved achievable spectrum efficiency compared to HACO-OFDM, as shown in the
following figures.
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Figure 4. CCDF curves of PAPR for the proposed DCHO-OFDM scheme, compared to that of the
HACO-OFDM scheme.

Figure 5 quantifies the dimming level for the various values of duty cycle p. Upon observing,
the dimming level is linearly changed upon adjusting the duty cycle of PWM signal, which is consistent
with our theoretical analysis in Section 3.2. Additionally, a wide range of dimming level is achieved in
DCHO-OFDM. To expound, the proposed scheme is capable of achieving a fairly low or high dimming
level, upon further increasing the value of the scaling factors, albeit at a cost to power inefficiency.

In Figure 6, we demonstrate the BER performance of DCHO-OFDM vs the variance of signal under
different values of duty cycle, where a standard OFDM receiver is directly employed. Upon observing
Figure 6, the attained BER of the proposed scheme first becomes better upon increasing the variance of
signal, while it deteriorates afterwards due to the clipping noise generated by the limited dynamic
range of LEDs. Additionally, we observe that the same BER performance is obtained with various
values of duty cycle p, which indicates that the BER performance of DCHO-OFDM is invulnerable
to the various duty cycles of PWM. This can be explained by noting that the dimming control in
the proposed DCHO-OFDM scheme does not affect the information transmission, so that both the
functionality of illuminations and communications in VLC can be achieved without disturbing each
other. Hence, the symbols transmitted by the proposed DCHO-OFDM can be directly detected through
a standard OFDM receiver without requiring additional operation of PWM signal detection.
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Dimming Level n (%)

Figure 5. The performance of dimming level 7 vs duty cycle p, with various values of scaling factors.

Figure 6. BER performance of the proposed DCHO-OFDM scheme under different variances of signal.

For a target BER of 2 x 1073, we further explore the spectrum efficiency of the proposed
scheme, as depicted in Figures 7 and 8, in a scenario of high (—2 dBm) and of low (—8 dBm) noise
power, respectively. For comparison, the spectrum efficiency of DCO-OFDM and the dimmable
HACO-OFDM proposed in [22] are also provided. Upon observing, the achievable spectrum efficiency
of DCHO-OFDM is superior to that of the conventional DCO-OFDM and HACO-OFDM in a wide
range of dimming levels, where the transmission in DCO-OFDM is easily affected by dimming control
due to the non-linear distortion. Furthermore, in contrast to HACO-OFDM scheme, while it has to
detect ACO-OFDM signal first and then demodulatethe PAM-DMT signal, our proposed scheme can
be detected upon utilizing the same receiver as the DCO-OFDM scheme, beneficially decreasing the
complexity of receiver. Therefore, the proposed DCHO-OFDM scheme may be further cooperated
with DCO-OFDM regime for a VLC system to satisfy the different transmission and illumination
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requirements, without increasing the complexity at the receiver side.
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Figure 7. The achievable spectrum efficiency as a function of dimming level 7, under a noise power
of —2 dBm.
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Figure 8. The achievable spectrum efficiency as a function of dimming level #, under a noise power
of —8 dBm.

5. Conclusions

In this contribution, a novel DCHO-OFDM scheme was conceived for simultaneously achieving
the dual functionality of data transmission and illumination in VLC. To achieve high spectrum
efficiency, the bipolar unclipped ACO-OFDM signal was elaborately combined with the unipolar
down-clipped PAM-DMT signal during the OFF state of PWM signal, while it was jointly transmitted
with the upper-clipped PAM-DMT signal during the ON state. For the purpose of dimming control,
a time-varying bias was applied to convert the superposed bipolar signals to unipolar ones, so that the
PWM signal can be invoked without introducing interference. According to our simulations, a wide
dimming range was obtained in DCHO-OFDM, with a high spectral efficiency and less fluctuation.
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As the interference generated by the proposed scheme is orthogonal to the transmitted information,
the demodulation of DCHO-OFDM can be easily executed upon employing a standard OFDM receiver,
which may allow the proposed scheme to further cooperate with the DCO-OFDM scheme, fulfilling
the dynamic communication and illumination requirements of the VLC system.
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Appendix A

According to the definition of the upper-clipping, the upper-clipped PAM-DMT signal can be
re-written as:

[pantnle = w (A1)

Upon taking the N-point FFT of signal [ypapin |c, We can get:

N-1 2rtnk
Yi =Y [ypamulcexp <*] N )

n=0

1 Niy exp ( ],27mk> 1 Ni " exp ( ],27mk> (A2)
=5 PAM, - —5 PAM, - :

2 n=0 " N 2 n=0 ! N

Wy W

It can be found that the first term W; in (A2) is the FFT results of the unclipped signal
Ypam,n, which is the original transmitted PAM-DMT symbols carried by the imaginary parts of
the even-indexed subcarriers. The second term of W is viewed as the interference, imposed by the

upper-clipping operation. Recall the property of Ypanin = Ypamn+N/2 = —YPAMN/2—n = —YN—n [14],
the second term of (A2) can be re-written as:

1N 2mnk 2m(N/2—n)k
W =3 Y DyPAM,n exp <_]T> + [ypamn/2-nlexp <—]¥)
n=1
2n(N/2+n)k 271 (N —n)k
+1Ypam,N/2+u| exp (*]%) + lyram,N—n| exp <*]%>] (A3)
1 N4 . 2mnk 2mnk
=5 X lveamal {[1 +exp(—jrk)] [eXp <]T> +exp (‘] N ﬂ }
n=1

Since we have

-1 k is odd-valued
—itk) = ’ A4
exp(—j7tk) { 1, k is even-valued ’ (A4)
the second term W, can be further expressed as:
0, k is odd-valued
W, A5
2 { ZnN:/ffl [YpAM, 1| COS 27}\}1]‘, k is even-valued (A5)
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Upon observing, it can be easily found that the introduced interference caused by the
upper-clipping falls only on the real parts of the even-indexed subcarriers, where the odd-indexed
subcarriers and the imaginary parts of the even-indexed subcarriers are free of contamination.
As a benefit, the proposed DCHO-OFDM scheme is capable of remaining uncorrupted by the
upper-clipped PAM-DMT signal.

Appendix B

Upon taking the N-point FFT of z,, we obtain the frequency-domain sample Zg for
k=0,1,--- ,N—1as:

Nt .2mtnk
Zy = Zznexp <—] N )
n=0
=zg+2zyexp <szk> +zy exp (—jmk) + zan exp | —j—-k
T 2 2 T

N .2mtnk .27‘[(% —n)k
+ ng:l {znexp (—] N )+z¥7nexp N
2y +n)k 27(N —n)k
+z%+n exp —]T +zZN_n exp —]T .

According to Proposition 1, we have z, = zy/24, for n = 0,N/4 and have z;, = zy/_, =
ZN/2+n = ZN—pn forn =1,---,N/4 — 1. Therefore, the Equation (A6) can be re-written as:

(A6)

Zi = [1+exp (—jik)] [20 + 2w /0 exp (k)]

N/4-1 )
e ewmen () on ()]
n=1

If the value of k is odd, where exp(—jrtk) = —1, then we have:
Z, =0, k=1,35---,N—1 (A8)

Otherwise if the value of k is even, where exp(—jmk) = 1, the expression of Z; is therefore
given by:

N/a-1 27tnk 27tnk
Zi =220+ 22x /4 exp(—jgk) +2 Y z {exp (—j%) +exp <j 7;\'; )} . (A9)
n=1

According to Euler formula, the real-part and the imaginary-part of Zj are given by:

ak N/t
Re[Zy] = 229 + 2z)/4 cOS > +4 E 2 COS

n=1

2mtnk
N’

k=0,2,4,---,N-2, (A10)

Jm[Z] =0, k=0,2,4,---,N—2. (A11)

Upon observing Equations (A8), (A10) and (A1l), it can be concluded that the interference
generated by z, is only imposed on the real part of the even-indexed subcarriers, leaving the
odd-indexed subcarriers as well as the imaginary part of the even-indexed subcarriers uncontaminated.
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Abstract: Acquisition, tracking, and pointing (ATP) is a key technology in free space laser
communication that has a characteristically high precision. In this paper, we report the acquisition
and tracking of low-Earth-orbit satellites using shipborne ATP and verify the feasibility of establishing
optical links between laser communication satellites and ships in the future. In particular, we developed
a shipborne ATP system for satellite-to-sea applications in laser communications. We also designed
an acquisition strategy for satellite-to-sea laser communication. In addition, a method was proposed
for improving shipborne ATP pointing error. We tracked some stars at sea, achieving a pointing
accuracy of less than 180urad.We then acquired and tracked some low-Earth-orbit satellites at sea,
achieving a tracking accuracy of about 20urad. The results achieved in this work experimentally
demonstrate the feasibility of ATP in satellite-to-sea laser communications.

Keywords: satellite-to-sea laser communication; acquisition, tracking and pointing; shipborne ATP;
pointing error model

1. Introduction

Laser communication is a technology that uses a laser beam as a carrier to transmit information
in space [1,2]. The laser beam used in space laser communication is emitted at an angle that is
near the diffraction limit. The divergence angle of very narrow communication beams requires
both communicating sides to maintain extremely high dynamic alignment accuracy. With the
ultimate aim of realizing a global-scale laser communication for practical use, many significant
achievements have been made in the past decades, such as the demonstration of links for
building-to-building communication [3,4], airborne applications [5-7], inter-satellite applications [8,9],
satellite-to-ground [10-16], and ship-to-ship communication [17-19]. However, currently, most of the
experiments only involve space and ground communication links or short-distance communication

Appl. Sci. 2019, 9, 3940; doi:10.3390/app9183940 105 www.mdpi.com/journal/applsci



Appl. Sci. 2019, 9, 3940

between ships. Since water bodies occupy more than 70% of the earth’s surface and given the rising
demand for maritime communications, the global-scale communication network is bound to extend
from the ground to the sea in the future. Huge volumes of data need to be transmitted by satellite.
Thus, there is an urgent need to conduct experimental verifications of laser communication between
satellites and ships at sea.

Satellite-to-sea laser communication mainly refers to data transmission between satellites
and shipboards. Acquisition, tracking, and pointing (ATP) is the key technology used in laser
communication, which requires the rapid acquisition and alignment of line-of-sight between two
platforms and the establishment of communication links with high precision, high probability, and high
dynamic tracking. The ATP system’s rapid and high probability acquisition of a satellite terminal’s
line-of-sight under shipborne conditions has a direct impact on the communication time. Currently,
optical links between ships have been verified. The link is usually initiated actively by an ATP at one
end to cover an uncertain area with beacon light, then scanned or stared at by an ATP at another end to
establish the link. This method of establishing an optical link is the most common method in laser
communication, which requires high pointing accuracy. For short-distance communication links of
tens of kilometers between ships or in air [20,21], the divergence angle and optical power of the beacon
light can be improved, and the requirement of the ATP with respect to the pointing accuracy can be
reduced to reduce the difficulty of acquisition. Another method for realizing short-range ship-to-ship
laser communication is using modulating retro-reflectors (MRRs). An MRR link uses an active ATP at
one end and a small semi-passive MRR at the other [22-25]. For one end of the link, MRRs no longer
have tight pointing requirements. However, satellite-to-sea laser communication is very different from
ground ATP systems. For ship-to-ship laser communications of tens of kilometers, the divergence angle
of the uplink beacon is usually only a few milliradians due to resource constraints. The MMR method
is less likely to achieve communication over hundreds or thousands of kilometers of links. Moreover,
the complex nature of the ocean environment significantly increases the difficulty of acquisition and
tracking by the ATP system. It is difficult for shipborne ATP systems to achieve high pointing accuracy
to complete initial acquisition under conditions such as random and sharp waggling along with the
sea, which poses a higher challenge to its technology. As a first step toward satellite-to-sea laser
communication, it is essential to develop shipborne ATP and test its performance.

In this paper, we report the acquisition and tracking of low-Earth-orbit satellites using shipborne
ATP and verify the establishment of optical links between laser communication satellites and a ship at
sea. To improve the initial pointing accuracy of line-of-sight in the satellite-to-sea laser communication,
we designed a calibration method for the shipborne ATP pointing error model. Some satellites
were acquired and tracked by the ATP system, thereby demonstrating the acquisition and tracking
performance of the ATP system at sea. A tracking accuracy of about 20urad was obtained, together
with a pointing accuracy of less than 180urad.Our implementation provides a solid test for shipborne
ATP, thus paving the way for a global-scale laser communication network involving space, ground,
and sea.

2. Strategies for Establishing Optical Links

We designed an acquisition process for satellite-to-sea laser communication. The communication
handshake is initiated by shipborne ATP. The terminals on each side of the communication drive
their respective optical antennas to roughly align with each other’s instantaneous positions according
to the ephemeris and attitude information. Shipborne ATP has high-precision pointing ability and
can transmit uplink beacon light to accurately cover the satellite terminal. After the satellite coarse
Charge Coupled Device (CCD) detects the beacon light of the shipborne ATP, closed-loop tracking is
carried out with high accuracy. The satellite terminal emits downlink beacon light. After the downlink
beacon light is detected by the shipboard ATP coarse CCD, stable closed-loop tracking is conducted to
complete the acquisition. After establishing a stable communication link between the satellite and
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the sea, laser communication is achieved until the satellite passes through. The acquisition strategy is
summarized in Figure 1.

Figure 1. Schematic of acquisition and tracking. (a) The shipborne acquisition, tracking, and pointing
(ATP) system initiates the acquisition process. The shipborne ATP and satellite activate their beacon
lasers and point at each other using the predicted ephemeris. (b) The satellite detects the uplink beacon
laser and initiates precise tracking. (c) The shipborne ATP detects the downlink beacon laser and
initiates precise tracking. (d) Bidirectional tracking and locking between the satellite and shipborne
ATP is established until the laser communication is terminated.

3. Method for Improving the Pointing Error

The acquisition protocol involves the shipborne ATP irradiating the satellite to initiate a link.
The ATP is fixed on the ship. As the ship moves, the ATP is affected by sea waves, thus producing three
periodic yaw, pitch, and roll disturbances, which cause the ATP’s line-of-sight axis to wobble a few
degrees. The divergence angle of the uplink beacon laser cannot be increased indefinitely; it is generally
several milliradians and much smaller than the swaying amplitude. To achieve the acquisition of a
satellite, the acquisition performance can only be improved by reducing the pointing error. The absolute
pointing error is defined as the angular separation between the actual direction and the intended
ATP line-of-sight [26]. In invisible satellite target acquisition, the pointing accuracy of the telescope is
one of the important indices for the establishment of optical links. In our experiment, several factors
contribute to the pointing error, including the attitude of the ship platform pre-compensation accuracy,
installation error calibration accuracy, and systematic errors calibration accuracy.

3.1. Pre-compensation for Ship Platform Attitude

During the initial acquisition stage, the target coordinate value (A, E) in the Northeast celestial
coordinate system is converted to (A ., Ec) in the deck coordinate system. (A, Ec) is used to guide the
ATP to open-loop pointing.

As shown in Figure 2a, the Northeast celestial coordinate system is defined as O-XYZ, where OX
is due North, OY is due east, and OZ is due sky. The origin, O is the intersection of the azimuth axis
and the pitching axis of the tracking equipment. The polar coordinates of the observation point, M
are (A, E), while the projection of M on the OXY plane is N. A represents the azimuth angle, that is,
the included angle of XON, which is positive when overlooking clockwise. E represents the elevation
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angle, which is the angle MON, where up is positive. L represents the distance from the tracking
device to the observation point.

A Zc

sky .
perpendicular

to deck plane

Figure 2. Schematic diagram of coordinate system and attitude angle. (a) The Northeast celestial

coordinate system O-XYZ. (b) The deck coordinate system O — X.YcZc. (c) Definition of attitude angle.

As shown in Figure 2b, the deck coordinate system O — X Y.Z. is defined; the axis X is the
fore-and-aft line, while the bow direction is forward. The axis OZ. is positive clock wise; the axis Y
is perpendicular to the fore-and-aft line in the deck plane, whereas the axis OZ, is perpendicular to
the deck plane, upward is positive. The origin O is consistent with the Northeast celestial coordinate
system. The projection point of M on plane OX.Y. is Nc. The polar coordinates of M in the deck
coordinate system are defined as (A, Ec). A. represents the azimuth angle of the deck, where clockwise
is positive. E. represents the elevation angle of the deck; upward is positive.

As shown in Figure 2¢, the roll angle, R is the angle obtained by rotating the fore-and-aft line of
the deck platform, and the port side rising is defined as a positive angle. The pitch angle, P is the angle
included between the fore-and-aft line and the horizontal plane, and P is the positive angle when the
bow is raised. The yaw angle, H is the rotation angle of the fore-and-aft line about the z-axis, and the
clockwise angle is the positive angle.

When the shipborne ATP tracks a target, it is necessary to convert (A, E) of the target in the
Northeast celestial coordinate system to (A, Ec) of the deck coordinate system for guidance and tracking.

In the Northeast celestial coordinate system, the transformation relationship exists between the
polar coordinate system and rectangular coordinate system is given by Equation (1):

x = Lcos EcosA
y = Lcos EsinA D)
z = LsinE

In the deck coordinate system, the transformation relationship between the polar coordinate
system and rectangular coordinate system is given by Equation (2):

Xc = Lcos Eccos A
Y. = Lcos Ecsin A¢ 2)
zc = LsinE¢

When the ship is affected by yaw, pitch, and roll at the same time, it shall be convertedin the order
of yaw, pitch, and roll. The attitude rotation matrix, &t is given by Equation (3):

1 0 0 cosP 0 sinP cosH sinH 0
&=]0 cosR sinR 0 1 0 —sinH cosH 0 3)
0 —sinR cosR —sinP 0 cosP 0 0 1
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The conversion expression is shown in Equation (4) below:

Xc X

Ye | =&y

Zc z @)
cos HcosP sin HcosP sin P X

—sin HcosR — cos HsinPsinR  cos HcosR — sin HsinPsinR cos PsinR y
—cos HsinPcosR + sin HsinR  — sin HsinPcosR — cos HsinR  cos PcosR z

It can be obtained the Equation (5) from Equations (1) and (2):

— Ye
{ A= arctg () )

E.= arcsin(zf)

Thus, the target guidance value under the deck coordinate system can be obtained, as shown in
Equation (6):

cosE cosP cos(A-H)+sinE sinP

6
E.= arcsin{sinE cosP cosR — cosE[sinR sin(A —H) +sinP cosR cos(A —H)]} ©

{ A= arCtg{COSE [cosR sin(A-H)—sinP sinR cos(A-H) ]+sinE cosP sinR}

It can be seen from Equation (6) that the measurement accuracy for attitude (H, P, R) is one of
the key factors affecting the accuracy of shipborne ATP pointing. The attitude error of the shipborne
ATP is the main source of error that affects the orientation of the line-of-sight. We used an attitude
pre-compensation unit (Figure 3), which used a combined inertial navigation equipment composed
of a gyroscope, accelerometer, and GPS (GPS/INS) to measure the attitude of the ship. We made
pre-compensation for the attitude by 200Hz, compensating for the wobble of the ATP line-of-sight axis
caused by the swaying of the ship. The attitude error of the shipborne ATP is the main source of error
that affects the orientation of the line-of-sight. The attitude of the ship is measured by the GPS/INS unit,
which is converted into a compensation amount for the ATP line-of-sight axis for real-time attitude
compensation using Equation (6).

Figure 3. Attitude pre-compensation unit.

The accuracy of the GPS/INS unit measurement is shown in Table 1. The angle measurement error
for the GPS/INS unit roll and pitch direction root-mean-square (RMS) was 6pitch = Oron = 0.09mrad
(root-mean-square.) whereas the yaw direction angle measurement error was dy,, = 0.18mrad (RMS).
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Table 1. GPS/INS unit attitude measurement accuracy.

Attitudeangle Accuracy
Yaw <0.18mrad (RMS)
Roll and pitch <0.09mrad (RMS)

From Equation (6), the target guidance error caused by the GPS/INS unit can be obtained as shown
in Equation (7), 0azimuth = 0.18mrad (RMS) and dejevation = 0.09mrad (RMS).

6guidance = ‘/6azimuth2 + Oclevation” = 0.202mrad 7)

To improve the precision of the attitude compensation, the ship’s attitude at the present moment
as measured by the GPS/INS unit is used to predict the ship’s attitude at a future time, while the
guidance value of the target is pre-compensated. We used attitude velocity filtering and extrapolation to
compensate the attitude lag. The running cycle of the software is 20 ms, and the attitude measurement
data sent to the controller for execution needs three frames, a total of 60ms. Areal-time lag compensation
of 60 ms was determined by testing the lag frame number on the swing table, so that the precision of
the line-of-sight disturbance compensation reached the angular second level.

3.2. Installation Error Model

During the installation of the GPS/INS unit, inevitable installation errors are incurred between
the measuring axis of the GPS/INS unit and the ATP pointing axis. If there is an error between the
installation of the GPS/INS unit and the ATP, the attitude compensation accuracy will be affected and
the pointing accuracy of the ATP will decrease. Therefore, after the installation of the GPS/INS unit
and ATP, the rotation relationship between the platform coordinate system represented by the GPS/INS
unit O — X, YpZp and the shipborne ATP deck coordinate system O — X.YcZ. needs to be calibrated
(Figure 4). When measuring the equipment attitude, it is necessary to convert the inertial attitude to
the coordinate system of the equipment.

Figure 4. Error relation between the shipborne ATP and the GPS/INS unit.

The Equations (8) can be obtained from Equations (3) and (4), and Euler’s theorem:

X X
Ve | = Wt«&t= y (8)
Zc z
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We can get from Equations (3) and (4), as shown in Equation (9).

Lcos Eccos A Lcos EcosA
LecosEcsin A, | = Wt=&t+| LecosEsinA )
Lsin E. LsinE

where (A, E¢) represents the target polar coordinate in the deck coordinate system, (A, E) represents
the target coordinate value in the Northeast celestial coordinate system, &t represents the attitude
rotation matrix, and ¥t is the installation error matrix for the shipborne ATP and the GPS/INS unit.

Yt is the parameter to be calibrated, A, and A are coefficient matrices determined by experimental
data, and the linear model of installation error can be expressed as Equation (10):

A =Yt=&lt+s A+ A (10)
Lcos Eccos A Lcos EcosA
where, Ac = | LcosEsinA. |, A =| LcosEsinA |, A = [a,p, Q]T.
Lsin E LsinE

The method of “star tracker” is used to evaluate the absolute pointing error of telescope, which is
the main method to determine the absolute pointing error of ATP [27]. Because of the high precision of
the known positions of stars in the sky, the identification of star signals provides a powerful tool for
checking the absolute ATP alignment. In practical application, a star is considered a measurable point
in the sky, and the least square fitting technology provides a solution for the absolute pointing error
assessment [28].

In fact, we know the theoretical coordinates of the stars (A;, E;) in the Northeast celestial coordinate
system. When measuring the star using the shipborne ATP, the measured value of the stars (A, Eci)
can be obtained from the deck coordinate system. Several stars in the all-sky region were measured,
and the error matrix, ¥t was obtained by fitting with the least square method.

To sum up, the undetermined parameter Yt of the installation error model is calibrated by
the least square method, and the residual error A is calculated by substituting into Equation (10).
We regard residual error A as the systematic error of ATP. In the next section, the residual error is further
corrected by establishing the shipborne system error correction model to achieve a high absolute
pointing accuracy.

3.3. Systematic Errors Model

Due to the influence of machining, installation, and other factors, the telescope contains
systematic errors. The error sources include the non-verticality of the horizontal and vertical axes,
non-orthogonality of the visual and horizontal axes, and bending of the mirror tube and displacement
of the optical axis. For ground telescopes, the research on absolute pointing accuracy correction method
is relatively mature [29,30]. But at present there is no good method to complete the high precision
systematic error calibration on the mobile platform.

We take the installation error model and systematic error model into consideration, and get the
following expression, as shown in Equation (11):

{ AAci:ACj_ACi:f(AcirECj)+5iri:1/2~~~/n 1)

AE =B —Eq = g(Aq,E) +15,i=1,2...,n
where, (Aci, Eci) can be obtained from the equation A=TFt«&tx A, (AAg, AE,,) are the observation

error; f(Aq, Eq) and g(A,, E; ) represent the approximate functions with the pointing angles (A, Ec, )
as unknowns, that is, the systematic error correction model; ¢; and 7; are residual errors.
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According to Figure 2, the zero position of the azimuth encoder is no longer aligned with due
North, but with the zero position of the fore-and-aft line. Therefore, we consider the deck coordinate
system as the reference when designing the error model.

The expression for the mount model [31] is shown in Equation (12):

. 12
AB;, = g(Aq, Ee) + 1 = XL dTj(Aq, Eq) +1,i = 1,2...,n (12)

{ AA¢ = f(Ac, Be) + & = L1 dYj(Aq Be) +&,i=1,2...,n
]':

where dj,j =1,2,...,m are the model coefficients for the m terms; Y]- (Aci, Eci) represents the function
in azimuth residual of the azimuth, A, and elevation E, of stari,i=1,2,... ,n; T (Aq, Eq,) represents
the function in elevation residual of the azimuth, A, and elevation E, of stari,i=1,2,...,n. The ATP
mount model is presented in Table 2.

Table 2. The ATP mount model.

Term Description Azimuth Function (Y) Elevation Function (I)

1. Azimuth encoder offset 1 -

2. Elevation encoder offset - 1

3. AZIE;%E;{ZRT;EOM —cos Actan E¢ sin A¢
4. Azimuth axis tilt about axis Y, —sin Actan E¢ —cos A¢
5. optical axis misalign secE¢ -

6. Non—orthogonalifcy of Azimuth —tanE. B

and Elevation axes

7. Azimuth bearing ellipticity (sin) sin A¢ -

8. Azimuth bearing ellipticity (cos) cos A¢ -

9. Azimuth bearing ellipticity (sin) - sin E¢
10. Azimuth bearing ellipticity (cos) - cos E¢
11. Telescope tube flexure - cotE¢
12. Azimuth encoder scale error Ac/2m -

13. Elevation encoder scale error - E./2n
14. Bi-periodic in azimuth cos2A. -

15. Elevation encoder stiction - sin A¢
16. Elevation bearing stiction - Ecsin A.

3.4. Installation and Systematic Error Model Calculation and Application Process

The installation and systematic error model can be obtained by the shipborne ATP’s software
automatically as shown in Figure 5a. ATP tracks and measures about 20 stars (magnitude less than
6, etc.) uniformly throughout the sky. Then the star’s theoretical position (A, E;), measurement
position (A, E,), and ship attitude (H;, Py, R;) can be recorded. Once the measurements are available,
the telescope will automatically track and measure the next star. The installation error matrix and
systematic error model are solved by the least square method after all the stars measurement data are
obtained. The whole process takes less than 10 min.

In the acquisition mode, the ideal point angle (A, E) in the Northeast celestial coordinate system is
calculated according to the relationship between the target guidance position and the position of the
ship. According to the measured attitude (H, P, R) and the installation error matrix ¥t, the guidance
value (A, E¢) in the deck coordinate system can be calculated. Then, according to the pointing error
correction model, the pointing error (AA., AE.) corresponding to the (A, E¢) pointing angle is solved.
Finally, the pointing error (AA., AE,) is used to correct the actual pointing angle (A, E.), and the
correct pointing angle (A, E.) is obtained as shown in Figure 5b.
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About 20 stars were selected Calculate the target's guide value in geodetic
from the star catalog coordinates system: (A ,E,)
Track and record data: Calculate the target's guide value in deck
(ALE) (A, ,E,) (H,P,R) coordinates system: (A.E.)
! —
Calcul i + /V '
. . . alculate systematic error o
Calculate the installation error matrix: g, correction: (A, ,AE, ) >

' ——

Calculate the systematic error model
coefficient: d,

(a) (b)

Actual pointing Angle: (AC‘ ,]:ZC‘)

Figure 5. Installation and systematic error model calculation and application process. (a) Installation
and system error model calculation flow chart. (b) Flow chart of actual use.

4. Experiment and Results

We developed a shipborne ATP system (Figure 6) mainly to verify the ability for acquisition and
pointing, hence, a fast-steering mirror was not used at the fine pointing stage. The primary mirror in
the ATP system is a reflecting Cassegrain telescope with an aperture of 75 mm and a focal length of
200 mm. The coarse-control loop included a two-axis gimbal telescope (azimuth rotation range of about
—360° to +360°, elevation rotation range of about —5° to +90°) and a CCD camera (FOV of 0.97° x 0.91°,
frame rate of 50 Hz).

Figure 6. The shipborne ATP system. The shipborne ATP system shows the uplink beacon, coarse
camera, and the attitude pre-compensation unit.
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We set up the ATP system terminal on an experimental ship at Dalian city. After the installation of
the ATP system, the experimental ship sailed to an experimental site (38°48.027” N, 121°50.037" E) in
the sea. We calibrated the ATP system’s pointing ability by tracking and measuring a batch of stars one
hour before the experiment. The residual error after installation error correction is shown in Figure 7
while the residual error after systematic error correction is shown in Figure 8. After obtaining the
ATP system error model, a batch of stars were tracked and measured to verify the accuracy of the
system error model. We used the shipborne ATP to track 15 stars with open-loop and obtained the
pointing accuracy. The absolute pointing error obtained for the shipborne ATP azimuth was117.8urad
whereas the elevation was 128.1prad (Figure 9). The total pointing error of ATP is given by 6pinting errors
as shown Equation (13).

6pointing error — ‘/6azimuth2 + 6elevation2 = 0.174 mrad (13)

Residual error of Azimuth after installation error correction: 654 2urad
1500 T T T T T
(e}
1000 - z
o o
500 - .

ot & oo !
-500 J - .
-1000

1

error (prad)
o)
1)

10 1 1 o 1 1
00 120 140 160 180 200 220
Azimuth(®)

Residual error of Elevation after installation error correction: 195 6urad
400 T T T T T T

200} F .

+ 4+

O~ e .
-200 - <
400} 1

error (urad)

_600 1 1 1 1 1 1
30 35 40 45 50 55 60 65

Elevation(®)

Figure 7. Residual error after installation error calibration. The azimuth residual error is 654.2purad
while the elevation residual error is 195.6purad.
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Modified residual error of Azimuth: 76.1prad
150 T T T T T T

+
100 * ¥l

error (prad)
+

4 +

1 1 1 1 + 1
50 100 150 200 250 300 350
Azimuth(®)

Modified residual error of Elevation: 110urad
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Figure 8. Residual error after systematic error correction. The azimuth residual error was obtained as
76.1urad while the elevation residual error was110urad.

pointing error A:117 8urad E:128.1urad
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Figure 9. Pointing error of azimuth and elevation. Azimuth pointing error is 117.8urad and elevation
pointing error is 128.1prad.

Figure 10 shows the performance of the shipborne ATP with respect to the acquisition and tracking
of a satellite. The azimuth and elevation tracking errors were both less than 20purad (RMS). The azimuth
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initial acquisition error was 310urad whereas the elevation initial acquisition error was160urad. This
error includes the orbital error of the satellite.

Tracking error (prad)

1 1 1 1 1 1 1 1
1028 1029 103 1031 1032 1033 10.34 1035
Time (decimal hours UTC)

@

0 1 1 1 1
0.26 1028 103 1032 1034 10.36
2

1 1 1 1
1026 1028 103 1032 1034 10.36

1 1 1 1
10.26 10.28 103 10.32 10.34 10.36
Time (decimal hours UTC)

(b)

Figure 10. The shipborne ATP acquired and tracked the performance of a satellite. (a) The tracking
error for the entire process and the initial error just appear in the field of view. The azimuth initial
acquisition error was 310urad whereas the elevation initial acquisition error was 160urad. When the
spot was in the tracking field, the azimuth tracking error was about 19.5urad (RMS) while the elevation
tracking error was about 14.6urad (RMS). The tracking error in the stabilized time lasted from 10:15:58
to 10:21:28, about 330 seconds. (b) Ship attitude measurement. The yaw, pitch, and roll curves of the
ship measured by the GPS/INS unit.
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5. Conclusions

We tracked some stars at sea, achieving a pointing accuracy of less than 180urad. We acquired and
tracked some Low-Earth-orbit satellites at sea, achieving a tracking accuracy of about 20prad. In this
work, we have taken other sources of error into account, including position and alignment errors.
The initial coarse orientation of the ATP was based on the satellite’s predicted orbital position, with an
uncertainty generally less than 200 m.A position error is less than 0.1mrad at 2000 km. An alignment
error of less than 0.05mradcan be achieved between the beacon laser and tracking camera after
adjustment. We can obtain a total initial open-loop pointing error of less than 0.324mrad, including
position error (less than 0.1mrad at 2000 km), pointing error (less than 0.174mrad), and alignment error
between the beacon laser and tracking camera (less than 0.05mrad). In accordance with two-dimensional
Gaussian distributions, if the acquisition probability reaches 98.9%, the initial open-loop pointing error
(RMS) of the shipborne ATP must be less than one-sixth of the beacon divergence angle. If the divergence
angle of the ATP uplink beacon laser is greater than 2mrad, the shipborne ATP system open-loop
pointing beacon laser spot can irradiate the satellite. Therefore, by verifying the pointing accuracy of
the shipborne ATP and selecting the appropriate divergence angle for the uplink beacon, optical links
between the shipborne ATP and the satellite can be established. We achieved significant experimental
results for the shipborne ATP acquisition and tracking that will contribute to the realization of laser
communication in free space between satellites and the sea.
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