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Abstract—We put forward and provide the first illustration of
a high capacity and high spectral efficient free space optical com-
munication (FSOC) system using digital domain power division
multiplexing orthogonal-frequency-division-multiplexed (DDPD-
0-OFDM) signal utilizing 10-GHz class optical components. In the
proof-of-concept demonstration, a data rate of 2 x 30.8 Gbit/s can
be achieved for each polarization multiplexed wavelength chan-
nel, fulfilling the pre-forward-error-correction bit-error-ratio (pre-
FEC BER = 3.8 x 10~3). By employing the DDPD-O-OFDM here,
the FSOC per channel capacity can be enhanced not only allowing
the spectral overlapping of different orthogonal subcarriers, as in
the case of OFDM; but also allowing channel multiplexing in the
power domain to increase the spectral efficiency. The principle of
DDPD-O-OFDM is discussed; and BER and signal-to-noise ratio
(SNR) of different DDPD channels are experimentally measured.

Index Terms—Free space optical communication (FSOC), laser
diode (LD), optical wireless communication (OWC), orthogonal
frequency division multiplexing (OFDM).

1. INTRODUCTION

N ORDER to satisfy the bandwidth demands of Internet-
Iof—Things (I0T), cloud services, 4K/8K video streaming
and online gaming, optical fiber access solutions, such as time
division multiplexed (TDM) passive optical networks (PONs),
wavelength division multiplexed (WDM) PONs [1]-[3], time-
and-wavelength division multiplexed (TWDM) PON [4], or-
thogonal frequency division multiplexed PONs [5], [6], as well
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as coherent-PON [7] have been realized by providing enormous
transmission capacity to users. Although the cost of optical fiber
is low, underground installation is costly and time consuming.
Digging ground to lay optical fibers is usually related to le-
gal issues. Hence, the concept of combining fiber access and
free-space optical communication (FSOC) has been extensively
studied recently [8]-[10]. FSOC can provide high capacity,
license-free, electromagnetic interference (EMI)-free, reliable
and flexible optical transmission links [11], [12]. In some places,
due to the geographical limitations, using FSOC to replace
optical fibers can significantly reduce the deployment cost and
complexity.

FSOC is regarded as a kind of optical wireless communica-
tion (OWC) [13], which makes use of all the available optical
spectra, including ultra-violet (UV), visible-light and infra-red
(IR) to carry data for transmission. The available communica-
tion spectrum is more than 2000 times of that in conventional
radio-frequency (RF) communication [14]. OWC utilizing the
visible light spectrum is known as visible light communication
(VLC) [15]-[18]. FSOC s based on IR spectrum [19], the optical
components, such as laser diodes (LDs), photodiodes (PDs),
modulators, erbium-doped fiber amplifier (EDFA) optimized
for the PON systems can be directly employed. To achieve
high capacity FSOC, advanced modulations and multiplexing
techniques can be utilized. Table I summaries different IR based
FSOC systems and their performances. Modulation schemes,
such as non-return-to-zero (NRZ) on-off-keying (OOK), return-
to-zero (RZ) OOK, chirped RZ (CRZ) and carrier-suppressed
RZ (CSRZ) can be employed [20]-[25]. In order to enhance the
spectral efficiency, FSOC systems employing differential phase-
shift-keying (DPSK) [26], dual-polarization quadrature-phase-
shift-keying (DP-QPSK) [27], optical tandem sideband (OTSB)
and optical single sideband (OSSB) orthogonal frequency divi-
sion multiplexing (OFDM) [28] can be utilized to enhance the
spectral efficiency. Although pulse-position-modulation (PPM)
[29] is not spectral efficient, the pulse modulation is robust
against inter-symbol interference (ISI) caused by multiple path-
ways or reflections in FSOC systems. Besides, combining PPM
and minimum-shift-keying (MSK) can improve the bit-error-
rate (BER) performance when compared with PSK and PPM
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TABLE I
DIFFERENT IR BASED FSOC SYSTEMS
Spectral Sim./
Ref.  Modulation  Data-rate Distance N efficiency Ex ’
(bit/s/Hz) p-
NRZ-OOK, ]
[20] RZ-00K SMbit/s  55m 830 nm 0.067 Exp.
[20] BPSK 50 kbit/s  5.5m 830 nm 0.00067 Exp.
4 X125 850 to .
[21] NRZ-OOK Gbitls 1.1 km 8476 nm 0.125 Sim.
[22] NRZ-OOK 1 Gbit/s 1.14km 1550 nm 1 Exp.
[23] NRZ-OOK 1 Gbit/s  5km 850 nm Sim.
[24] NRZ-OOK  1.25Gbit/s 104m  1550nm 0.125 Exp.
RZ, CRZ, . .
[25] CSRZ 2.5Gbit/s >7km  1550nm Sim.
[26] NRZ-DPSK 2.5 Gbit/s 300 km 1553510 1.33 Sim.
1548nm
16 X 100 1546 to
[27] DP-QPSK Gbis 20™ 1558 nm 1.43 Exp.
OFDM- . .
[28] OTSB 5Gbit/s <6km 1550 nm 0.67 Sim.
OFDM- . .
[28] 0SSB 5Gbit/s 6.2km 1550 nm 0.67 Sim.
[29] PPM 2.4 Gbit/s 0.1 km 1550 nm Sim.
[30] PPM-MSK 2 Gbit/s 1 km 850 nm Sim.
[31] OAM 30 Gbit/s 0.2 km NA 3 Sim.
4 X 100
32 PAM4 1.2 1540 2 Exp.
[32] Gbit/s " m P
This DDPD-O- 48 X 2 X ) 1528 to 1.75 per E
work OFDM 30.8 Gbit/s ™ 15655 nm polarization XPp-

[30]. Recently reported 8-ary orbital angular momentum (OAM)
shift-keying technique not only shows improved tolerance to
noise and phase distortions by atmospheric turbulence, but also
achieves good spectral efficiency [31]. Besides, a4 x 100 Gbit/s
4-level pulse amplitude modulation (PAM4) FSOC system is
reported achieving a spectral efficiency of 2 and free-space
transmission of 1.2 m.

In this work, we put forward and provide the first illustration
up to our knowledge of a high capacity and high spectral efficient
FSOC system using digital domain power division multiplexing
OFDM (DDPD-O-OFDM) signal utilizing 10-GHz class optical
components. In the proof-of-concept demonstration, a net data
rate of 2 x 30.8 Gbit/s can be achieved for each polarization
multiplexed DDPD-O-OFDM wavelength channel, fulfilling
the pre-forward-error-correction bit-error-ratio (pre-FEC BER
= 3.8 x 107%). The 10-GHz class optical components are
optimized for the 10G-PON systems, allowing seamless inte-
gration of the typical fiber access and FSOC [33]. Here, the
DDPD-O-OFDM is inspired by the works [34], [35], which
is generally used for multiple access by different users. The
DDPD-O-OFDM can be considered as a case of single-user
non-orthogonal multiple access (NOMA) [36]—[38] consuming
all the multiplexed data capacity using the SIC process inside
a single user Rx. By employing the DDPD-O-OFDM here, the
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FSOC per channel capacity can be enhanced not only allowing
the spectral overlapping of different orthogonal subcarriers, as
in the case of OFDM,; but also allowing channel multiplexing
in the power domain to increase the spectral efficiency. As
different DDPD channels are digitally multiplexed in power
domain with superposition coding, successive interference can-
cellation (SIC) is employ to demultiplex different DDPD chan-
nels. The principle of DDPD-O-OFDM is discussed; and BER
and signal-to-noise ratio (SNR) of different DDPD channels are
experimentally measured.

II. DDPD-O-OFDM PRINCIPLE AND ALGORITHMS

This section will discuss the principle of DDPD-O-OFDM.
We assume that the input signal x is divided into different DDPD
data signals x;. The corresponding power for each DDPD data
signal is P;, where i represents how many divided signals. Hence,
the input data can be expressed in (1).

v =Y VP (1)

In this work, we use two DDPD data signal; hence, Eq. (1)
can be expressed as (2).

z:\/PTlx1+

Here, we study the indoor channel characteristics for the
VLC system. The channel response of the FSOC system with
multiple-bounce power spectral distribution (PSD) [39] can be
expressed in (3),

Pyxo ()

h(t) = Z h8) (t; ®,,) 3)
k=0

where ®,, is the PSD of different light sources. The response
after k-bounces is described in (4),
Or+1
FOV)*®

h(k) (t; @,) = / [Ll . Lk+1F£Lk)7°ect (
>:| dAref (4)

di+...+d
5 (t a1t g
c
where
Arep(m+ 1)cos™ ¢y cos by
2rd? o

L, =

App cos dy1 cos by
Lis = PD (ZQH +1 ’ )
T4y

represent the path-loss terms in each path. S is the surface of
reflectors, ¢ is the speed of light, A, is the area of reflecting
element. The angles of irradiance and incidence are ¢iand 0
respectively. The received power is inversely proportional to the
square of distance dj. The F%k)represents the power of reflected
ray after k-bounces from the light source. The photodiode (PD)
can receive optical signal with angle of incidence smaller than

the field-of-view (FOV) of PD, as shown in (6).

_ [l for|z[ <1,
rect(z) = {O for|z| > 1. ©)
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Fig. 1. The algorithm of successive interference cancelation (SIC) process.

As our experiment is in line-of-sight (LOS), (4) can be sim-
plified as (7):

0 d
0) (4. — 0 "
h (t, (I)n) LoP,rect (F JV) ) (t - ) @)

where

_ App(m 4+ 1)cos™ ¢g cos Oy
n 27Td(2)

Lo (®)
The received signal is shown in (9), where the /; and n; are
the channel response and noises respectively.

Yi = hiTi + 1y )

As shown in (2), different DDPD data signals should preserve
a certain power ratio for the successful demodulation. In order
to successfully recover the transmitted DDPD data, zero-forcing
(ZF) is performed using basic channel inversion as shown as
(10).

zi=xi+h; ' (10)

The SIC is also needed following the order of increasing
channel gain. In this experiment, Data-2 has a higher power than
Data-1 (i.e., P» > P1); hence, Data-2 can be directly decoded
without the need of SIC process. This is because Data-1 is treated
as a noise due to much lower power. After this, re-modulation
of Data-2 is needed in order to extract Data-1. Fig. 1 shows
the algorithm of the SIC process used in this work. In order to
extract Data-1, the channel response /; is needed and it can be
obtained after decoding the Data-2. It is also worth to mention
that if more DDPD data channels are used, the SIC process
shown in Fig. 1 can be repeated by decoding the highest power
DDPD data channel first, followed by lower power DDPD data
channels. The Data-1 and Data-2 are digitally combined using
MATLAB program at the transmitter (Tx), they have the same
bandwidth BW and a noise power Py. (11) shows that the total
capacity C is equal to the summation of capacities of all DDPD
data channels, where the capacity Co from Data-2 is limited by
the transmission noise Py together with the interference noise
from Data-1. On the other hand, the capacity C; is only limited
by Py only.

C=0,+40C4
ho|2 P hi|2Py
= BWlog, (1 + \hl‘\;}ﬁ) + BWlog, (1 + %)
(11
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III. EXPERIMENT

Fig. 2 shows the experiment of the proposed DDPD-O-OFDM
FSOC system. The input data will be divided into Data-1
and Data-2, which are then mapped into quadrature amplitude
modulation (QAM) format to construct the DDPD-O-OFDM
signal. The QAM format used is quadrature-phase-shift-keying
(QPSK). Then the data are allocated into different OFDM sub-
carriers. After this, the two data channels at different power
levels are super-positioned in the digital domain to produce the
DDPD-O-OFDM signal using MATLAB program. The power
levels of different data channel shape the constellation diagrams.
This can be implemented by multiplying each data by a specified
power level Py and P5. After that, the OFDM encoding proce-
dure can be employed, including inverted fast-Fourier transform
(IFFT), parallel-to-serial conversion (P/S) and cyclic prefix (CP)
insertion. In the experiment, the FFT size, subcarrier number,
and CP are 512, 225, and 32 respectively.

The DDPD-O-OFDM signal generated digitally in the MAT-
LAB program is then stored in a digital-to-analog converter
(DAC), which is used to transform the digital DDPD-O-OFDM
signal into real electrical waveforms. In this experiment, the
DAC is an arbitrary waveform generator (AWG, Tektronix
AWG 70001) with 50 GS/s sampling rate and 20 GHz ana-
log bandwidth. The C-band optical signals produced by dif-
ferent distributed feedback (DFB) LDs are modulated by the
DDPD-O-OFDM signal emitted by the AWG via 10-GHz class
Mach-Zehnder modulators (MZMs). Polarization multiplexing
and demultiplexing of each wavelength channel are performed
via polarization beam combiner (PBC) / polarization beam
splitter (PBS). All the C-band wavelength channels are com-
bined and amplified by a wavelength multiplexer and an EDFA
respectively, before being launched to the receiver (Rx) via
a 2-m free-space transmission link. A pair of C-band optical
collimators are used at the Tx and Rx sides. They are mounted
on translation stages with 6 degrees of freedoms as shown in the
insets of Fig. 2.

At the Rx side, the C-band wavelength channels are wave-
length demultiplexed. A variable optical attenuator (VOA) is
used to adjust the received optical power for the BER analysis.
Then polarization demultiplexing is performed at each wave-
length channel before received by 10-GHz PDs. The DDPD-O-
OFDM signal received by each PD is captured by a real time
scope (RTO, LeCroy 816ZI-B) which has an analog bandwidth
of 16 GHz and sampling rate of 80 GSample/s. The RTO act as
the analog-to-digital converter (ADC) transforming the captured
DDPD-0O-OFDM waveforms into digital domain for the power
domain demultiplexing and OFDM decoding. The digital de-
coding is performed using LabVIEW and Matlab programs. The
demodulation process of the DDPD-O-OFDM signal include the
data serial-to-parallel (S/P) conversion, zero forcing implemen-
tation, and channel estimation, which is needed to de-multiplex
DDPD-O-OFDM data channels as discussed in Section II. In
this proof-of-concept demonstration, the SIC process discussed
in Section Il is used to retrieve the different DDPD data channels.
The first step is to estimate the gain from the channel response to
decide the decoding sequence. The higher power DDPD channel
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Experiment of the proposed DDPD-O-OFDM FSOC system. DFB: distributed feedback laser diode; MZM: Mach-Zehnder modulator; AWG: arbitrary

waveform generator; PBC: polarization beam combiner; EDFA: erbium-doped fiber amplifier; VOA: variable optical attenuator; PBS: polarization beam splitter;

PD: photodiode; RTO: real time oscilloscope.

Fig. 3. Experimental DDPD-O-OFDM constellation diagrams with power
ratios of (a) 1:2, (b) 1:3, (¢) 1:4, and (d) 1:5.

is decoded first, while considering other signals as noises. In this
experiment, Data-2 has the highest power, and it is decoded
first while Data-1 is treated as noise. The second step is to
re-modulate the estimate signal and multiply it by the channel
response /11 before subtracting it from the total DDPD-O-OFDM
signal. Then, the second channel can be decoded, which is
Data-1.

IV. RESULTS AND DISCUSSION

As discussed before, the two data channels are enfolded in
power domain, and their constellation are shaped based on their
power distribution. A proper power ratio should be maintained
between the two data channel to maximize the system capacity
and at the same time to satisfy the pre-FEC BER requirement.
In this experiment, originally both the Data-1 and Data-2 utilize
4-QAM (QPSK) format. Since these two data channels are
superimposed with power division multiplexing as illustrated
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Fig. 4. Experimental SNRs of the Data-1 and Data-2 over all the 225 OFDM

subcarriers for the wavelength channels at (a) 1530 nm, (b) 1540 nm, and (c)
1550 nm.
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Fig. 5. Measured optical spectra of the 48 DDPD-O-OFDM wavelength
channels over the wavelength range from 1530 nm to 1560 nm.
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in Eq. (2), the constellation of DDPD-O-OFDM signal looks
like 16-QAM before the SIC. Figs. 3(a)-(d) illustrate the experi-
mental DDPD-O-OFDM constellation diagrams using different
power ratios applied on the system. We can observe that the
constellation diagram looks differently at different power ratios.
Based on our analysis, the power ratio of Data-1:Data-2 of 1:4
provides the optimum performance for both DDPD channels;
hence, this power ratio is selected in subsequent experiment as
shown in Fig. 3(c).

We arbitrarily selected 3 different wavelengths at 1530 nm,
1540 nm, and 1550 nm out of the 48 wavelengths to illustrate
the SNRs of the DDPD-O-OFDM signals at different parts of
the C-band spectrum. Besides, the constellation diagrams before
and after the SIC process are also included. Fig. 4(a) shows the
SNRs of the 1530 nm wavelength channel. The average SNRs for
Data-1 and Data-2 are 7.36 dB and 15.47 dB respectively, and the
corresponding BERs are 2.79 x 10 and 7.5 x 10" respectively.
Fig. 4(b) shows the SNRs of the 1540 nm wavelength channel.
The average SNRs for Data-1 and Data-2 are 8.3 dB and 15.24
dB respectively, and the corresponding BERs are 1.89 x 107 and
1.5 x 10"* respectively. Moreover, Fig. 4(c) shows the SNRs of
the 1550 nm wavelength channel. The average SNRs for Data- 1
and Data-2 are 11.96 dB and 16.02 dB, and the BERs are 1.1 x
10 and 2.76 x 10" respectively.
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Fig. 5 presents the measured optical spectra of the 48 DDPD-
O-OFDM wavelength channels over the wavelength range from
1530 to 1560 nm. It is measured by an optical spectrum analyzer
(OSA) having resolution of 0.03 nm, video bandwidth of 10 Hz.
Fig. 6(a) and (b) show the Data-1 and Data-2 BER characteristics
of different DDPD-O-OFDM wavelength channels.

In this proof-of-concept demonstration, a net data rate of 30.8
Gbit/s in each polarization can be achieved by considering the CP
and the 7% FEC. Hence, 2 x 30.8 Gbit/s can be achieved in both
polarizations. Here, 48 wavelengths at C-band are employed
achieving a total FSOC capacity of 2.957 Tbit/s. By considering
the optical signal bandwidth of 17.6 GHz [40], the calculated
spectral efficiency is 30.8 Gbit/s / 17.6 GHz = 1.75 bit/s/Hz
per polarization. Fig. 7(a) and (b) show the measured BER
curves of all the DDPD-O-OFDM wavelength channels. The
BER measurement is performed by first selecting a specific
DDPD-O-OFDM wavelength channel, then the whole signal
waveform is captured at different received optical power ad-
justed by the VOA. After this, the BER of Data-2 is obtained by
decoding the DDPD-O-OFDM signal. Finally, the SIC process
is executed to obtain the BER of Data-1. It is worth to note
that we have to maintain a fix power ratio between Data-1 and
Data-2 for all the wavelength channels. Hence, we can observe
that although both Data-1 and Data-2 can satisfy the pre-FEC
requirement, the obtained BERs for both Data-1 and Data-2 are
different. As shown in Fig. 7(a) and (b), all the DDPD-O-OFDM
wavelength channels in the C-band can satisfy the pre-FEC BER
when the received optical power is larger than —12.5 dBm.

V. CONCLUSION

Although the cost of optical fiber is low, underground instal-
lation is costly and time consuming. The concept of combining
fiber access and FSOC has been proposed recently. FSOC can
provide many transmission advantages. In this work, we put
forward and provided the first illustration of a high capacity
and high spectral efficient FSOC system using DDPD-O-OFDM
signal utilizing 10-GHz class optical components. In the proof-
of-concept demonstration, a net data rate of 2 x 30.8 Gbit/s can
be achieved for each polarization multiplexed DDPD-O-OFDM
wavelength channel. Here, the principle of DDPD-O-OFDM
was discussed. Experimental results revealed that all the 48
DDPD-O-OFDM wavelength channels in the C-band can satisfy
the pre-FEC BER when the received optical power was greater
than —12.5 dBm; and a total FSOC capacity of 2.957 Tbit/s were
achieved.
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