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ABSTRACT This paper presents a 3 dimensional (3D)-hierarchical modulation technique for optical
wireless communication (OWC) systems in which high, medium and low priority data are encoded on
the frequency, phase and amplitude of a subcarrier signal, respectively. The error performance of the 3D-
hierarchical modulation is derived and evaluated under different channel conditions. A proof-of-concept
experiment is then presented to demonstrate the feasibility of this approach. The results presented in this
study show that encoding high and medium priority data on the frequency and phase of a subcarrier
signal offers resilience against the deleterious effects of the OWC channel. The amplitude dimension of
the subcarrier signal can then be utilised to further increase the system spectral efficiency if the channel

conditions allow for it.

INDEX TERMS Optical wireless communications (OWC), underwater optical wireless communications
(UOWC), visible light communication (VLC), free-space optical communication, modulation schemes,

signalling techniques for OWC.

I. INTRODUCTION
PTICAL wireless communication (OWC) as a tech-
Onology that encompasses VLC, LiFi, FSO etc, is an
emerging field that is gaining increased attention [1], [2].
OWC technology is suitable in environments where radio
frequency (RF) transmission is inhibited, undesirable or
impractical such as in underwater and RF sensitive areas.
For example, underwater optical wireless communication
(UOWC) systems can support high data rate, low-latency
connectivity over short link distances (10s of metres) when
compared to the dominant underwater acoustic communi-
cations (UAC) [3]. Thus, to sustain ubiquitous wireless
connectivity that is the backbone of our socio-economic
activities, OWC has a vital role as a complementary tech-
nology to the existing UAC and RF-based communication
systems.
Recent progress in OWC include the works described
in references [4], [5], [6], [7], [8], [9], [10], [11], [12],
(131, [14], [15], [16], [17], [18], [19], [20], [21], [22],

[23], [24], [25], [26], [27], [28], [29], [30], [31], [32].
In [6], a cellular network integrated free-space optics (FSO)
system was proposed that considers channel effects due
to weather conditions. In [7], a fully networked indoor
visible light communication (VLC) system was investigated.
Other studies have focused on increasing the maximum
achievable transmission rate of OWC by making an efficient
use of the available modulation bandwidth. Including in [8],
where transmission rates of 56 Gbps per optical source
was demonstrated in a fibre-FSO system over 500 m in
free-space utilising pulse amplitude modulation (PAM).
Similarly, a 30 Gbps UOWC system was realised with
4-PAM in [9]. These works showcase the benefit of OWC in
terms of the maximum data rates achieved in experimental
works. Modulation techniques that utilise subcarrier intensity
modulation (SIM), including orthogonal frequency divi-
sion multiplexing (OFDM) and discrete multi-tone (DMT)
modulation, have been researched extensively in order to
exploit the whole modulation bandwidth [13], [14], [15],
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[16], [17], [18], [19], [20], [21], [22], [23], [24], [25].
In [11], [15], phase-shift keying (PSK) was investigated
as a suitable technique for OWC systems and its error
performance in fading channels are presented showing the
benefits of encoding data on the phase of the carrier signal.
Frequency-shift keying (FSK) was investigated as an energy
efficient modulation scheme that can operate in fading
channels in [12]. The FSK technique was implemented
using OFDM in [16] for RF-based communication systems.
FSK was additionally analysed and presented as a suitable
modulation scheme for VLC systems to achieve high energy
efficiency in [17]. In our previous work in [18], we
demonstrated the resilience of FSK implemented using SIM
in a turbulent UOWC channel. In [21], a VLC system
using quadrature amplitude modulation (QAM) with OFDM
scheme was improved with the use of probabilistic shaping
and wavelength division multiplexing (WDM) to demonstrate
a transmission rate of 10.8 Gbps. In [22], a QAM-DMT
technique was used to achieve 20 Gbps in an underwater
scenario. In [22], [23] optical front-ends and transmission
techniques exploiting the wavelength and polarisation of the
optical signal to optimise the transmission rate for UOWC
systems were investigated. Other works in UOWC have
demonstrated operational systems carrying out high quality
video transmission and underwater autonomous vehicles
data muling in sensor networks underseas [26], [28]. With
practical applications in mind, self-powering devices utilising
simultaneous light and power transfer (SLIPT) technology
have been envisioned [29], [30], [31], [32]. This recent
research demonstrates the feasibility of OWC in many
different practical applications scenarios from underwater, to
terrestrial and indoor. However, there is still the challenge
of OWC waveform design that is resilient to the different
hostile channel effects in these different application areas.

This study presents a 3D-hierarchical signalling that
utilises subcarrier intensity modulation to implement a
signalling technique that provides resilience against a number
of channel effects common in OWC applications. In this
approach, a sinusoidal subcarrier signal, x(z), is used to
modulate the intensity of an optical source. Thus, x(7)
becomes the envelope of the emitted light intensity that can
be recovered via direct detection at the receiver. The three-
dimensions of frequency, phase and amplitude of x(f) are
now available to encode the data. This is done hierarchically
for resilience, with the high priority data encoded on the
frequency of x(f), followed by phase and the least priority
data on the amplitude. Thus, the first and second order
priority data are resilient to channel impairments (such
as turbulence) that significantly affect the received optical
intensity.

Consequently, SIM permits the implementation of
frequency-shift keying; phase-shift keying and quadrature
amplitude modulation on the intensity of a light source.
Through this technique, a simultaneous phase and frequency-
shift keying (PFSK) scheme, like the one introduced in [33]
and adapted to optical communications in [34], can also be
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implemented. We develop this idea further by deriving the
analytical performance of PFSK and simultaneously use the
amplitude as the third dimension to encode the data. The
resulting 3D-hierarchical modulation, phase, amplitude and
frequency-shift keying implemented using SIM, is abbrevi-
ated to PAFsk-SIM where modulation orders My, M, and
M, refer to the frequency, phase and amplitude components
of the subcarrier signal, x(¢) respectively. In this paper, the
spectral and energy efficiency of the PAFsk-SIM scheme
is discussed and its performance in three different channel
conditions investigated.

The paper is structured as follows: Section II introduces
the channel effects considered in this study; Section III
describes OWC system, generation and decoding of PAFsk-
SIM; Section IV presents bit error rate performance of the
PAFsk-SIM in additive white Gaussian noise (AWGN) and
fading channels; Section V contains performance results in
three different channel conditions while Section VI presents
an experimental case study in an underwater channel;
concluding remarks are given in Section VII.

Il. OWC CHANNEL EFFECTS
In this section the channel effects considered in this work
are briefly introduced. These are:

o Turbulence induced fading, modeled using log-normal
distribution.

o Multipath propagation caused, by either reflections in
an indoor scenario or due to multiple scattering in an
underwater channel.

The first channel effect considered in this paper is
turbulence induced fading. This presents a key challenge
for FSO and UOWC links. Turbulence affects the coherent
light sources on a greater scale, thus it is most relevant for
systems employing a laser diode [35]. Turbulence can be
understood as a random scattering event caused by refractive
index changes across the path of the beam due to salinity
or temperature inhomogeneity in the medium or also water
bubbles in an UOWC scenario. Resultantly, the received
optical power fluctuates. This can cause a burst of detection
errors and reduction in the average received SNR [3], [36].

Turbulence induced fading is quantified in relation to the
variance it causes in the received optical power which is
called scintillation index (012) defined as [37]:

- "
om
where [ is the received optical intensity, and (.) denotes the
ensemble average.

Next, the multipath effect is a challenge faced in many
applications of OWC including indoor, communication
between unmanned aerial vehicles (UAV) and ground station
and UOWC [38], [39], [40]. Multipath propagation can be
caused by light arriving at different times due to reflection off
surfaces as well as particles in a medium. Effects of multipath
manifest as a signal spread, causing inter-symbol interference
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FIGURE 1. PAFsk-SIM block diagram.

(ISI). A common source of multipath propagation is from the
particles suspended within the channel itself, where photons
are scattered upon interaction with a particle [41]. This
scattering process is most prevalent in UOWC and long
range FSO links. Transmission through a highly scattering
channel is subject to attenuation and beam spread [42]. Here,
multiple scattering causes a multipath effect, which in turn
leads to temporal dispersion at the receiver, resulting in ISI
and a reduction in received signal-to-noise ratio (SNR) [43].

lll. SYSTEM DESCRIPTION

This section describes the OWC system utilising SIM
and details the 3D-hierarchical signal generation/decoding
process.

A. SUBCARRIER INTENSITY MODULATION

In an OWC system employing intensity modulation with
direct detection (IM/DD), the emitted optical power can be
modeled as:

Pi(1) = Paye(1 + Bx(1)), (@)

where P,y represents the average transmitted optical power
and B is the optical modulation index. Here, data is
encoded on the properties of an electrical subcarrier signal
x(#). In state-of-the-art, x(r) is a pulse signal with data
encoded on its amplitude as in on-off keying (OOK) and
PAM [8], [9]. These amplitude modulation techniques are
simple to implement but their performance is susceptible
to the effects of the channel. Hostile channel conditions
in practical situations such as multipath due to reflec-
tions, multiple scattering, and turbulence cause significant
error performance degradation. For example, the ISI due
to temporal dispersion in multipath channels causes the
signal power to leak into neighbouring symbols. This in
turn causes symbols to be decoded incorrectly in OOK.
Similarly, turbulence induced fading causes fluctuations in
the received optical power that affect amplitude modulated
signals significantly. These fluctuations in the received power
make the fixed symbol decision threshold ineffective, causing
erroneous detection of OOK symbols.
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With SIM, x(7) is a time-continuous signal given as:
Nye

x(1) = iAi cos(wit + ¢;),

i=1

3)

where N;. is the total number of subcarriers. In (3), the
data can be encoded on the amplitude, A;; the phase, ¢;;
or the frequency component, w; of the subcarrier signal,
x(#). Utilising these properties of the carrier allows the
information to be modulated over three dimensions, thus
providing the opportunity to select which characteristics of
x(t) to encode data on based on the channel conditions.

The first of the properties considered is the frequency
of the subcarrier. This is implemented as orthogonal non-
coherent frequency-shift keying (FSK) which is an energy
efficient technique. In addition, it offers resilience against
fluctuations in amplitude or phase due to the channel and
therefore used for the high priority data. In [18], [44], we
have shown the resilience of SIM with FSK against under-
water turbulence. In addition to this resilience, the FSK-SIM
implementation is simple but it suffers from low spectral
efficiency. By adding a layer of phase modulation on top of
FSK, the spectral efficiency is improved while maintaining a
degree of resilience to turbulence induced fading as the phase
of x(t) is unaffected by amplitude fluctuations caused by
fading. Resultantly, the phase can be used to encode medium
priority data. The amplitude and the phase of x(f) can be
used simultaneously to increase modulation dimension as in
quadrature amplitude modulation (QAM). This comes at the
expense of performance degradation due to channel effects
on A;. To further improve the spectral efficiency, the lowest
priority data can be coded on the amplitude to achieve a
fully 3D PAFsk-SIM with overall modulation order M =
MMM, = MyM,, where Mp, is the QAM modulation
order.

B. SIGNAL GENERATION AND DECODING

The block diagram of an OWC system using the PAFsk-
SIM scheme is given in Fig. 1. The incoming serial
bitstream is converted to data symbols in accordance with
modulation level parameters My, M), and M,,. First, My-FSK-
SIM is implemented, this determines the active subcarrier.
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FIGURE 2. An illustration of PAFsk-SIM bit mapping for the case of
M o=2,M, =2,M, = 1.

Subsequently, data is encoded on the phase and/or amplitude
of the active subcarrier. When the subcarrier frequencies,
wi, i = 0...Ny, in (3), are orthogonal, then the efficient
inverse Fast Fourier transform algorithm, IFFT, can be used
to digitally implement SIM as shown. The information
encoded on the amplitude and phase of the iy subcarrier
frequency can be represented as X; = (A;€/®). Thus, (3) may
be written in the discrete form as:

x(n) = IFFT{X}; 4)
where,

X = [o, X;, 0, X,.H]. )

Here, XI.H is the Hermitian component of X; needed to ensure
that x(n) is real with no imaginary part. Figure 2 gives an
illustration of PAFsk-SIM waveform, with My = 2, M, =
2,M, = 1.

The output of the IFFT operation is combined with an
optimal DC-bias to drive the optical source which is intensity
modulated by the information carrying electrical signal.

Following direct detection at the receiver, the incoming
time domain signal is converted to the frequency-domain
by the use of FFT. Detection of the subcarrier frequencies
using FFT renders the decoding process non-coherent.At the
receiver, index of the active subcarrier is first recovered
(using FFT) followed by its phase and/or amplitude to
complete the 3D demodulation. It should be noted that the
scheme can be implemented to have one (i.e., FSK-SIM) or
two (i.e., FSK4+PSK-SIM) or all three dimensions (PAFsk-
SIM). If all the subcarriers (and not their index) are used
simultaneously to carry data, then this scheme will default
to the OFDM technique. Thus, the non-hierarchical optical
OFDM is a subset of PAFsk-SIM.

IV. ERROR PERFORMANCE ANALYSIS

This section provides the analytical error performance of
PAFsk-SIM. With the frequency being the base on which
the phase and amplitude hierarchies are laid; a PAFsk-SIM
symbol error occurs if the frequency component is decoded
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FIGURE 3. The symbol error performance of PAFsk-SIM.

incorrectly or if the phase and/or amplitude components
are in error following a correct frequency detection. Thus,
PAFsk-SIM symbol error, P, becomes:

Pepppge = Per + Pepa - PEfPEPaa (6)

where P; and P, are symbol error probabilities for the
frequency and phase/amplitude components respectively. For
convenience, the phase and amplitude data are encoded
jointly using quadrature amplitude modulation (QAM).
The P, expression is equivalent to the probability of error
of a non-coherently decoded orthogonal FSK-SIM given
as [45]:
Mf—l 1
_ n+1 ~M¢—1
Pef_Z(_l) Cn]c n4+1

nSNRg
x exp| — ,
n+1)

where SNRj is the signal-to-noise ratio per symbol. In (6),
P, is equivalent to the QAM symbol error expression given
as [45]:

n=1

)

Pey = Peguy =1 —

and,

1 [ 3
PEW:2<1_\/TPB.>Q( mSNRS>, (9)

where Q(-) is the Gaussian Q-function and (9) is only valid
for a square constellation. If the amplitude hierarchy is not
in use, then P, defaults to the PSK-SIM symbol error
probability, P, given as [45]:

Pey = Pepey = ZQ(,/zsNRS sin 1\%)

p

(10)

Figure 3 shows the symbol error performances for PAFsk-
SIM at different modulation orders obtained from (6) and
validated with Monte-Carlo (MC) simulations. This figure
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FIGURE 4. Spectral efficiency of PAFsk-SIM versus the signal-to-noise ratio needed

to attain an indicative symbol error rate, P, =107°.

illustrates that when the My and M,, are increased from 2 to
4, the required symbol power increases by less than 0.1 dB.
Thus, highlighting the power efficiency of the PAFsk-SIM.
To achieve higher transmission rates in a benign channel
condition, modulation level M, and M), can be increased.

The spectral efficiency, npapsk, of PAFsk-SIM scheme
is obtained by considering all the constituent modulation
dimensions. In this hierarchical format, the base FSK-SIM
signalling dictates the overall signal bandwidth while the
total number of bits is the sum of bits encoded on each of
the three dimensions. As such, an expression for the PAFsk-
SIM spectral efficiency is:

(kr + kp + ka)
NPAFsk = T

where ky = log,(My), k, = log,(M,), and k, = log,(M,).
Here, k7 o can only take positive integer values and My p, 4
can only be equal to 2%, In the case where phase and
amplitude are not used to encode data on, M), =
and k, = k, = 0. This means the amplitude and phase are
not changing.

Figure 4 shows the required signal-to-noise ratio to obtain
a certain spectral efficiency at a symbol error rate of
Pepary = 1077, along with the theoretical spectral efficiency
as defined by the Shannon capacity [45]. These values
are obtained from Equations (6)-(10) using the relationship
SNRy = kEp/No. Here, each curve for PAFsk-SIM is
obtained with fixed M, and M,, whilst the modulation
order in the frequency dimension is varied over My =
{2,4,8,16,32,64}. As expected, using additional signal
dimensions (i.e., phase and amplitude for the medium and
low priority data) does improve the spectral efficiency at
the cost of higher signal power. It is worth highlighting
that PAFsk-SIM is proposed for protecting high priority data
against the debilitating OWC channel effects and this comes
at the expense of spectral efficiency as Fig. 4 illustrates.
Using FSK-SIM as a baseline, PAFsk-SIM can achieve

(1)

a=1
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higher energy efficiency and higher spectral efficiency in
comparison. To achieve an SER of 107>, PAFsk-SIM with
My = 4, M, = 4, M, = 1 requires an E,/Ng of 7.65 dB
while 16-FSK-SIM requires 0.61 dB more Ej/Ny to attain
the same SER. The most spectral efficient among the
considered schemes is M,-PSK -SIM, however, it also
requires the highest energy per bit. For example, from
Figures 4 and 5, a 16-PSK-SIM (.., My = M, = 1,
M, = 16) operating at a spectral efficiency of 4 bits/s/Hz
requires an Ep /Ny of 18.1 dB to achieve an SER of 1075, In
comparison, the most spectral efficient PAFsk-SIM scheme
operates at 3.5 bits/s/Hz but requires slightly lower Ej/Ny
of 17.9 dB.

V. PERFORMANCE IN FADING AND MULTIPATH
CHANNELS

The error performance of PAFsk-SIM is evaluated in
different channel conditions in this section.

A. PAFSK-SIM IN TURBULENCE INDUCED FADING
CHANNEL
Thus far, the symbol error performances are only considered
in an AWGN channel. These expressions can be extended to
a fading channel by averaging the error performance over the
turbulence induced intensity fluctuations. The general form
for this process is:
o
Pepppaave = /0 Pepssa (PSNR )po @), (12)

where o is a random variable whose probability density
function (PDF), p,(«) depicts the intensity fluctuations.

Here, the performance of PAFsk-SIM in turbulence
induced fading channel is considered. This type of channel
is typical of free-space optical communications, space laser
systems and UOWC. In such systems, turbulence is often
characterised by the log-normal distribution [46], [47], [48]
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whose PDF is given by (13). This model is valid for weak
turbulence with 012 < 1.2 [1].
| 2
Po(@) = exp| — , (13)
¢ V2rwola ( )

2
where 0‘3 is the log-irradiance variance, and p = —%“. The
log-irradiance variance is related to the scintillation index
by o2 = log(of + 1).

The analytical error performance of modulation schemes
used in transmitting data over a channel with log-normal
turbulence can be calculated using (12). Firstly the error
performance of FSK-SIM is investigated as the base mod-

ulation technique of PAFsk-SIM. Thus, by combining (7)
and (13), the average error probability, P,ve in log-normal

fading channel is obtained as:
< nSNRx>
exp| —
n+1)
(In(et/or0) + 02/2)

] 2
X ————exp| — da. (14)
V2ro2a p< 205 )

While this expression does not have a closed form
solution, an accurate approximation can be obtained via
Gauss-Hermite quadrature [49]:

w 2
| roexp(-b )= 3 wfta.

i=1

(In(et/eg) + 62/2)
202

o Mi—1

f Z( HrHt et —— +1

5)

where z; and v; are the zeros of the k™ order Hermite poly-
nomial and corresponding weights respectively. Following
variable change and simplification of the constant terms,
Prave becomes:

K Mp—1 1
Pefave = Z Ui Z (_1)n+1Can_lm
i=1 n=1

nya?
n+1 )|

exp(—oj 2/2) and o =

exp (— (16)
where y = 1§SNRS/2, Iy =
exp(\/zz,vo, — 03/2).

For the case of high and medium priority transmission
only, (i.e., both the frequency and the phase of x(#) modulated
but not its amplitude), the error probability is:

x
Peppgave = / (Pef + Pep - Pé’fPep)
0

(In(eti/o0) + 02/2)

1
X €X —
J2mata p( 203

2
)da,

A7)

Here, the term PP, —> 0 as SNRy increases and therefore
it is omitted. The resulting expression is solved via Gauss-
Hermite approximation:

Mr—1
1
Popppge = —F= Z U; ;(_l)n-i-lCan lm
« exp( =740 1 co(ayed)sin (2
exp EERE)) ¢ ya; ) sin M, ,

(18)

where constant ¢ =1 for M, <4 and { =2 for M), > 4.
With all the three-dimensions of x(f) modulated, the
average symbols error in a log-normal fading channel
becomes as shown in (19), shown at the bottom of the page.
Figure 5 presents the SER performances of PAFsk-SIM
with Mp =2, M, =1, M, =1; My =4, M, =4, M, = 1;
My =2, M, =16, My = 1; My =1, M, =16, M, = 1
and My = 2, My, = 64 obtained from (19) in comparison
with OOK. The data modulated on the frequency and phase
are shown to be resilient against the effects of turbulence
induced fading when compared to the baseline OOK. Thus
the PAFsk-SIM levels can be increased to increase the
throughput of the system. Amplitude can also be used for
this purpose as long as channel estimations can be carried
out. Comparatively, OOK with fixed threshold detection is
unable to establish a reliable communications link as the
its severely affected by turbulence and its SER performance
converges to a value above 10~2. When the data is modulated
on the phase along with frequency (PAFsk-SIM with My = 2,
M, = 16, M, = 1), the SER curve overlaps with that of
when the information is solely encoded on the phase (PAFsk-
SIM My =1, M, = 16, M, = 1 (16-PSK-SIM)) when SNR
is greater than 15 dB. This shows that, in comparison to
modulating the phase of the subcarrier alone, there is no SNR
penalty for modulating the phase along with the frequency
and provides a higher energy efficiency. With respect to
performance in noise limited channel shown in Fig. 3, the
PAFsk-SIM with My = 4, M, = 4, M, = 1 incurred SNR

Me—1

| &
PePAFskaVC = ﬁ Z |:
i=1

Al o
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FIGURE 6. Frequency response with impulse response inset of the second degree
multipath channel.

penalty of 7.14 dB at an SER value of 10~ due to turbulence
induced fading with o} = 0.1.

B. INDOOR MULTIPATH CHANNEL

In this section, an indoor VLC channel with second degree
multipath propagation is considered. The degree of multipath
refers to the number of possible indirect paths the signal can
take before arriving at the receiver. To illustrate, a system
with a single LED and a photodiode (PD) positioned at
coordinates (3.75, 3.75, 3) and (1, 1, 0.5) respectively in a
room with dimensions (5, 5, 3) m is considered. The walls;
floor; and ceiling have respective reflectivities of p, =
0.83; pfroor = 0.48; pceiling = 0.63 as in [38]. The channel
impulse response (CIR), along with corresponding frequency
response, is given in Fig. 6. The CIR consisting of line of
sight (LOS) and non-line-of-sight (NLOS) components is
convolved with the desired transmission signal and noise
is added in order to model data transmission through the
channel.

The BER performance of PAFsk-SIM, along with OOK,
are shown in Fig. 7 for the second order multipath channel.
The CIR is sampled at 5 Gsam/s and for illustration only,
the data rate is 62.5 and 125 Mbps for OOK; and 250,
500, 500, 750 Mbps for PAFsk-SIM with {My = 4, M, =
M, = 1 (4-FSK-SIM)}, My = 1,M, = 4 M, = 1
(4-PSK-SIM)}, {My =M, =4, M, = 1} and {My = My, =
16} respectively. From the figure, it can be seen that OOK
suffers a huge performance degradation with an SER > 10!
at the transmission rate of 125 Mbps and thus, a reliable
communication link cannot be established. One solution is
to increase the OOK symbol duration which reduces the
transmission rate. It is shown that at the transmission rate
of 62.5 Mbps, an SER of 107 can be achieved at an SNR¢
of 29 dB. In contrast, PAFsk-SIM is able to offer some
resilience against ISI. The high and medium priority data
encoded on the frequency (e.g.,asin My =4, M, =M, = 1)
and phase (e.g., as in My = M, = 4, M, = 1) are able to
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FIGURE 7. Error performance of PAFsk-SIM in second order multipath channel with
OOK as benchmark.

achieve an SER of 107 with 26.3 dB and 26.5 dB. For
the latter case, the power penalty due to multipath effect in
comparison with the AWGN scenario in Fig. 3 is 6.6 dB.
Lower priority data modulated on the amplitude is affected
severely from the multipath effect leading to the SER to
converge to about 10~*. Meanwhile, when only the phase
is used to encode data, as in My = 1, M, = 4, M, =1
(4-PSK-SIM), the SER converges to a value above 107,
While this value is below the FEC limit, the convergence
to an error floor highlights the destructive effect of the
multipath effect on the signal. Comparatively, PAFsk-SIM
with My = 4, M, =4, M, =1 can achieve anSER of 1070
at an SNR; value of 26.7 dB. This can be attributed to the
resilience of the baseline FSK scheme.

Effects of the multipath propagation can be reduced with
the use of cyclic prefix (CP) at the cost of additional
overhead. Figure 8 shows the performance of SIM based
schemes with CP of 30% signal length in the second order
multipath channel. PAFsk-SIM with My = 1,M, =4, M, =
1 (4-PSK-SIM) and My = 1, My, = 16 benefit the most
from the application of CP as they are severely affected by
the multipath effect and achieve an SER of 107 at an SNR
of 24.85 dB and 32.96 dB respectively. PAFsk-SIM with
My=4,M, =M, =1 and My =M, =4, M, = 1, with the
addition of CP, are able to achieve an SER of 10~° at an
SNR; of 25.92 dB which is 0.78 dB less than without CP.
Therefore, in scenarios where CP overhead can be afforded
in a system, PAFsk-SIM with My = 1,M, = 4, M, =
1 (4-PSK-SIM) is optimal among the schemes considered.
Meanwhile, PAFsk-SIM with My = M, = 4, M, = 1 is
optimal for systems where additional overhead cannot be
afforded.

C. MULTIPLE SCATTERING CHANNEL

This section considers a channel where the transmitted
photons experience multiple scattering events, such as in
UOWC or an FSO link in foggy conditions. Signals travelling
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FIGURE 9. CIR of a 15m turbid harbour water link.

in a channel with multiple scattering experience a time
dispersion and consequently bandwidth limitation. The CIR
of a multiple scattering UOWC channel can be described by
the double-Gamma function (DGF) [43], [50]:

h(t) = Citexp(—Cat) + Catexp(—Cat), (20)

where C;,i = 1,2, 3,4 are fitting coefficients related to the
channel conditions. For illustration purposes, this study con-
siders a DGF with C1 234 = {8.9, 1.2 x10°,2.4,4.5x 105}
that represents turbid harbour water as in [51]. The resulting
CIR is shown in Fig. 9. For this channel, photons arriving
at different times due to scattering result in an root mean
squared (RMS) delay spread, trms = 1.6 ns.

The performance of PAFsk-SIM, in comparison with
OOK, is evaluated in this channel via MC simulations.
Transmission are carried out at different data rates and energy
per bit values required for the transmission to achieve a BER
of 107® are shown in Fig. 10. It is observed that, OOK
is significantly affected by the temporal dispersion caused
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by the channel. Using OOK, maximum data rate of 153
Mbps is achieved at E,/Nog = 41 dB. Increasing the signal
power beyond this has not yielded any improvement in the
system performance as ISI is the dominant effect in this
region of operation. For PAFsk-SIM, CP can be added to
offer resilience against the channel dispersion. In this work,
a CP with length equal to 30% of the signal length is used.

A comparison of highest data rates achieved at a BER
value of 107° and the Ej /Nop required for this transmission
is presented in Fig. 10. Frequency only modulated scheme,
My = 4,M, = M, = 1 starts with a comparable data rate
and Ep/Np requirement as OOK, however as the Ep/Np
increases so does the data rate of PAFsk-SIM. As OOK is
more severely affected by the channel effect, increasing the
transmission power does not benefit the system performance.
Medium and low priority data can be further modulated
and the resultant hierarchical modulation achieves 1.14 and
1.36 Gbps data rate with SNR per bit values of 41.12 dB
and 42 dB respectively.

VI. EXPERIMENTAL CASE STUDY - UNDERWATER
CHANNEL

This section discusses the experimental implementation
of the PAFsk-SIM schemes, using the UOWC turbulence
induced fading channel as a case study.

A block diagram of the system setup is presented in
Fig. 11, along with the system frequency response. The
experimental testbed is shown in Fig. 12 and the experi-
mental parameters are presented in Table 1. The transmitter
side consists of a Keysight m8195a arbitrary waveform
generator (AWG), an Osram PL450b laser diode (LD), DC
power supply, a bias-T, and a collimation lens. Here, random
data bits are generated and used to implement hierarchical
modulation offline using MATLAB software. The resulting
signal is then sent to the AWG where it is sampled prior
transmission. This modulated electrical signal with peak-
to-peak voltage of 0.5 V is combined with 30 mA DC
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TABLE 1. Experimental parameters.

Parameter Value

Tank Dimensions 1.5 x 0.5 x 0.5 m3
LD Centre Wavelength (X) 450 nm

LD Bias Current 30 mA

Signal Vpp 05V

AWG Sampling Rate 64 Gsam/s
Oscilloscope Sampling Rate 40 Gsam/s

Random Bit
Generation

Normalised Gain (d8)
c

PAFsk-SIM 1 N
Modulation DC Bias » \
o 0z os o5 05 1 12 14 18 10 2

l Frequency (Hz) «10°

Post Detection Processing

PIN
———)> Photodiode ——>
Receiver

Laser ~, Underwater Channel
>
Diode v Emulator

Data Logger

AWG —— Bias-Tee — (Oscilloscope)

FIGURE 11. Experimentation process with frequency response of the system
in-layed.

FIGURE 12. Experimental testbed.

current using a bias-tee to drive the laser diode. The emitted
optical beam is finally collimated for propagation through the
underwater channel emulator (UCE). The UCE consists of a
1.5x 0.5 x 0.5 m® water tank in which a heat source may be
placed along the link. This heater introduces a temperature
inhomogeneity to the medium which induces underwater
turbulence within the UCE, as in our previous work in [52].
At the receiver side, the optical beam is received by a
Femto HSPR-X-I-1G4-SI PIN photoreceiver, followed by an
Agilent DSA90804A oscilloscope. The received electrical
signal is then is analysed in MATLAB offline.

Due to the long coherence time of underwater turbulence,
this data transmission is repeated for 1000 iterations in order
to gather a true representation of the random channel. The
measured performance of the PAFsk-SIM UOWC system
over a range of turbulence conditions is presented in Fig. 13.
This figure clearly shows that high priority data encoded on
the subcarrier frequency are shielded from the turbulence
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FIGURE 13. Highest achievable data rate within FEC limit for different PAFsk-SIM
modulation order in comparison with OOK baseline.

induced fading in the channel. The data rate of 0.75 Gbps
is maintained across different levels of turbulence of up
to 012 = 0.25. Expectedly, the low priority data on the
subcarrier signal amplitude suffer performance degradation
in the presence of channel fading. An indication of this is
the My =2, M, = 4, M, = 4 whose aggregate data rate is
3.5 Gbps in no fading noise limited condition (012 =0) but
cannot establish a communication link with a BER within
the FEC limit in fading channel with 012 > 0.1. Using the
subcarrier phase for medium priority provided some level of
resilience while enhancing the spectral efficiency over using
only the subcarrier signal frequency for data transmission.
For example, PAFsk-SIM with My =2, M, = 8, M, = 1,
an aggregate transmission speed of 3.1 Gbps is recorded in
noise limited conditions and this only reduced to 2.85 Gbps
in turbulence induced fading with 012 = (0.24. This resilience
is also observed in PAFsk-SIM with My =1, M, =4, M, =
1 (4-PSK-SIM) as the maximum achieved data rate can be
reliably preserved in the presence of turbulence with a drop
from 3.1 Gbps at 0} = 0 to 2.74 Gbps at 0} = 0.21. In
contrast, transmission using OOK with fixed threshold (FT)
decoding is shown to be very unreliable in the presence
of turbulence as the communication link breaks down for
a 012 > (0.04. The phase and frequency modulated systems
prove resilient against turbulence induced fading as the
decision boundary between the information symbols are
not affected. Information can be encoded on the subcarrier
signal frequency in systems where channel estimation is not
possible and higher data rates can be achieved by encoding
the information on the subcarrier signal phase.

VIl. CONCLUSION

This paper presented the performance analysis of the PAFsk-
SIM technique in hostile environments. This technique is
evaluated analytically, through simulation and in experimen-
tal studies. Through this analysis, FSK-SIM which is the
base modulation scheme of PAFsk-SIM, is shown to be the
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most energy efficient and highly resilient against malicious
channel effects. However, it has a low spectral efficiency.
This can be improved upon through the development of
PAFsk-SIM as an extension of FSK-SIM. PAFsk-SIM is
demonstrated for the first time, and is shown to be resilient
against turbulence induced fading. Simulation results in
an indoor multipath channel further show the potential of
PAFsk-SIM as a modulation technique that is resilient to
the hostile ISI channel effect. PAFsk-SIM has shown its
ability to preserve the energy efficiency of FSK-SIM while
boosting its transmission rate capabilities, maintaining the
power requirements while increasing the number of bits
encoded. Utilising phase and amplitude to increase the
spectral efficiency of the system is shown to be optimal in
achieving highest data rates in applications where channel
estimation can be carried out reliably. These results provide
insight on OWC system design in practical scenarios with
realistic channel effects.
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