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Abstract: A signal space diversity (SSD) scheme was proposed to be incorporated with spatial modu-
lation (SM) in an intensity-modulation/direct-detection-based multiple-input-single-output (MISO)
indoor optical wireless communication (OWC) system to improve bit-error-rate (BER) performance
and system throughput. SSD was realized via signal constellation rotation and diversity interleaving
using different channel gains to improve the BER. With SM incorporated, the MISO-OWC system
throughput increased. Theoretical BER expressions of the SSD scheme were established for the first
time by investigating the distance of neighboring constellation symbols upon maximume-likelihood
detection. Such BER expressions were further verified by numerical results. The results showed that,
except for the slightly-lower-accuracy performance brought by comparable distances of neighboring
constellation symbols in cases of low signal-to-noise ratios, these BER expressions were accurate in
most scenarios. Moreover, theoretical investigations of channel gain distributions were performed at
different signal constellation rotation angles to show the capability of the SSD scheme to improve
the BER. The results showed that a significantly improved BER by two orders of magnitude could
be achieved using a reasonably high channel-gain ratio and a larger constellation rotation angle.
The SSD-SM scheme provides a promising option to achieve transmitter diversity with an enhanced
throughput in high-speed indoor OWC systems.

Keywords: optical wireless communications; spatial modulation; signal constellation rotation;
diversity interleaving; channel gain difference

1. Introduction

The COVID-19 pandemic has accelerated future workplace transformation. A surge
of wireless data volume and connection speed has been seen in each residence [1] due to
the multiple smart device connections and high-speed broadband applications such as real-
time high-definition video streaming for remote working, education, and entertainment, etc.
Optical wireless communication (OWC) provides a promising solution to accommodate
such changes in wireless traffic, as it can offer scalable, higher-bandwidth transmission
without conventional radio-frequency (RF) spectrum regulation and RF interference [2].
In addition, its simple installation via the broadband fiber-to-the-premises distribution
networks is also preferred in indoor applications [3].

The prevalent line-of-sight (LOS) link configuration in the OWC system enables ultra-
high-speed wireless transmission. However, this LOS link is subjected to optical channel
obstructions caused by small opaque objects or mobile end-users, thus resulting in link
performance degradation or even link outages [4,5]. To enhance the LOS link robustness
in full compliance with the eye safety regulation, spatial diversity techniques have been
investigated in the intensity modulation/direct detection (IM/DD)-based indoor OWC
systems using multiple-input-single-output (MISO) or multiple-input-multiple-output
(MIMO) configurations [6,7]. In the classical approach to offer spatial diversity in the
OWC system, additional spatial resources are deployed to mainly provide redundant links.
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However, to fully take advantage of these multiple spatial resources, it is worth further
exploring spatial diversity techniques that can be incorporated with the data rate boost
techniques to achieve the dual benefits of improved BER performance and increased system
throughput in the OWC system. The feasible data rate boost techniques should be available
for the spatial diversity links with differences in channel gain across spatial channels to
deal with the LOS optical beam obstruction.

Spatial multiplexing (SMux) is one of such data rate boost techniques that can uti-
lize the channel gain difference. However, this technique is implemented with a vital
prerequisite of a very low channel correlation [8]. As multiple spatial channels in the
indoor OWC system are often highly correlated, extra approaches must be adopted to
facilitate signal demultiplexing from multiple spatial channels at the receiver, such as
imaging optics applied as the optical demultiplexer [9], the superposed signal constellation
modulation for multi-channel signal recognition [10], or other multiple access techniques
incorporated for signal demultiplexing [11]. These extra approaches in SMux complicate
the implementation of spatial diversity links in the OWC system, especially for the MISO
system where signal decoupling must be performed at the “single” receiver. On the other
hand, spatial modulation (SM) is another viable data rate boost technique utilizing channel
gain imbalance. Compared with SMux, SM has a lower spectral efficiency. However, SM is
more robust against highly correlated multi-channels for the indoor OWC transmission.

When spatial diversity is incorporated with SM, receiver diversity can be readily
realized in the MIMO configuration for outdoor FSO links [12] and indoor OWC links
using angle diversity receivers [13]. However, for indoor OWC applications, angle diversity
receivers are expensive to deploy due to the complicated structures. Instead, it is much
simpler for a single PD-based receiver to achieve a portable and compact end-user with
lower power consumption. Thus, transmitter diversity in the MISO configuration is a
preferred option. For the viable transmitter diversity techniques that can be incorporated
with SM, a closed-loop feedback-aided transmit aperture selection approach has been
introduced for outdoor FSO communications [14]. However, an uplink must be established
to offer feedback. If transmitter diversity is provided in an open-loop for OWC links,
transmit signals must be further designed.

In RF transmission, open-loop transmitter diversity incorporated with SM can be
achieved by exploiting a signal constellation dimension [15,16], such as a complex inter-
leaved orthogonal design, or by exploiting the time dimension in SM [15] with space-time
shift keying modulation or space-time coding, etc. Particularly, the signal space diversity
(SSD) scheme [16] provides a good option to be adapted for indoor OWC transmission.
The SSD scheme uses the inherent orthogonal signal constellation to realize the in-phase
and quadrature components of the interleaved constellation symbol pairs transmitted over
independent wireless channels [17]. It is easy to incorporate with SM to improve the BER
performance without an uplink or extra RF chain and has low signal processing complex-
ity. The SSD scheme has been investigated in various RF wireless channels. The results
indicate that the BER performance with the optimum signal constellation rotation angles
in the SSD scheme depends on the wireless channel conditions [18,19]. Unlike complex
RF channel models, for the IM/DD-based indoor OWC system, optical signal intensities
are transmitted rather than signal fields [4]. Thus, the SSD scheme must be adapted to
achieve real-valued signal constellation transmission. The corresponding OWC channel
gain characteristics should be re-evaluated for their transmitter diversity performance
when the SSD scheme is incorporated with SM.

Our previous experimental study has shown the capability of the adapted SSD scheme
for achieving transmitter diversity in the 2 x 1 MISO OWC links [20]. In this paper, the BER
expressions of the SSD scheme in such 2 x 1 MISO OWC links were further theoretically
investigated for the first time. In Section 2, after introducing the 2 x 1 MISO OWC system
configuration and the SM implementation, the principle of the SSD scheme incorporated
with SM is described. The theoretical expressions of the SSD scheme are then proposed
based on the distance of neighboring constellation symbols. In Section 3, the theoretical
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results from the BER expressions are compared with numerical simulation results to show
that a high accuracy of BER expressions can be achieved for most scenarios. In addition, the
SSD scheme is theoretically evaluated using different channel gain distributions together
with different signal constellation rotation angles to show its capability of offering trans-
mitter diversity under partial beam obstructions. The results showed that the SSD scheme
can achieve a significantly improved BER by two orders of magnitude with a reasonably
high channel-gain ratio and with a larger rotation angle. Finally, the conclusions are given
in Section 4.

2. Principle and Theoretical BER Expressions of the SSD Scheme Incorporated with
SMin a2 x 1 MISO OWC System

This section presents the principle of the SSD scheme incorporated with SM and shows
the derivation of the theoretical BER expressions. The configuration of the proposed 2 x 1
MISO OWC system and the implementation of SM are introduced in Section 2.1 as the
background information, followed by the principle of the SSD scheme incorporated with
SM proposed in Section 2.2. The theoretical expressions of this SSD scheme are further
investigated in Section 2.3.

2.1. 2 x 1 MISO OWC System Configuration and Spatial Modulation Implementation

Before introducing the SSD scheme, a brief description of the MISO indoor OWC
system configuration and the SM implementation is provided here as the background.

The 2 x 1 MISO OWC system configuration was investigated in this paper to achieve
transmitter diversity along with SM in the indoor scenario, as illustrated in Figure 1a.
Optical signals from two transmitters (“multiple inputs”) are conveyed over independent
OWC channels at different time slots using the SM. Due to the optical beam spread, part
of the transmitted optical power is received at a single receiver (“single output”). Beam
steering and transmitter activation are centralized-controlled via the fiber distribution
network to ensure optical signals from both transmitters can reach the receiver at different
time slots.

f Fiber distribution

Spatial bit=0 |
1

Spatial Transmitter 1 :
—> dulati < .
Spatial|modulation Transmitter 2 :

bit Spatial bit=1 !

Centralized
control

receiver

(@) (b)

Figure 1. 2 x 1 MISO OWC system configuration and SM implementation. (a) 2 x 1 MISO OWC system; (b) principle

of SM.

For the SM implementation, the spatial bit for SM, as shown in Figure 1b, is encoded
into the index of a transmitter, which controls the transmitter activation. Here, as two
transmitters are deployed, one bit is used as the spatial bit, where the bit “0” and the bit
“1” represent the activation of Transmitter 1 (T x 1) and Transmitter 2 (T x 2), respectively.

2.2. Principle of the SSD Scheme Incorporated with SM

The end-to-end transmission of the SSD scheme incorporated with SM in the 2 x 1
MISO OWC system is shown in Figure 2.
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Figure 2. Block diagram of the SSD scheme incorporated with SM. (a) Signal generation; (b) signal detection.

At the transmitters, the transmit bits are divided into different subsets, for instance,
the underlined subsets “100” and “010” in Figure 2a. Two consecutive subsets form a
group for the SSD implementation. Within each subset, the first bit is the spatial bit for
SM, as the blue numbers shown in Figure 2a. As introduced in Section 2.1, the spatial bit
controls the activation of two transmitters, i.e., T X 1 and T x 2. The remaining bits in each
subset, as the red numbers shown in Figure 2a, are used for signal modulation to offer
SSD. Before SSD implementation, the signal modulation bits go through the quadrature
amplitude modulation (QAM) mapping to create the complex-valued signals, such as the
signals “—1—j” and “1—j,” respectively. The subsequent SSD realization includes two
steps, as shown in the red dash-dotted box in Figure 2a. The two complex-valued signals
in a group are first rotated by multiplying “e/?”. Then, when two spatial bits differ in
a group, diversity interleaving is conducted by exchanging the imaginary part of one
signal with the real part of the other signal. The SSD output signals are then allocated to
the corresponding transmitters according to the spatial bits. Here, carrierless amplitude
and phase modulation (CAP) is conducted as the last step to enable real-valued signal
transmission in the OWC channels. Such electrical CAP signals are modulated onto the
optical carrier via optical modulation.

After free-space optical propagation, the optical signals are collected and detected by
a single optical receiver. The converted electrical signals are further processed, as shown
in Figure 2b. The spatial bits are first recovered, followed by the SSD signals from each
transmit channel being routed to their CAP-matched filters, respectively. The two CAP
output signals are then summed up for the demodulation of SSD signals, including diversity
deinterleaving, maximum likelihood (ML) decoding, and QAM demapping. Finally, the
recovered bits from SSD and SM are combined to complete the overall signal recovery.

Note that, in this paper, the proposed SSD scheme was mainly investigated to achieve
the improved BER performance. When SM is incorporated with the SSD scheme, the
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system throughput can be further enhanced by introducing spatial bits as part of Tx bits.
For instance, the data rate in Figure 2 can be increased by 1.5 times due to one additional
spatial bit being introduced in each subset.

2.3. Theoretical BER Expressions

To further illustrate the performance of the proposed SSD scheme, the theoretical BER
expressions of the SSD scheme are derived in this section.

Assuming that two spatial bits differ in a group, the corresponding two complex-
valued QAM signals can be written as

Yi—qam = a1 +by xj 1)

Ya—gam = a2 +ba xj ()

where a; and aj are the values in the horizontal real axis (in-phase component), and by
and by are the values in the vertical imaginary axis (quadrature component). To implement
SSD, the two QAM signals above are first rotated by angle ¢, written as

y, = el? x Y1-gam = (a1cos ¢ —bysing) + (by cos ¢ +a;y sing) x j 3)

y, =¥ x Y2_qam = (a2c0s ¢ — by sin @) + (by cos ¢ +az sin @) x j 4)

Then, diversity interleaving is conducted, given as
y] = (aj cos ¢ — by sin @) + (az cos ¢ — by sin @) x j (5)

ys = (b1 cos ¢ +ajy sin @) + (by cos ¢ + ap sin @) x j (6)

After signal constellation rotation and diversity interleaving, the SSD signals are
obtained. Such SSD signals can be transmitted in the OWC channels via CAP modulation
and converted back to the complex signals at the receiver after going through the CAP-
matched filters (MFs), as described in Section 2.2. Assume that the total channel gains of
two spatial channels, including the channel gains passing through the electrical-optical-
electrical conversion, are hy and hy [7]. The CAP MF outputs are written as

YRl = 1h; x (a1 cos ¢ — by sin @) + %hl X (apcos ¢ —bysing) x j
“++njcosg +nysing X j

@)

YR = %hz x (by cos ¢ 4 aj sin¢) + %hz X (bpcos @ +apsing) X j+nycos ¢ +nysing x j 8)

where n; and n; are the additive white Gaussian noise. The subsequent SSD diversity
deinterleaving outputs can be written as

YR = %hl X (a1 cos ¢ — by sin @) +nj cos |+ o
%hz X (bj cos ¢ +ajsing) +npcos @| x j

YRa = |3h1 X (a2cos¢ —basing) +nysing |+ (10)
3hy x (by cos ¢ + az sin @) + nysing| X j

Here, without loss of generality, we assume that 4-QAM is used at the transmitters
with |aj|=|az|=|b1|=|bz2|=1, and h; > hy. Thus, the noise-free signal constellation after
the SSD diversity deinterleaving is illustrated in Figure 3, where E; is the mean transmitted
electrical energy of the 4-QAM signal [8]. It can be seen that the viable range of the ¢ angle
is0 < ¢ <45.
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Figure 3. Signal constellation after the SSD diversity deinterleaving at the receiver.

The BER performance of the SSD scheme is determined by the distance of the neigh-
boring constellation symbols [21]. The distances between two edge symbols, denoted as d;
and d», respectively, can be expressed as

dy = \/h% sin? ¢ + h3 cos? ¢ x VEs (11)
dy = \/h% cos2 ¢ 4+ h3sin? ¢ x Es (12)

It can be deduced that dy < d, is obtained when 0 < ¢ < 45",
Similarly, the distances between two diagonal symbols, denoted as d3 and d4, respec-
tively, can be expressed as

d3 = \/h% +h3 — h?sin2¢ + h3sin2¢ x VEs (13)
dy = \/h%+h§+h%sin2go—h§sin2gox VE;s (14)

It can be deduced that d3 < d4 is obtained when 0 < ¢ < 45°. Due to hy > hy,
it can also be deduced that d, < ds. However, the values of d; and d3 need to be
further discussed.

When dq < d3, the BER performance of the proposed SSD scheme, denoted as BERggp,
is determined by d; and d,, which can be written as [22].

(h% sin? ¢ + h3 cos? (p) E, . 1 0
2 No | "2

(h% cos? ¢ + h3 sin? (p) E
= (15)
2 No

Q

NI~

BERgsp =

where 02 = % is the variance of noise per signal dimension (real and complex). Here, an

approximation is applied in Equation (15) when the two Q (-) terms are dominant for the
expected higher f,—; values in the indoor LOS optical wireless links [23].

On the other hand, when d3 < d;, the BER performance of the proposed SSD scheme
is determined by d1, da, and d3, which can be written as

2,12 12 2. 2 (os2 22
~ 1 hi+h3—h7sin2¢+h3 sin2¢ E 1 h7 cos” p+hj sin® ¢ E
BERssp = 70 (\/( 2 ) Ny 1Q ( 2 ) Ny
2 a2 2 2
1 (h1 sin® ¢+hj cos go) E.
29 (\/ 2 No

Here, another Q (-) term appears due to the distance of neighboring constellation
symbols not being limited to the edge symbols but extended to the diagonal symbols under
the condition of d3 < dq < d».

(16)
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Equations (15) and (16) are used as the theoretical BER expressions of the SSD scheme.
The theoretical BER results are further investigated and compared with numerical simula-
tion results in the following section.

3. Results

This section presents the performance of the proposed SSD scheme using the theoreti-
cal and numerical results. In Section 3.1, the theoretical results from the BER expressions
in Section 2.3 are compared with the results from numerical simulation. In addition,
the SSD scheme is theoretically analyzed under the conditions of different channel gain
distributions together with different signal constellation rotation angles in Section 3.2.

3.1. Analysis of the Theoretical and Numerical BER Results

The performance of the SSD scheme was investigated by comparing the theoretical
and numerical BER results to verify the theoretical BER expressions. For the numerical
simulation, upsampling = 4 and rolloff factor = 0.2 are set for the CAP modulation, with
symbol rate = 2.5 GBaud/s. For the theoretical investigation, the results are from the BER
Equations (15) and (16) in Section 2.3.

The SSD scheme was first studied at different signal constellation rotation angles ¢
with fixed channel gains h;y = 1 and hy = 0.63, where the 100% SSD interleaving ratio is
applied. The BER results are shown in Figure 4a. Here, the theoretical BER expression is
based on Equation (15) due to d; being smaller than d3. As ¢ is increased from 0° to 20°,
there is a good match between the theoretical and numerical BER results. However, when
@ is further increased to 45°, a small gap is observed between the theoretical and numerical
BER curves in the low f]—g range. Table 1 shows the values of dy, d», and d3 that are used
in Section 3.1. From Table 1, d; = d; is obtained at ¢ = 45° when the small gap occurs.
Moreover, the value of d1 (dy) is also much closer to that of d3.

From Equations (11) to (13), it is implied that the values of d; and d3 are impacted by
both the signal constellation rotation angle and the channel gain distribution. Therefore,
the SSD scheme is also studied with different channel gain distributions at different signal
constellation rotation angles ¢, where the 100% SSD interleaving ratio is still applied. The
BER results are shown in Figure 4b. From Table 1, d; < d3 is obtained for the black and
blue curve pairs, and thus, the theoretical BER expressions are based on Equation (15).
Otherwise, for the red and purple curve pairs, the theoretical BER expressions are based
on Equation (16). It can be seen that the two theoretical BER expressions work well under
different conditions of d; and d3. Besides, for the ¢ = 45° scenario, a similar gap is observed
between the theoretical and numerical BER curves due to the comparable dy, d; and ds.

To further explore the cause for the small gap, the SSD scheme was studied with the
setting of dy = dp at ¢ = 45° using different channel gain distributions. The BER results
are shown in Figure 4c. For the yellow and grey curve pairs, the theoretical and numerical
BER results match well, where significant differences between the value of d; (d2) and
that of d3 can be seen in Table 1. For the purple and green curve pairs, small gaps appear
with the comparable d1, dy, and ds observed in Table 1, which are similar to the ¢ = 45°
scenarios in Figure 4a,b. In addition, the SSD scheme was also studied with the setting of
dy = dz. The BER results are shown in Figure 4d. Here, except for the orange curve pair,
the other three curve pairs all exhibit good matches between the theoretical and numerical
BER results. For these three curve pairs, obvious differences between the value of d; (d3)
and that of d, can be obtained from Table 1. As for the orange curve pair, a small gap occurs
with the comparable dy, d», and d3.

Figure 4a—d clearly show that only in the scenario of comparable d1, d,, and d; with
low I’f]—;, the accuracy of theoretical BER expressions in Equations (15) and (16) is reduced.

This is because when more noise is presented (low Z%) in the signal constellation with
similar dy, dp, and d3, the constellation symbol can be incorrectly detected as the two
neighboring constellation symbols instead of the correct constellation symbol. However,
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Log;o(BERggp)

such inaccuracy can be improved when f,—; is increased. For most scenarios, the theoretical
BER expressions agree well with the numerical simulations.
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Figure 4. BER of the SSD scheme. (a) With different ¢. (b) With different channel gains and different ¢. (c) With d; = d at
@ = 45°. (d) With d; = d3. Note: num—numerical, theo—theoretical.

Table 1. The values of dy, d, and d3 with different channel gain distributions at different ¢.

Items dq dy ds dy<ds

hy =1, hy =0.63, 20° (Figure 4a, red) 0.684+/Es 0.964+/Es 1.005+/E; Yes (Equation (15))
h; =1, hy =0.63, 45° (Figure 4a, blue) 0.836+/E; 0.836+/E; 0.89v/Es Yes (Equation (15))
hy =1, hy =0.3, 20° (Figure 4b, black) 0.443+/E, 0.945+/E; 0.711/Es Yes (Equation (15))
hy; =1, hy =0.3, 30° (Figure 4b, red) 0.563+/Es 0.879+/Es 0.549/Es No (Equation (16))
h; =1, h, =0.5, 30° (Figure 4b, blue) 0.661+/Es 0.901+/Es 0.775+/Es Yes (Equation (15))
hy =1, hy =0.5, 45° (Figure 4b,c, purple) 0.791+/Es 0.791+/Es 0.707+/Es No (Equation (16))
h; =1, hy =0.3, 45° (Figure 4c, yellow) 0.738+/Es 0.738+/Es 0.424+/E; No (Equation (16))
hy =1, hy =0.4, 45° (Figure 4c, grey) 0.762+/Es 0.762+/E 0.566+/E No (Equation (16))
h; =1, hy =0.6, 45° (Figure 4c, green) 0.825+/Es 0.825v/Es 0.849+/Es Yes (Equation (15))
hy =1, hy =0.3,29.5° (Figure 4d, black) 0.557+/Es 0.883+/Es 0.557+/Es No (Equation (16))
hy =1, hy =04, 32.4° (Figure 4d, red) 0.633+/Es 0.871v/Es 0.6321/Es No (Equation (16))
h; =1, hy =0.5, 37.4° (Figure 4d, blue) 0.726+/Es 0.851+/Es 0.725+/Es No (Equation (16))
h; =1, hy =0.57, 44° (Figure 4d, orange) 0.807 0.821 0.806 No (Equation (16))
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3.2. Theoretical Investigation of Channel Gain Distributions at Different Signal Constellation
Rotation Angles to Improve the BER Performance

In addition to the study of theoretical BER expressions, Figure 4a,b also indicate the
advantage of the SSD scheme for improving the BER performance. In this section, more
theoretical investigations are conducted using different channel gain distribution settings
together with different signal constellation rotation angles, which comprehensively show
the capability of the SSD scheme to work with partial beam obstructions.

For the first channel gain distribution setting, one of the channel gains remains con-
stant as h; = 1, while the other channel gain h; changes from 0.2 to 0.8. This setting
emulates the scenario when one channel is not obstructed while the other one is occasion-
ally and partially obstructed. The signal constellation rotation angle also changes from
0° to 45° to comprehensively illustrate the BER trend. The theoretical BER results using
Equations (15) and (16) are shown in Figure 5a with a high I’f]—z =18, where % denotes the
channel-gain ratio where h; > hy. The corresponding constellation distances of dj, dp, and
d3 are shown in Figure 5b.
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Figure 5. Results of the 1st channel gain setting. (a) BER. (b) Constellation distance.

From Figure 5a, when the rotation angle is fixed, the BER performance is improved
with a higher hy (%) value, which is because a higher signal power is received with the
increases in dy, d», and d3. However, if SM is incorporated, the applicable range of h, must
also comply with the condition of required channel gain difference to enable a relatively
low channel correlation [8]. On the other hand, when the h, (%) value is fixed, there could
be a turning point for the BER performance with an increasing rotation angle, depending
on the values of d; and d3. As shown in Figure 5b, an increasing rotation angle ¢ results
in a larger d and a smaller d; and d3. When ¢ is small, 41 is much smaller than d, and
d3, and thus, d; contributes more to the BER. The turning point occurs when the condition
dy = d3 is met. When d is further increased with the increasing ¢ to achieve d; > d3, the
BER performance is degraded as it is now dominated by smaller d3 [21]. However, when
dy is always smaller than d3 at0 < ¢ < 45°, such as when hy > 0.57 is met, there is no
turning point.

In brief, for the first channel gain setting, the SSD scheme works well when h; is
reasonably high with the upper limit set by the channel gain imbalance required for SM.
In addition, the BER performance of the SSD scheme can be improved at a larger rotation
angle when d; < d3 is met. The results show that the optimum BER improvement ranges
from 10729 to 10747 with ]}% = 0.5 and ¢ = 45°. The average BER improvement ranges
from 10~* to 10~ *~1.64 (1.18 < x < 5.75), which is over one order of magnitude.

For the second channel gain distribution setting, one of the channel gains h; is reduced,
while the other channel gain hy is increased to achieve the constant (h; + hy) using two
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consecutive time slots. This setting emulates the scenario when one channel is partially
obstructed at one time slot while the other channel compensates for such optical loss at the
adjacent time slot. To comprehensively illustrate the BER trend, the signal constellation
rotation angle still changes between 0° and 45°. The theoretical BER results are shown in
Figure 6a with a high f,—; =18 and h; +hy = 1.5. The corresponding constellation distances
of dq, dy, and d3 are shown in Figure 6b with insets provided.
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Figure 6. Results of the 2nd channel gain setting. (a) BER. (b) Constellation distance.

Compared with the results in Figure 5a, the best achievable BER performance in
Figure 6a is degraded due to the constraint of constant (h; +h,) that leads to a lower
achievable received signal power, especially in the higher % range. Besides, when the rota-
tion angle is fixed, a turning point for the BER performance can occur with an increasing
%, depending on the values of dy, dy, and d3. It is observed in Figure 6b that at a fixed rota-
tion angle ¢, an increasing ﬂ—f results in a monotonically decreasing d> but nonmonotonic
changes in dq and d3, which depend on ¢, as shown in the inset of Figure 6b. At a small ¢
(e.g., ¢ =0), an increasing d1 and a decreasing d3 are obtained with the growing }}:—i, where
dy contributes more to the BER due to d3 > dy > d;. When ¢ is increased (e.g., ¢ = 25%), d3
begins to increase with the growing % Still, d1 is much smaller and contributes more to
the BER. When ¢ is further increased (e.g., ¢ = 45°), d; can achieve a larger value than d;
and, thus, d3 contributes more to the BER. As d; begins to decrease while d3 is increased
with the growing ﬂ—f, the turning point with a local optimum BER performance occurs
when the condition dy = dy = d3 is met. When d is further decreased to achieve d3 > dj,
the BER performance is degraded, as the smaller d; contributes more to the BER again.

On the other hand, when the lﬁ—f value is fixed, the BER performance is similar to the first
channel gain setting with an increasing rotation angle.



Photonics 2021, 8, 468

11 0of 13

In brief, for the second channel gain setting, the best achievable BER performance
provided by the SSD scheme is not as good as in the first setting. The SSD scheme works
well when % is reasonably high, and the upper limit is not only set by the channel gain
imbalance required for SM, but also set by the condition d; = d; = d3. Besides, the
BER performance of the SSD scheme can also be improved at a larger signal constellation
rotation angle when d; < dj3 is met. The results show that the optimum BER improvement
ranges from 107126 to 10730 with % = 0.2 and ¢ = 30°. The average BER improvement

ranges from 10~ to 107123 (1.26 < x < 3.53), which is still over one order of magnitude.

4. Conclusions

This paper proposed a signal space diversity scheme that can be incorporated with
spatial modulation to offer transmitter diversity in an IM/DD-based 2 x 1 MISO indoor op-
tical wireless system. Two theoretical BER expressions of the SSD scheme were established
by comparing d; and d3. The BER expressions were then verified by detailed numerical
simulations. The results showed that the theoretical BER expressions agree well with
numerical results for most scenarios, except for the slightly lower-accuracy performance in
the scenario of comparable distances of neighboring constellation symbols, i.e., comparable
dq, d>, and dz with the condition of low f]—; Using such theoretical BER expressions, the SSD
scheme was theoretically investigated using different channel gain distributions together
with different signal constellation rotation angles. For the first channel gain setting that em-
ulates the scenario where one channel is not obstructed while the other one is occasionally
and partially obstructed, the results showed that the optimum BER improvement ranged
from 1072 to 10~*?, which is by two orders of magnitude. Such a BER improvement
can be achieved with a larger signal constellation rotation angle and a reasonably high
channel-gain ratio % (h; > hy), as long as the channel gain difference is met for SM. For
the second channel gain setting that emulates the scenario where one channel is partially
obstructed at one time slot while the other one compensates for such optical loss at the
adjacent time slot, the optimum BER improvement ranged from 10712 to 10730, which
is inferior to the first setting due to the constraint of constant (h; +hy). The results of
different channel gain settings showed the capability of the SSD scheme to offer transmitter
diversity under partial beam obstructions. Compared with other conventional transmitter
diversity schemes, such as the space-time coding, the SSD scheme with SM incorporated
could improve the BER performance with an increased data rate in the MISO-OWC system
without an uplink or extra RF chain.

Note that the best achievable BER performance improvement in the SSD scheme in
this paper was limited by the required channel gain difference for the SM implementation,
as mentioned in Section 3. In the future, the impact of channel gain difference can be further
experimentally investigated when SM is incorporated with the SSD scheme in a practical
indoor OWC environment. In addition, inspired by the SM concept, other dimension
entities with less impact of channel gain difference, such as frequency/code/index domains,
can also be explored for modulation to increase the data rate together with the SSD scheme,
so that the advantages of the SSD scheme can be better exploited.
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Abbreviations

BER Bit-error-rate

CAP Carrierless Amplitude and Phase Modulation
IM/DD  Intensity Modulation/Direct Detection

LOS Line-of-sight

MFs Matched Filters

MIMO  Multiple-input-multiple-output

MISO Multiple-input-single-output

ML Maximum Likelihood

OoOwWC Optical Wireless Communication

QAM Quadrature Amplitude Modulation

RF Radio Frequency

SM Spatial Modulation
SMux Spatial Multiplexing
SSD Signal Space Diversity
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