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In this Letter, we propose and demonstrate a dual-mode
spatial index modulation (DM-SIM) scheme for spec-
tral efficiency enhancement of band-limited multiple-input
multiple-output optical wireless communication (MIMO-
OWC) systems. By performing dual-mode index modulation
in the spatial domain, DM-SIM can transmit both spatial
and constellation symbols. Since constellation design plays
a vital role in the proposed DM-SIM scheme, we further
propose three dual-mode constellation design approaches
including phase rotation, amplitude scaling and joint phase
rotation and amplitude scaling. Moreover, we also designed
a differential log-likelihood ratio (LLR) detector for the pro-
posed DM-SIM scheme. Experimental results show that the
joint phase rotation and amplitude scaling approach can
achieve a remarkable 3.2 dB signal-to-noise ratio (SNR) gain
compared with the phase rotation approach in a 2×2 MIMO-
OWC system applying DM-SIM. © 2024 Optica Publishing
Group

https://doi.org/10.1364/OL.509658

Optical wireless communication (OWC) has been emerging
as a pivotal and promising enabling technology for the sixth-
generation (6G) of mobile networks in recent years, due to its
many advantages, such as abundant and unregulated spectrum
resources, low-cost front-ends, electromagnetic interference-
free operation and high physical-layer security [1–3]. However,
commercially available optical elements such as light-emitting
diodes (LEDs), laser diodes (LDs) and photodiodes (PDs) are
generally band limited. The usable modulation bandwidth of
these optical elements is relatively small, especially for illumi-
nation LEDs which usually exhibit a −3 dB bandwidth of only
several MHz [4]. Hence, it is of practical significance to enhance
the spectral efficiency for a given modulation bandwidth so as to
substantially boost the capacity of band-limited OWC systems.

As a capacity-enhancement technique in the spatial domain,
multiple-input multiple-output (MIMO) transmission has been
widely applied in band-limited OWC systems [5]. So far, three
basic MIMO schemes including repetition coding (RC), spa-
tial multiplexing (SMP), and spatial modulation (SM) have
been introduced in MIMO-OWC systems [6]. Specifically, RC
obtains diversity gain by using all the transmitters to transmit
the same signal, SMP achieves multiplexing gain by employing
different transmitters to transmit different signals, and SM is a
digitized MIMO scheme which can transmit both spatial and

constellation symbols [7–9]. Lately, various advanced MIMO
schemes have been further reported in the literature. In [10], a
generalized LED index modulation scheme has been proposed
for 4×4 MIMO-OWC systems, where a complex time-domain
orthogonal frequency division multiplexing (OFDM) signal is
transmitted by using four LEDs. In [11], user-centric MIMO
schemes including RC/SMP switching, adaptive SMP and RC-
aided adaptive SMP have been proposed by exploiting users’
spatial positions as a new degree of diversity.

Moreover, generalized MIMO schemes including general-
ized SM and generalized SMP have been further proposed for
MIMO-OWC systems in [12–14]. Compared with SM which
only activates one transmitter to transmit signal, generalized
MIMO schemes can activate multiple transmitters to transmit
signals. Nevertheless, only a subset of all the transmitters can be
activated to transmit signals in order to transmit additional spa-
tial bits, and hence there exist idle transmitters which are not used
to transmit signals, which inevitably limits the achievable capac-
ity of band-limited MIMO-OWC systems. On the other hand, if
all the transmitters are activated to transmit signals, e.g., RC and
SMP, no additional spatial bits can be transmitted. Therefore,
it remains to be an open problem how to transmit additional
spatial bits while utilizing all the transmitters to transmit signals
in band-limited MIMO-OWC systems.

Aiming to address the above-mentioned problem, in this Let-
ter, we, for the first time, propose a novel dual-mode spatial index
modulation (DM-SIM) scheme for spectral efficiency enhance-
ment of band-limited MIMO-OWC systems. By designing two
distinguishable constellation sets, dual-mode index modulation
can be successfully performed in the spatial domain, and hence
the proposed DM-SIM scheme can utilize all the transmitters to
transmit both spatial and constellation symbols. To efficiently
implement DM-SIM, we further propose three dual-mode con-
stellation design approaches and a differential log-likelihood
ratio (LLR) detector. Proof-of-concept experiments are con-
ducted to evaluate the performance of MIMO-OWC systems
applying the proposed DM-SIM scheme.

Without a loss of generality, a 2×2 MIMO-OWC system is
considered to introduce the principle of the proposed DM-SIM
scheme, and DM-SIM is applicable to a general MIMO-OWC
system with a larger MIMO size. The schematic diagram of
an OFDM-based MIMO-OWC system using the proposed DM-
SIM scheme is depicted in Fig. 1, where Nt = Nr = 2. As we can
see, the input bits are first partitioned into three parts, namely,
spatial bit bs, constellation bits bc,A for mode A, and constellation

0146-9592/24/020334-04 Journal © 2024 Optica Publishing Group

https://orcid.org/0000-0003-2541-6283
https://orcid.org/0000-0003-1656-4591
https://doi.org/10.1364/OL.509658
https://crossmark.crossref.org/dialog/?doi=10.1364/OL.509658&amp;domain=pdf&amp;date_stamp=2024-01-05


Letter Vol. 49, No. 2 / 15 January 2024 / Optics Letters 335

Fig. 1. Schematic diagram of an OFDM-based MIMO-OWC system using the proposed DM-SIM scheme with differential LLR detection
for Nt = Nr = 2. Mod., modulation; dem. demodulation; eq., equalization.

Table 1. DM-SIM Mapping Table for Nt = 2

bs s1 s2 s x

0 1 2 [1, 2] [cA
α , cB

β ]
1 2 1 [2, 1] [cB

β , cA
α]

bits bc,B for mode B. The distinguishable constellation sets for
constellation mappers A and B are, respectively, denoted by
MA and MB with MA ∩MB = ∅, and the sizes of MA and
MB are represented by MA and MB, respectively. Then, bs is
sent into the spatial mapper to generate the spatial index vector
s = [s1, s2], while bc,A and bc,B are fed into mode A mapper
and mode B mapper to generate constellation symbols cA

α and
cB
β , respectively, with α = 1, 2, . . . , MA and β = 1, 2, . . . , MB.

After that, DM-SIM is performed with respect to the two spatial
channels for a given subcarrier slot to generate the transmit
signal vector x = [x1, x2]. The DM-SIM mapping table for Nt

= 2 is given in Table 1. Specifically, one spatial bit can be
transmitted in the 2×2 MIMO-OWC system applying DM-SIM.
If the spatial bit is zero at the given subcarrier slot, the first
spatial channel (i.e., LED 1) is selected to transmit constellation
symbol cA

α fromMA, while the second spatial channel (i.e., LED
2) is selected to transmit constellation symbol cB

β from MB. On
the contrary, if the spatial bit is one at the given subcarrier slot,
the first and second spatial channels are assumed to transmit cB

β

and cA
α , respectively.

Subsequently, parallel OFDM modulation is executed and
the OFDM modulation includes the procedures of inverse fast
Fourier transform (IFFT) with Hermitian symmetry and parallel-
to-serial (P/S) conversion. After digital-to-analog (D/A) conver-
sion and adding direct current (DC) bias, two parallel real-valued
nonnegative electrical signals are obtained, which are finally
used to drive LED 1 and LED 2 to generate the output optical
signals. After a free-space transmission, the optical signals are
captured by two photo-detectors (PDs), and the detected analog
signals are converted into digital signals via an analog-to-digital
(D/A) conversion. Then, a zero-force equalization is carried
out for MIMO demultiplexing [14]. The equalization signals
undergo parallel OFDM demodulation, which includes serial-
to-parallel (S/P) conversion, fast Fourier transform (FFT), and
frequency-domain equalization (FDE), and hence, the estimate
of the transmit signal vector x, i.e., x̂ = [x̂1, x̂2], can be obtained.

Finally, a differential LLR detector is designed to perform
DM-SIM detection. At a given subcarrier slot, the LLR value of
the i-th (i = 1, 2) spatial channel can be calculated by [15]

λi = ln

(︄
MA∑︂
α=1

exp
(︃
−

1
Pn

|︁|︁xi − cA
α

|︁|︁2)︃)︄
− ln

(︄
MB∑︂
β=1

exp
(︃
−

1
Pn

|︁|︁xi − cB
β

|︁|︁2)︃)︄ ,

(1)

where Pn denotes the noise power at the given subcarrier slot
in the frequency domain and cA

α ∈ MA, cB
β ∈ MB. It should be

noted that Pn might be different at different subcarrier slots due
to the low-pass frequency response of the band-limited MIMO-
OWC system. Letting ∆λ = λ1 − λ2 denote the difference of
the LLR values, the spatial index vector s can be estimated
as follows:

ŝ =
{︃
[1, 2] , if ∆λ>0
[2, 1] , if ∆λ ≤ 0

. (2)

According to ŝ, the estimated constellation symbols ĉA
α and ĉB

β

can be extracted from x̂. Consequently, the output bits can be
obtained by demapping ŝ, ĉA

α and ĉB
β .

Considering a general Nr × Nt MIMO-OWC system applying
the proposed DM-SIM scheme where k out of totally Nt spatial
channels are selected to transmit constellation symbols from
MA while the rest Nt − k spatial channels transmit constellation
symbols from MB, the overall spectral efficiency is given by

η =
⌊︁
log2(C(Nt, k))

⌋︁⏞ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄⏟⏟ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄⏞
spatial symbol

+ k log2 MA + (N − k) log2 MB⏞ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄⏟⏟ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄⏞
constellation symbols

, (3)

where ⌊·⌋ represents the floor operator which outputs an integer
smaller or equal to its input value and C(Nt, k) denotes the bino-
mial coefficient. It can be seen from Eq. (3) that the first term
is contributed by the spatial symbol while the second and third
terms are contributed by the dual-mode constellation symbols.

As discussed above, the overall performance of DM-SIM-
based MIMO-OWC systems largely depends on the adopted
two distinguishable constellation sets MA and MB. To this
end, we further propose three dual-mode constellation design
approaches by exploiting the phase and/or amplitude of a
base constellation. Without loss of generality, we here take
MA = MB = 4 as an example. Figures 2(a), (b), and (c) illus-
trate the dual-mode constellation design approaches based on
phase rotation, amplitude scaling and joint phase rotation and
amplitude scaling, respectively. For the phase rotation approach,
as shown in Fig. 2(a), the standard 4-ary quadrature amplitude
modulation (4-QAM) constellation plotted in blue squares repre-
sents the constellation set MA for mode A, and the constellation
set MB for mode B as depicted in red circles can be obtained by
rotating MA as follows:

MB =MA exp(jθ), (4)

where θ is the rotated angle. For the amplitude scaling approach,
as illustrated in Fig. 2(b), the constellation set MB can be
achieved from MA via amplitude scaling as follows:

MB = µMA, (5)

where µ = d2/d1 is the amplitude scaling factor, with d1 and d2

denoting the radii of the circles corresponding to MA and MB,
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Fig. 2. Constellation design: (a) phase rotation, (b) amplitude
scaling, and (c) joint phase rotation and amplitude scaling.

Fig. 3. Experimental setup of a 2×2 MIMO-OWC system using
infrared LEDs.

respectively. For the joint phase rotation and amplitude scaling
approach, as can be seen from Fig. 2(c), the constellation setMB

is generated fromMA through both phase rotation and amplitude
scaling, which can be expressed by

MB = µMA exp(jθ). (6)

It can be observed from Figs. 2(a), (b), and (c) that the rotated
angle θ and/or the amplitude scaling factor µmight be optimized
to minimize the overall bit error rate (BER) performance of the
MIMO-OWC system applying the proposed DM-SIM scheme.

To evaluate the performance of DM-SIM, proof-of-concept
experiments are conducted by a 2×2 MIMO-OWC setup. Fig-
ure 3 depicts the experimental setup of the 2×2 MIMO-OWC
system using infrared LEDs. As we can see, the transmitted sig-
nals are first generated offline by MATLAB, which are then sent
to a two-channel arbitrary waveform generator (AWG, Tektronix
AFG31102) with a sampling rate of 25 MSa/s. Then, a DC bias
current of 50 mA is combined with each of the two AWG output
signals via a bias tee. Subsequently, the two combined signals
are used to drive two infrared LEDs which both have a field of
view (FOV) of 60◦. At the receiver side, an avalanche photodi-
ode (APD, Hamamatsu C12702-12) is utilized to detect the light

signals at two receiver positions. The detected electrical signals
are captured by a digital storage oscilloscope (DSO,Tektronix
MDO32) with a sampling rate of 250 MSa/s, and the resultant
digital signals are further processed offline in MATLAB. In the
experimental setup, the spacing between two infrared LEDs is
30 cm, the spacing between two receiver positions is 10 cm,
and the transmission distance is 45 cm. Moreover, the size of
IFFT/FFT in OFDM modulation is 128 and a total of 32 sub-
carriers are used to carry valid data. As a result, the effective
signal bandwidth is 25×32/128 = 6.25 MHz. When applying
the proposed DM-SIM scheme in the 2×2 MIMO-OWC system
with Nt = 2, k = 1, and MA = MB = 4, according to Eq. (3), the
overall spectral efficiency is 5 bits/s/Hz, and hence the data rate
is 5×6.25 = 31.25 Mbits/s.

We first evaluate the three constellation design approaches
in the DM-SIM-based 2×2 MIMO-OWC system. Figure 4(a)
shows the experimental BER versus rotated angle for the phase
rotation approach with an AWG input peak-to-peak voltage
(Vpp) of 3 V. It can be found that the BER first gradually
decreases and then increases when the rotated angle is increased
from 30◦ to 60◦, and the minimum BER of 6.9 × 10−4 is achieved
with an optimal rotated angle of 45◦. The insets in Fig. 4(a) depict
the corresponding received constellations for rotated angles of
35◦, 45◦, and 55◦. As we can clearly observe, the optimal rotated
angle of 45◦ can maximize the minimum Euclidean distance
between the constellation points in two different modes, and
therefore the lowest BER can be obtained. Figure 4(b) shows
the experimental BER versus amplitude scaling factor for the
amplitude scaling approach with Vpp = 3 V. It is also evident
that the BER is first gradually decreased and then increased with
the amplitude scaling factor increasing from 1 to 2.2, and the
BER reaches the minimum value of 5.7 × 10−4 with an optimal
amplitude scaling factor of 2. The corresponding received con-
stellations for amplitude scaling factors of 1.5, 2, and 2.25 are
given in the insets in Fig. 4(b). Similarly, the optimal amplitude
scaling factor of 2 can ensure that the minimum Euclidean dis-
tance between the constellation points in two different modes
will have a maximum value to minimize the BER. Figure 4(c)
presents the contour plot of BER versus the rotated angle and
amplitude scaling factor for the joint phase rotation and ampli-
tude scaling approach with Vpp = 3 V. Evidently, there exits
an optimal combination of rotated angle and amplitude scaling
factor, i.e., (45◦, 1.75), that can result in a minimum BER of
7.8 × 10−5. The inset in Fig. 4(c) shows the received constella-
tion for a rotated angle of 45◦ and an amplitude scaling factor
of 1.75. It can be concluded from Figs. 4(a), (b), and (c) that
it is feasible to optimize the rotated angle and/or the ampli-
tude scaling factor so as to achieve a minimum BER for the
DM-SIM-based 2×2 MIMO-OWC system.

We further investigate the relationship between BER and aver-
age received SNR for the three dual-mode constellation design
approaches in the DM-SIM-based 2×2 MIMO-OWC system,
where the three average received SNR values of 7, 12.7, and 15.6
dB are considered, which are corresponding to three Vpp values
of 1, 2, and 3 V, respectively. Figure 5 presents the experimen-
tal BER versus average received SNR for DM-SIM with three
dual-mode constellation design approaches and the conventional
MIMO scheme. For DM-SIM schemes, optimization is per-
formed for each average received SNR value. For conventional
MIMO, 4-QAM and 8-QAM are adopted in two spatial chan-
nels to achieve the same spectral efficiency of 5 bits/s/Hz. As
we can see, the phase rotation approach obtains the worst BER
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Fig. 4. Experimental results: (a) BER versus rotated angle, (b) BER versus amplitude scaling factor, and (c) contour plot of log10BER
versus rotated angle and amplitude scaling factor.

Fig. 5. Experimental BER versus average received SNR for
different schemes.

performance, which requires an average received SNR of 13.3
dB to reach the 7% forward error correction (FEC) coding limit
of BER = 3.8 × 10−3. Moreover, the amplitude scaling approach
performs slightly better than the phase rotation approach, and the
required SNR for the amplitude scaling approach to reach BER
= 3.8 × 10−3 is 12.1 dB. It is exciting to see that the joint phase
rotation and amplitude scaling approach achieves the best BER
performance, which reaches BER = 3.8 × 10−3 with an average
received SNR of 10.1 dB. As a result, the joint phase rotation
and amplitude scaling approach outperforms the phase rotation
and amplitude scaling approaches by remarkable SNR gains of
3.2 dB and 2 dB, respectively. Furthermore, the required aver-
age received SNR for the conventional MIMO scheme to reach
BER = 3.8 × 10−3 is 12.8 dB. Hence, a 2.7-dB SNR gain can be
achieved by DM-SIM with joint phase rotation and amplitude
scaling in comparison to the conventional MIMO scheme.

In this Letter, we have proposed and experimentally demon-
strated a novel DM-SIM scheme for MIMO-OWC systems.
To enable DM-SIM in MIMO-OWC systems, three dual-mode
constellation design approaches have been further proposed.

Moreover, a differential LLR detector has also been designed
to realize DM-SIM detection. It is shown by the experimen-
tal results that the joint phase rotation and amplitude scaling
approach performs the best among all the three dual-mode con-
stellation design approaches. Therefore, DM-SIM with joint
phase rotation and amplitude scaling based dual-mode con-
stellation design can be a promising candidate for high-speed
MIMO-OWC systems.
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