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Abstract: The Internet of Medical Things (IoMT), an extension of the Internet of Things
(IoT) focused on healthcare, plays a vital role in enabling continuous monitoring of various
medical activities. To address the increasing need for smart medical device connectivity, visible
light communication (VLC) has emerged as a promising solution. In this paper, we propose
and experimentally demonstrate a multi-user VLC system using an index modulation multiple
access (IMMA) scheme tailored for IoMT. By addressing the diverse quality of service (QoS)
requirements of different users, the IMMA scheme transmits data for low-speed users via index
symbols and for high-speed users via constellation symbols, while significantly reducing the
receiver’s computational complexity compared to successive interference cancellation (SIC)
in non-orthogonal multiple access (NOMA). The effectiveness of the IMMA scheme has
been validated through both simulations and hardware experiments, with bit error rate (BER)
performance compared against orthogonal frequency division multiple access (OFDMA) and
under varying user separations. Experimental results show that the IMMA scheme outperforms
the benchmark schemes and achieves significant distance extensions in a two-user VLC system.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The Internet of Things (IoT) plays a pivotal role in improving quality of life by facilitating the
continuous monitoring of various activities. In healthcare, the efficient use of IoT ensures prompt
and accurate medical interventions, which is crucial for enhancing patient outcomes. This has
led to the rise of the Internet of Medical Things (IoMT), a specialized extension of IoT focused
on healthcare [1]. IoMT is designed to guarantee the availability of proper medical services,
both in routine healthcare and critical situations such as the COVID-19 pandemic [2]. With
the rapid growth of IoMT, there is an increasing global demand for large-scale smart device
connectivity and high-speed wireless communication. However, due to the growing congestion of
spectrum resources, traditional radio frequency (RF) communication may soon struggle to handle
the surging mobile data traffic. Recently, optical wireless communication (OWC) using visible
light, infrared, or ultraviolet bands has emerged as a promising solution to mitigate RF spectrum
congestion [3–5]. Among OWC technologies, visible light communication (VLC), which
utilizes commercially available light-emitting diodes (LEDs), offers several advantages such as
abundant, unregulated spectrum resources, no electromagnetic interference (EMI), and enhanced
physical-layer security, drawing considerable attention. As a result, VLC is widely seen as an
effective complement to traditional RF communication for establishing high-speed, high-capacity
networks [6]. Owing to its capabilities to support EMI-free wireless data transmission with broad
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bandwidth and large capacity, VLC has revealed its great potential for various IoMT applications
such as mobile health–monitoring, medical data transmission and low-latency telemedicine
[7–10].

In practical VLC-based IoMT (VLC-IoMT) systems, it is often required to connect multiple
users within the coverage area of a single LED access point (AP). Therefore, the AP must be
capable of transmitting information to several users simultaneously, making the design of an
efficient multiple access technique crucial for multi-user VLC systems. Numerous multiple access
methods have been proposed in the literature, with orthogonal frequency division multiple access
(OFDMA) and non-orthogonal multiple access (NOMA) being the most commonly utilized
[11–14]. In OFDMA-based systems, the available modulation bandwidth is divided and allocated
to individual users, effectively preventing mutual interference. However, the spectrum partitioning
results in a limited bandwidth for each user, significantly reducing the achievable data rate. In
contrast, NOMA allows multiple users to simultaneously share the entire time and frequency
resources by employing power domain superposition coding (SPC) and successive interference
cancellation (SIC) [15]. While NOMA can improve spectrum utilization, the complexity of
implementing SIC at the receiver side poses a challenge, especially for users with constrained
communication and computational capabilities. Additionally, in real-world systems, different
users often have varying quality-of-service (QoS) requirements. These users can typically be
divided into two categories: one category includes users with limited computational capability
and low data rate requirements such as environment sensors and health monitors, while the other
category consists of high-speed users such as multimedia-capable mobile phones. Therefore, it is
essential to consider these diverse QoS requirements when designing multiple access techniques
for multi-user VLC-IoMT systems.

Recently, index modulation (IM) has attracted significant attention due to its advantages in
spectrum and energy efficiency, as well as its hardware simplicity [16–18]. As a spectrum-
efficient digital modulation technique, IM utilizes the indices of system building blocks to encode
additional information bits, offering an alternative approach compared to traditional digital
modulation methods. Given its excellent performance in spectral efficiency, IM has already
been applied into orthogonal frequency division multiplexing (OFDM)-based communication
systems [19]. Studies have shown that OFDM with index modulation (OFDM-IM) provides
better bit error rate (BER) performance than conventional OFDM [20–22]. In OFDM-IM,
information is transmitted not only via constellation symbols but also through the indices of
subcarriers. Specifically, a subset of available subcarriers is selectively activated to transmit
M-ary constellation symbols, while the remaining subcarriers are set to zero and not utilized for
conventional modulation. Additionally, it is important to note that the data rate for transmitting
index symbols is relatively low and fixed, whereas the data rate for constellation symbols is
generally higher. Therefore, spectral-efficient OFDM-IM holds great potential as a candidate for
practical multi-user VLC-IoMT systems.

In this paper, we propose, for the first time, a novel index modulation multiple access
(IMMA) scheme for practical multi-user VLC-IoMT systems. The IMMA scheme takes into
account the communication and computational capabilities, as well as the quality-of-service
(QoS) requirements, of different users. Specifically, the detectors at the receiver can be
significantly simplified, reducing computational complexity. The feasibility and superiority
of the proposed IMMA scheme over conventional NOMA and OFDMA schemes have been
successfully demonstrated through both simulation and experimental results.

2. Principle of IMMA

In this section, we describe the principle of the proposed IMMA scheme for VLC-IoMT systems.
For simplicity and without loss of generality, a two-user VLC-IoMT system is considered here.
Figures 1(a) and 1(b) illustrate the schematic diagrams of the IMMA transmitter and receiver,
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respectively. At the transmitter, the input bits for each user are first divided into G groups using a
bit splitter. The partitioned bits for user 1 and user 2 are then fed into an index selector and a
constellation mapper to generate an OFDM subblock, respectively. Thus, each group’s OFDM
subblock consists of index bits and constellation bits with a length of N, where N = Ndata/G,
and Ndata represents the number of data subcarriers. Next, the G subblocks are concatenated by
an OFDM block creator to form a complete OFDM block. Furthermore, inverse fast Fourier
transform (IFFT) with a Hermitian symmetry (HS) constraint is applied to generate a real-valued
OFDM signal. Finally, the transmitted signal is obtained after parallel-to-serial (P/S) conversion.

Fig. 1. Schematic diagram of the two-user VLC-IoMT system employing IMMA: (a)
transmitter and (b) receiver.

At the receiver, as shown in Fig. 1(b), the received serial signals from both users are first
converted to parallel form using serial-to-parallel (S/P) conversion. After performing fast Fourier
transform (FFT) and frequency-domain equalization (FDE), the OFDM block for each user is
divided into G subblocks using an OFDM block splitter. Within each subblock, a low-complexity
log-likelihood ratio (LLR) detector is employed for signal detection. The index bits of user 1
and the constellation bits of user 2 are recovered directly via the index decoder and constellation
demapper within each subblock, respectively. Finally, the output bits of user 1 are obtained by
combining the index bits through a bit combiner, while the output bits of user 2 are generated by
combining the constellation bits.
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In the two-user VLC-IoMT system employing IMMA, the input data of user 1 is transmitted
as index-domain bits, which is more suited for IoT devices with limited computing capacity
and low data rate requirements. On the other hand, the input data of user 2, transmitted as
constellation-domain bits, caters to mobile devices that require higher communication data rates.
Specifically, in each sub-block of length N, typically only k subcarriers are activated to map
constellation symbols, which are selected from a constellation set M = [S1, S2, . . . , SM] with size
M. Additionally, the indices of the N−k inactive subcarriers can be used to transmit index-domain
information. Table. 1 presents the mapping rules for IMMA where N = 4 and k = 3. At the
receiver, LLR detection is generally employed for the received signals due to its relatively low
computational complexity. Assuming that yηβ (β = 1, . . . , G; η = 1, . . . , N) represents the input
signal to the LLR detector, the corresponding LLR values for the β-th subblock can be calculated
as follows:

κ
η
β = ln(k) − ln(N − k) +

|︁|︁|︁(︂yηβ )︂|︁|︁|︁2
N0

+ ln

(︄
M∑︂

m=1
exp

(︃
−
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|︁|︁|︁2)︃)︄ , (1)

where N0 is the noise power. Moreover, based on the principle of IMMA, the number of index
bits for user 1 in each subblock can be given by:

b1 =
⌊︁
log2 (C(N, k))

⌋︁
, (2)

where ⌊·⌋ denotes the floor operator and C(·) represents the binomial coefficient. Similarly, the
number of constellation bits that can be carried by the constellation set M for user 2 per subblock
can be determined by:

b2 = k log2(M). (3)

Hence, the spectral efficiency for user 1 and user 2 in each subblock can be, respectively,
calculated as follows:

SE1 =

⌊︁
log2 (C(N, k))

⌋︁
N

, (4)

SE2 =
k log2(M)

N
. (5)

Table 1. Mapping table of IMMA for N = 4 and k =3

Index bits Index set for M Subblocks

0 0 [1, 2, 3] [Si, Sj , Sl, 0]

0 1 [1, 2, 4] [Si, Sj , 0, Sl]

1 0 [1, 3, 4] [Si, 0, Sj , Sl]

1 1 [2, 3, 4] [0, Si, Sj , Sl]

Although a simple two-user case is considered in the current work, it is feasible to support
more than two users using the proposed IMMA scheme. Particularly, a hybrid IMMA-OFDMA
scheme can be further designed for VLC-IoMT systems with an arbitrary number of users, which
can be considered as an improved OFDMA scheme with additional index bits.

3. Results and discussions

In this section, we evaluate and compare the performance of a two-user VLC-IoMT system
employing the proposed IMMA scheme, as well as conventional OFDMA and NOMA schemes,
through numerical simulations and hardware experiments. In both simulations and experiments,
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the length of the IFFT is set to 256, with a total of 64 subcarriers (from the 2nd to the 65th)
used for data modulation. Additionally, considering the trade-off between data rate and detection
complexity, the length of each subblock is set to N = 4 with k = 3. The constellation set
size is 16 (i.e., M = 16), and the overall bandwidth of the system is denoted as B. Based on
Eqs. (4) and (5) , the corresponding spectral efficiency of user 1 and user 2 are 0.5 bits/s/Hz
and 3 bits/s/Hz, respectively. To ensure a fair comparison, the data rates for both users are kept
consistent across all three schemes. Therefore, the NOMA scheme modulates user 1 with 2-ary
quadrature amplitude modulation (2-QAM), utilizing half of the bandwidth (B/2), while user 2 is
modulated with 8-QAM and uses the full bandwidth (B). Moreover, the optimal power allocation
ratio is considered for NOMA during the following simulation and experimental evaluations. In
the case of OFDMA, the overall bandwidth B is evenly divided between the two users, allowing
each user to access B/2 of the bandwidth. To match the data rate of the IMMA scheme, user 1
and user 2 in OFDMA are modulated using 2-QAM and 64-QAM, respectively.

3.1. Simulation results

Figure 2 illustrates the geometric configuration of the two-user VLC-IoMT system. As shown,
user 1 is positioned directly beneath the LED at a vertical distance of d meters, while the
separation between user 1 and user 2 is δ meters. In the simulations, d is set to 2.15 meters, and
various values of δ (0.5 m, 1 m, 1.5 m, and 2 m) are chosen to investigate the impact of channel
gain differences on the performance of the schemes. Additionally, the noise in the system is
assumed to follow an additive white Gaussian noise (AWGN) model.

Fig. 2. The geometric configuration of the two-user VLC-IoMT system employing IMMA.

Figure 3 shows the simulated average BER of the two users versus the transmit signal-to-noise
ratio (SNR) for OFDMA, NOMA, and various IMMA schemes under different user separations.
In this comparison, the spectral efficiencies for user 1 and user 2 are set to 0.5 bits/s/Hz and
3 bits/s/Hz, respectively. As illustrated in Figs. 3(a)-(b), the IMMA scheme with N = 4 and
k = 3 demonstrates the best performance, while the IMMA scheme with N = 4 and k = 1 shows
the poorest performance among all schemes. Additionally, it can be observed that the BER
performance of IMMA with N = 4 and k = 2 is comparable to that of OFDMA when user
separations are set to 0.5 m and 1.5 m. Notably, OFDMA outperforms NOMA when the user
separation is 0.5 m. However, as the user separation increases to 1.5 m, NOMA exhibits better
BER performance than OFDMA due to its power allocation strategy. In the following simulation
and experimental evaluations, the IMMA scheme is particularly referring to the case of IMMA
with N = 4 and k = 3.

Figure 4 depicts the simulated BER of each user versus transmit SNR for IMMA, NOMA, and
OFDMA, under different user separations. When the user separation is set to 0.5 m (i.e., δ = 0.5),
as shown in Fig. 4(a), both users in the IMMA scheme achieve the best BER performance,
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Fig. 3. Average BER vs. transmitted SNR for OFDMA, NOMA, and different IMMA
schemes with (a) δ =0.5 m and (b) δ =1.5 m.

whereas the BER of the near user in the NOMA scheme is the worst due to the close proximity
between users. When the user separation increases to 1.5 m, Fig. 4(b) shows a significant
difference in BER performance between the two users in both the IMMA and OFDMA schemes.
In contrast, the BER gap between users in the NOMA scheme is relatively smaller due to power
allocation. However, the proposed IMMA scheme still outperforms NOMA, and NOMA shows
better performance than OFDMA.

Fig. 4. BER of each user vs. transmitted SNR for OFDMA, NOMA, and IMMA with (a) δ
=0.5 m and (b) δ =1.5 m.

Figure 5 presents the simulated average BER versus transmitted SNR for IMMA, NOMA,
and OFDMA under different user separations. When δ = 0.5 m, as shown in Fig. 5(a), the
required maximum SNR to achieve the 7% forward error correction (FEC) coding limit of BER
= 3.8× 10−3 for IMMA, OFDMA, and NOMA is 116.4 dB, 120.2 dB, and 121.2 dB, respectively.
Therefore, IMMA outperforms OFDMA and NOMA with SNR gains of 3.8 dB and 4.8 dB,
respectively. For δ = 1 m, as shown in Fig. 5(b), NOMA performs slightly better than OFDMA
due to the significant channel gain differences between users, while IMMA still achieves the best
performance, surpassing NOMA by 3.1 dB in SNR gain. As the user separation increases to 1.5
m, Fig. 5(c) shows that IMMA maintains an SNR advantage of 1 dB over NOMA. Finally, for
δ = 2 m in Fig. 5(d), IMMA exhibits a much lower average BER compared to OFDMA, while
only slightly outperforming NOMA. This is primarily because NOMA can balance the channel
gain differences between users through power allocation as the distance between users increases,
whereas IMMA and OFDMA are less optimized for such variations.
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Fig. 5. Average BER vs. transmitted SNR for OFDMA, NOMA, and IMMA with (a) δ
=0.5 m, (b) δ =1 m, (c) δ =1.5 m, (d) δ =2 m.

Fig. 6. (a) Experimental setup of the two-user VLC-IoMT system, (b) the photo of the
overall experimental testbed and (c) EOE frequency response.

As a result, the proposed IMMA scheme not only considers the diverse QoS requirements
of different users but also demonstrates superior BER performance compared to NOMA and
OFDMA, making it a highly promising candidate for multi-user VLC-IoMT systems.

3.2. Experimental results

In this section, we conduct experiments to assess the performance of a practical two-user
VLC-IoMT system utilizing the IMMA scheme, along with two state-of-the-art benchmark
schemes, i.e., OFDMA and NOMA. The experimental setup for the two-user VLC-IoMT system
is illustrated in Fig. 6(a). In this setup, the transmitted signal is initially generated offline using
MATLAB and then uploaded to an arbitrary waveform generator (AWG, Tektronix AFG31102)
operating at a sampling rate of 100 MSa/s. The AWG output signal has a peak-to-peak voltage
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(Vpp) of 3V. Subsequently, a 34-mA DC bias current is applied to the AWG output signal through
a bias tee (bias-T, MiniCircuits, ZFBT-6GW+), which is then used to drive a commercially
available infrared LED with a wavelength of 850 nm, an optical power of 0.5 W and a semi-angle
of 30◦.

At the receiver end, each user is equipped with an avalanche photodiode (APD, Hamamatsu
C12702-12) to detect the optical signal. Notably, APD 1 is positioned directly in front of the
LED, while the distance between APD 2 and APD 1 varies from 5 to 20 cm. Additionally,
the transmission distance between the LED and the two APDs ranges from 40 to 70 cm. The
detected electrical signals are subsequently captured by a two-channel digital storage oscilloscope
(DSO, Tektronix MDO32) at a sampling rate of 500 MSa/s and further processed offline using
MATLAB. In the digital OFDM modulation, the IFFT length is set to 256, with 64 subcarriers
(from the 2nd to the 65th) used for data modulation. Consequently, the bandwidth of the AWG
output signal is approximately 25 MHz. A photo of the entire experimental setup is presented in
Fig. 6(b), while Fig. 6(c) illustrates the frequency response of the system, which demonstrates a
typical low-pass characteristic with a -3 dB bandwidth of around 15.7 MHz.

Figures 7(a)-(d) illustrate the measured average BER versus transmission distance for various
schemes with different user separations. As observed, the BER increases progressively across
all schemes as the transmission distance extends from 40 to 70 cm. Specifically, when the user
separation is set to 5 cm (i.e., δ = 5 cm), as shown in Fig. 7(a), the maximum transmission
distances that meet the 7% FEC coding limit of BER = 3.8× 10−3 are 47.9 cm for NOMA and 52
cm for OFDMA, while IMMA extends the maximum transmission distance to 70 cm. This results
in a substantial 34.6% increase in distance compared to OFDMA. For δ = 10 cm, as shown
in Fig. 7(b), the maximum transmission distances achieved by OFDMA, NOMA, and IMMA

Fig. 7. Measured average BER vs. transmission distance for OFDMA, NOMA, and IMMA
with (a) δ =5 cm, (b) δ =10 cm, (c) δ =15 cm, (d) δ =20 cm.
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below the FEC limit are 47.5 cm, 49.8 cm, and 66.2 cm, respectively. IMMA thus outperforms
NOMA by 16.4 cm, representing a 32.9% improvement in transmission distance. With the user
separation increased to 15 cm, as shown in Fig. 7(c), the maximum transmission distances are
43.5 cm for OFDMA, 46.6 cm for NOMA, and 59.9 cm for IMMA. This demonstrates a 28.5%
improvement in distance for IMMA compared to NOMA. Lastly, for δ = 20 cm, as depicted
in Fig. 7(d), OFDMA fails to meet the FEC limit within the 40–70 cm range, while NOMA
reaches 45.4 cm and IMMA extends the transmission distance to 53.9 cm, achieving an 18.9%
improvement over NOMA. Additionally, as user separation increases, the difference in channel
gains between the users grows, leading to a progressively lower BER for NOMA compared to
OFDMA, though still higher than that of IMMA. These results indicate that the proposed IMMA
scheme significantly enhances the performance of practical two-user VLC-IoMT systems.

4. Conclusions

In this paper, we have proposed and investigated a novel IMMA scheme for multi-user VLC-IoMT
systems. By accounting for the diverse QoS requirements among users, the IMMA scheme
leverages both index symbols and constellation symbols to transmit information. Additionally, the
scheme completely eliminates inter-user interference, significantly reducing the computational
complexity at the receiver. Both simulations and experiments were conducted to evaluate and
compare the performance of a practical two-user VLC-IoMT system using IMMA, NOMA,
and OFDMA schemes, confirming that the IMMA scheme delivers substantial performance
improvements. Specifically, IMMA consistently achieves the lowest BER under various user
separations. Notably, when the user separation is relatively small, IMMA significantly outperforms
both OFDMA and NOMA, offering up to 3.8 dB and 4 dB SNR gains in numerical simulations,
as well as up to 38% and 40% increases in transmission distance in hardware experiments,
respectively. Therefore, the proposed IMMA scheme presents a promising solution for practical
multi-user VLC-IoMT systems. In our future work, we will further investigate the hybrid
IMMA-OFDMA scheme for VLC-IoMT systems with an arbitrary number of users.
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