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Abstract: We propose and demonstrate an efficient capacity enhancement scheme for ban-
dlimited underwater optical wireless communication (UOWC) systems by utilizing orthogonal
frequency division multiplexing with interleaved subcarrier number modulation (OFDM-ISNM).
In the proposed OFDM-ISNM, joint number and constellation mapping/de-mapping is utilized to
avoid error propagation and subblock interleaving is further applied to address the low-pass effect
of the bandlimited UOWC system. The feasibility and superiority of the proposed OFDM-ISNM
scheme for practical bandlimited UOWC systems have been verified through both simulations and
experiments. The obtained results demonstrate that the proposed OFDM-ISNM scheme is capable
of efficiently improving the achievable data rate of the bandlimited UOWC system. Specifically,
the experimental results show a significant 28.6% capacity enhancement by OFDM-ISNM over
other benchmark schemes, achieving a data rate of 3.6 Gbps through a 2-m water channel.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

In recent years, optical wireless communication (OWC) has been widely recognized as an efficient
technology for communication in underwater environments [1,2]. Compared with traditional
underwater wireless communication technologies such as underwater acoustic communication
and underwater radio frequency communication, underwater OWC (UOWC) has many distinct
advantages including huge spectrum resources, low transmission latency, high physical-layer
security, small size and low cost [3,4]. Despite all these advantages, practical UOWC systems
are generally bandlimited and exhibit a typical low-pass characteristic, due to the low-pass
nature of the adopted components such as light-emitting diodes (LEDs), laser diodes (LDs) and
photo-detectors (PDs) [5]. As a result, the usable bandwidth of practical bandlimited UOWC
systems might not be sufficient enough to fully explore the potential of the system to achieve
high-speed data transmission.

To address the bandwidth limitation issue of practical bandlimited UOWC systems, many
techniques have been reported in the literature. On the one hand, the usable bandwidth of
bandlimited UOWC systems can be directly extended via various pre- or post-equalization
schemes [6–9]. Nevertheless, the feedback of channel information is generally required to
successfully perform pre-equalization which inevitably increases the training overhead and
the implementation complexity of the system, and meanwhile pre-equalization might also be
vulnerable to LED/LD nonlinearity when the low-pass effect is relatively severe [10]. Moreover,
the computational complexity of post-equalization is usually high which might limit its application
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in many practical scenarios. On the other hand, the achievable data rate can be improved by
increasing the number of bits that can be transmitted per unit bandwidth, i.e., spectral efficiency.
Particularly, spectral-efficient modulation techniques such as orthogonal frequency division
multiplexing (OFDM) has been widely applied to enhance the spectral efficiency of bandlimited
UOWC systems [11–14]. Moreover, OFDM with bit and power loading has been reported to
further improve the spectral efficiency of bandlimited UOWC systems [15]. Nevertheless, the
implementation complexity and cost of OFDM with bit and power loading can be much higher than
that of plain OFDM, which might limit its practical application in resource-limited underwater
environments [16]. Besides OFDM, OFDM with subcarrier index modulation (OFDM-SIM)
has also been introduced for both free-space and underwater OWC systems, which can achieve
improved bit error rate (BER) performance than plain OFDM [17–20]. For both OFDM and
OFDM-SIM, the high-frequency subcarriers inevitably suffer from a high power attenuation
due to the low-pass frequency response of the bandlimited UOWC system. Lately, OFDM
with subcarrier number modulation (OFDM-SNM) has been proposed to further enhance the
performance of OFDM, which changes the number of activated subcarriers to convey additional
information bits [21,22]. However, OFDM-SNM has not yet been considered in bandlimited
UOWC systems and whether it can bring benefits to mitigate the adverse low-pass effect of the
bandlimited UOWC systems is still an open question.

In this paper, we for the first time propose and demonstrate an efficient capacity enhancement
scheme for bandlimited UOWC systems by using OFDM with interleaved subcarrier number
modulation (OFDM-ISNM). By performing subblock interleaving, OFDM-ISNM can concentrate
the activated subcarriers in the low-frequency region and hence mitigate the adverse low-pass
effect. Both simulations and experiments have been conducted to evaluate and compare the
performance of a bandlimited UOWC system applying OFDM-ISNM and other benchmark
schemes.

2. Principle

2.1. OFDM-ISNM

Figures 1(a) and 1(b) illustrate the schematic diagrams of OFDM-ISNM transmitter and receiver,
respectively. For the transmission of each OFDM block, a total of m information bits enter the
OFDM-ISNM transmitter. These m bits are first split into G groups each obtaining b bits, i.e.,
m = bG. Each group of b bits is mapped to an OFDM subblock of length n , where n = N/G, and
N is the number of data subcarriers. In each subblock, joint number and constellation mapping is
utilized to avoid error propagation. Let K = {k1, . . . , kl} represent the adopted number set of the
activated subcarriers with size l, where ki denotes a specific number of the activated subcarriers
with i = 1, . . . , l and ki ∈ {0, . . . , n}. Hence, K is a subset of {0, . . . , n} and the corresponding
number of information bits that can be transmitted in each subblock can be obtained by

b = ⌊log2(M
k1 +Mk2 + · · · +Mkl )⌋, (1)

where M is the order of the adopted quadrature amplitude modulation (QAM) constellation and
⌊·⌋ denotes the floor operator. Hence, the subblock spectral efficiency of OFDM-ISNM is given
by

SEsubblock
ISNM =

b
n
=

⌊log2(Mk1 +Mk2 + · · · +Mkl )⌋

n
. (2)

Obviously, as long as the length of subblock n is confirmed, the spectral efficiency is determined
by the adopted K set and M. The mapping table of OFDM-ISNM with n = 4, K = {0, 1, 2} and
M = 4, achieving a spectral efficiency of 1 bit/s/Hz is given in Table 1, where S1, S2, S3 and S4
denote the 4QAM constellation symbols. Consequently, a total of G subblocks are generated.
Furthermore, subblock interleaving is employed to mitigate the low-pass effect of the UOWC
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Fig. 1. Principle of OFDM-ISNM: (a) transmitter and (b) receiver.

system. The detailed principle of subblock interleaving will be introduced in Section 2.2. After
the concatenation of G subblocks, the whole OFDM block is created. Finally, the transmitted
signal is obtained by taking inverse fast Fourier transform (IFFT) with Hermitian symmetry (HS),
adding cyclic prefix (CP) and the parallel-to-serial (P/S) conversion.

Table 1. Mapping Table for n = 4, K = {0, 1, 2} and M = 4

Information bits Number of activated subcarriers Subblock data

0 0 0 0 0 [0, 0, 0, 0]

0 0 0 1 1 [S1, 0, 0, 0]

. . . . . . . . .

0 1 0 0 1 [S4, 0, 0, 0]

0 1 0 1 2 [S1, S1, 0, 0]

0 1 1 0 2 [S1, S2, 0, 0]

. . . . . . . . .

1 1 1 0 2 [S3, S2, 0, 0]

1 1 1 1 2 [S3, S3, 0, 0]

According to Eq. (2), the achievable data rate of the bandlimited UOWC system applying
OFDM-ISNM can be obtained by

RISNM = SEsubblock
ISNM Beffective, (3)

where Beffective denotes the effective bandwidth of the system, which is defined by

Beffective =
N

NIFFT + NCP
Rs, (4)
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where NIFFT, NCP and Rs denote the size of IFFT, the size of CP and the sampling rate of the
transmitter, respectively.

In the OFDM-ISNM receiver, as can be seen in Fig. 1(b), the received OFDM-ISNM
signal undergoes serial-to-parallel (S/P) conversion, removing CP, FFT and frequency-domain
equalization (FDE). Afterwards, the OFDM block is split into G subblocks and subblock de-
interleaving is then executed. In each subblock, joint number and constellation de-mapping
is performed through maximum-likelihood (ML) detection to achieve optimal performance
according to the mapping table. Note that the receiver does not need to decide which subcarriers
are activated due to the use of ML detection, and hence the error propagation issue can be
addressed. Finally, bits from each subblock are combined to obtain the output bits. The
complexity of the proposed OFDM-ISNM scheme mainly comes from the ML detection for
joint number and constellation de-mapping at the receiver side. For an OFDM-ISNM subblock
with length n and achieving a spectral efficiency of λ, the complexity in terms of complex
multiplications is ∼ O(2λn) per subblock.

2.2. Subblock interleaving

In order to address the low-pass effect of the bandlimited UOWC system, subblock interleaving
is proposed and discussed in this subsection. Figures 2(a) and 2(b) illustrate the transmitted
OFDM-SNM spectrum without and with subblock interleaving, respectively, by taking n = 4
and k = 2 as an example. For the case without subblock interleaving, as shown in Fig. 2(a), the
subcarriers in the low-frequency region are selected for activation in each subblock and hence
the low-pass effect within each subblock can be mitigated. However, the low-pass effect among

Fig. 2. Illustration of OFDM-SNM spectrum: (a) Tx, w/o interleaving, (b) Tx, w/
interleaving, (c) Rx, w/o interleaving, and (d) Rx, w/ interleaving.
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different subblocks is still a problem, as the activated subcarriers are distributed across the entire
frequency band. In contrast, for the case with subblock interleaving as shown in Fig. 2(b), all the
activated subcarriers are distributed in the low-frequency region.

Figures 2(c) and 2(d) depict the received OFDM-SNM spectrum without and with interleaving,
respectively. As can be seen in Fig. 2(c), the activated subcarriers in the high frequency region
suffer from more severe power attenuation, resulting from the low-pass frequency response of
the bandlimited UOWC system. Nevertheless, when subblock interleaving is performed, as
shown in Fig. 2(d), subcarriers carrying the constellation symbols, i.e., activated subcarriers, are
concentrated in the low-frequency region. Consequently, the power attenuation of the activated
subcarriers is diminished significantly by employing subblock interleaving. In this current work,
a sequential subcarrier placement scheme is adopted to interleave all the activated subcarriers in
the low-frequency region, which might not be optimal. The investigation of optimal subcarrier
placement for the proposed OFDM-ISNM scheme will be considered in our future work.

3. Results and discussions

In this section, we conduct both simulations and experiments to evaluate the performance of a
bandlimited UOWC system applying OFDM-ISNM. Moreover, for the purpose of comparison,
plain OFDM, OFDM-SIM, OFDM with interleaved SIM (OFDM-ISIM) and OFDM-SNM are
considered as benchmark schemes during the simulation and experimental evaluations.

3.1. Simulation results

In the simulations, we consider a bandlimited UOWC system over an additive white Gaussian
noise (AWGN) channel with a low-pass frequency response measured from the experimental
UOWC system. The measured low-pass frequency response is plotted in Fig. 3, where the
-3dB modulation bandwidth is 0.9 GHz. Moreover, the length of IFFT/FFT, the number of
data subcarriers and the size of each subblock in OFDM-ISNM are set to 256, 108 and n = 4,
respectively. Due to the line-of-sight (LOS) transmission nature of general UOWC systems, the
multi-path effect might be negligible and hence no CP is used in OFDM-ISNM.

Fig. 3. Measured low-pass frequency response from the experimental UOWC system.
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Figure 4 shows the spectral efficiency versus M for different schemes including plain OFDM,
OFDM-SIM and OFDM-SNM. It should be noted that subblock interleaving does not affect the
spectral efficiency of the scheme. For OFDM-SIM with a subblock size of n and an activated
subcarrier number of k, the spectral efficiency of each subblock in OFDM-SIM is given by
[17,18]

SESIM =
⌊(log2(C(n, k)))⌋ + k log2(M)

n
, (5)

where C(·, ·) denotes the binomial coefficient. As we can see, a larger spectral efficiency is
obtained with a larger k value for OFDM-SIM, while a larger spectral efficiency is achieved
when a larger k value is included in the K set for OFDM-SNM. Specifically, plain OFDM and
OFDM-SNM with K = {0, 1, 4} can obtain the same spectral efficiency. Moreover, to achieve the
same spectral efficiency for OFDM-SNM, a smaller M can be used when a larger k is adopted. In
the following, four different spectral efficiencies (1, 1.5, 2 and 3 bits/s/Hz) are considered for
BER performance evaluation and the required modulation orders, i.e. M, can be obtained from
Fig. 4 so as to ensure the same target spectral efficiency for all the considered schemes.

Fig. 4. Spectral efficiency vs. M for different schemes.

Figure 5 depicts the simulation BER versus effective bandwidth for different schemes with
different spectral efficiencies. For a spectral efficiency of 1 bit/s/Hz with an SNR of 10 dB, as
shown in Fig. 5(a), the maximum usable bandwidths of all the benchmark schemes including
plain OFDM, OFDM-SIM, OFDM-ISIM and OFDM-SNM hardly reach 1.3 GHz, considering
the 7% forward error correction (FEC) limit of BER = 3.8 × 10−3. In contrast, the maximum
bandwidth that can be used by OFDM-ISNM with K = {0, 1, 2} reaches 2.1 GHz, which is
corresponding to a capacity improvement of 61.5%. Nevertheless, OFDM-ISNM with both
K = {0, 1} and K = {0, 1, 4} can hardly achieve performance improvements. For a spectral
efficiency of 1.5 bits/s/Hz with an SNR of 14 dB, as shown in Fig. 5(b), OFDM-ISNM with
K = {0, 1, 3} outperforms the benchmark schemes, while OFDM-ISNM with K = {0, 1, 2} still
obtains the best performance. For higher spectral efficiencies of 2 and 3 bits/s/Hz, the best
performance is always achieved by OFDM-ISNM with K = {0, 1, 2}, when a relatively high SNR
is guaranteed.

Figure 6 shows the simulation BER versus SNR for different schemes with different spectral
efficiencies, where an effective bandwidth of 1.3 GHz is considered. For a spectral efficiency
of 1 bit/s/Hz, as plotted in Fig. 6(a), an SNR of 24.3dB is needed by plain OFDM to reach
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Fig. 5. Simulation BER vs. effective bandwidth for different schemes with a spectral
efficiency of (a) 1 bit/s/Hz, (b) 1.5 bits/s/Hz, (c) 2 bits/s/Hz, and (d) 3 bits/s/Hz.

BER = 3.8 × 10−3, while the OFDM-ISIM schemes require SNRs of about 21 dB to meet the
FEC limit. It is exciting to observe that much lower SNRs of 7.6 and 10.1 dB are required
by OFDM-ISNM with K = {0, 1, 2} and K = {0, 1} to reach BER = 3.8 × 10−3, respectively.
As a result, a significant 10.9dB SNR gain is obtained by OFDM-ISNM with K = {0, 1} in
comparison to the benchmark schemes. Moreover, OFDM-ISNM with K = {0, 1, 2} further
outperforms OFDM-ISNM with K = {0, 1} by an SNR gain of 2.5 dB. When the spectral
efficiency is increased, as can be seen from Figs. 6(b)-(d), the best performance is obtained
by OFDM-ISNM with K = {0, 1, 3} at the spectral efficiencies of 1.5 and 3 bits/s/Hz, while
OFDM-ISNM with K = {0, 1, 2} also performs the best at the spectral efficiency of 2 bit/s/Hz. It
can be concluded from Fig. 6 that the proposed OFDM-ISNM scheme exhibits superior BER
performance in bandlimited UOWC systems.

3.2. Experimental results

Figure 7 depicts the experimental setup of a point-to-point UOWC system utilizing a vertical-
cavity surface-emitting laser (VCSEL). As can be seen, the transmitted signal generated offline
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Fig. 6. Simulation BER vs. SNR for different schemes with an effective bandwidth of 1.3
GHz and a spectral efficiency of (a) 1 bit/s/Hz, (b) 1.5 bits/s/Hz, (c) 2 bits/s/Hz, and (d) 3
bits/s/Hz.

Fig. 7. Experimental setup of the VCSEL-based UOWC system with a 2m water tank.
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Fig. 8. Received electrical spectrum of (a) plain OFDM, (b) OFDM-SNM with K = {0, 1, 2},
and (c) OFDM-ISNM with K = {0, 1, 2}.

by MATLAB is first sent to an arbitrary waveform generator (AWG, Tektronix AWG7101) with a
10-bit vertical solution and a maximum sampling rate of 10 GSa/s. Then, a DC bias current is
combined with the AWG output signal via a bias-tee (bias-T, Mini-circuit ZFBT-6GW+) to drive
a red VCSEL (DERAY DV0688M). The light emitted by the VCSEL passes through a biconvex
lens and propagates through the underwater channel. At the receiver side, another biconvex lens
is utilized to focus the light onto the active area of an avalanche photodiode (APD, Menlo Systems
APD210) with a bandwidth of about 1 GHz and a frequency range from 1 MHz to 1.6 GHz.
After that, the output electrical signal of the APD is recorded by a digital storage oscilloscope
(DSO, Tektronix MSO73304DX) with an 8-bit vertical resolution and a fixed sampling rate of 25
GSa/s, and the resultant digital signal is further processed offline by MATLAB. Besides, the
frequency response of the whole system is measured by a network analyzer (Keysight N5227A).
Moreover, the parameters of OFDM-ISNM are the same as that in the simulations.

Figures 8(a), 8(b) and 8(c) present the received electrical spectrum of plain OFDM, OFDM-
SNM with K = {0, 1, 2} and OFDM-ISNM with K = {0, 1, 2}, respectively. For plain OFDM, as
shown in Fig. 8(a), the received power of the subcarriers in the high-frequency region has a lower
magnitude than that in the low-frequency region, which is resulted from the low-pass effect of
the bandlimited UOWC system. For OFDM-SNM with K = {0, 1, 2}, as shown in Fig. 8(b), the
activated subcarriers are distributed across the entire frequency band, which inevitably suffer from
the adverse effect of the low-pass characteristic of the bandlimited UOWC system. In contrast,
for OFDM-ISNM with K = {0, 1, 2}, as shown in Fig. 8(c), all of the activated subcarriers are
concentrated in the low-frequency region due to the execution of subblock interleaving, and
hence the low-pass effect can be efficiently mitigated.

Figure 9 shows the BER versus data rate for different schemes with different spectral efficiencies.
For a spectral efficiency of 1 bit/s/Hz, as shown in Fig. 9(a), it is clearly observed that OFDM-
ISNM with K = {0, 1, 2} performs the best among all the schemes. Moreover, OFDM-ISNM
with K = {0, 1} can barely reach the FEC limit of BER = 3.8×10−3 due to the use of a high-order
constellation, while OFDM-ISNM with K = {0, 1, 4} also performs much worse than OFDM-
ISNM with K = {0, 1, 2} due to the severe low-pass effect. Hence, the selection of a proper K set
is vital for the proposed OFDM-ISNM scheme to achieve a trade-off between constellation order
and low-pass effect. Besides, as we can see, subblock interleaving has nearly no improvement
on the BER performance of OFDM-SNM with K = {0, 1, 4}, which can be attributed to the
fact that whether subblock interleaving is performed or not, the activated subcarriers are always
distributed over the entire frequency band. Compared with the benchmark OFDM-ISIM schemes,



Research Article Vol. 31, No. 19 / 11 Sep 2023 / Optics Express 30732

Fig. 9. Experimental BER vs. data rate for different schemes with a spectral efficiency of
(a) 1 bit/s/Hz, (b) 1.5 bits/s/Hz, and (c) 2 bits/s/Hz.
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a 80.0% data rate improvement can be obtained by OFDM-ISNM with K = {0, 1, 2}. For a
spectral efficiency of 1.5 bits/s/Hz, as shown in Fig. 9(b), both OFDM-SNM and OFDM-ISNM
with K = {0, 1} can barely reach the FEC limit, while OFDM-ISNM with K = {0, 1, 2} still
achieves the best performance. More specifically, OFDM-ISNM with K = {0, 1, 2} outperforms
OFDM-ISIM with k = 2 by a data rate improvement of 63.6%, which also obtains 33.3% data rate
improvement over OFDM-ISNM with K = {0, 1, 3}. For a relatively high spectral efficiency of 2
bits/s/Hz, as shown in Fig. 9(c), it can be seen that the proposed OFDM-ISNM schemes cannot
achieve satisfactory performance, which is mainly because the BER performance is dominated by
the high-order constellation symbols while the received SNR is relatively low. For even higher
spectral efficiencies, all the considered schemes cannot obtain higher data rates due to the limited
received SNR.

Finally, we compare the maximum achievable data rates of different schemes with different
spectral efficiencies, where the unit of spectral efficiency is bits/s/Hz. Table 2 summarizes the
maximum achievable data rates of different schemes under different spectral efficiencies. Taking
the spectral efficiency of 1.5 bits/s/Hz as an example, the maximum achievable data rate of
OFDM-SIM is 2.0 Gbps, which is obtained with k = 2. Moreover, the maximum achievable data
rate of OFDM-ISIM is 2.2 Gbps, which is also obtained with k = 2. For OFDM-SNM, it performs
the best with K = {0, 1, 3} and achieves the same maximum data rate as OFDM-SIM with
k = 2. In contrast, the maximum achievable data rate reaches 3.6 Gbps for OFDM-ISNM with
K = {0, 1, 2}. Compared with OFDM-SNM, a significant 80% achievable data rate improvement
can be obtained by OFDM-ISNM at the spectral efficiency of 1.5 bits/s/Hz. Moreover, for all
the benchmark schemes at different spectral efficiencies, both plain OFDM and OFDM-ISIM
achieve the highest data rate of 2.8 Gbps at the same spectral efficiency of 2 bits/s/Hz. Therefore,
in comparison to all the benchmark schemes, OFDM-ISNM achieves a remarkable data rate
improvement of 28.6%.

Table 2. Maximum achievable data rates of different schemes

Scheme Plain OFDM OFDM-SIM OFDM-ISIM OFDM-SNM OFDM-ISNM

SE = 1 1.4 Gbps 1.4 Gbps 1.5 Gbps 1.4 Gbps 2.7 Gbps

SE = 1.5 / 2.0 Gbps 2.2 Gbps 2.0 Gbps 3.6 Gbps

SE = 2 2.8 Gbps 2.6 Gbps 2.8 Gbps 2.6 Gbps 2.6 Gbps

4. Conclusion

In this paper, we have proposed and evaluated a novel OFDM-ISNM scheme for efficient capacity
enhancement in bandlimited UOWC systems. By performing joint number and constellation
mapping/de-mapping with subblock interleaving, the activated subcarriers can be concentrated
in the low-frequency region and hence the adverse low-pass effect of the bandlimited UOWC
system can be mitigated. Experimental results show that there exists a trade-off between the
adopted K set and M, and a proper selection of K set and M can efficiently improve the achievable
data rate of the bandlimited UOWC system. It is demonstrated by the experimental results
that OFDM-ISNM can obtain a remarkable 28.6% data rate improvement compared with all
the considered benchmark schemes. Therefore, the proposed OFDM-ISNM scheme can be a
promising candidate for practical bandlimited UOWC systems.
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