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Abstract—In this paper, a multiuser detection technique is pro-
posed and experimentally verified in underwater optical wire-
less communication (UOWC) under dynamic channel conditions,
which incorporates subspace-based delay estimation and decor-
relating multiuser detection methods for an asynchronous access
system. The subspace-based delay estimation method necessitates
only prior knowledge of user spreading codes. The decorrelating
multiuser detector can suppress multiple access interference (MAI)
and demonstrates superior detection performance in a dynamic
channel. An underwater testbench that supports three-user asyn-
chronous access is established to further validate the multiuser
detection technique. Experimental results demonstrate the effec-
tiveness of alleviating the negative effects of user asynchrony, MAI,
and intensity fluctuation.

Index Terms—Underwater optical wireless communication
(UOWC), asynchronous access, subspace-based delay estimation,
decorrelating multiuser detection.

I. INTRODUCTION

W ITH the increasing number of underwater vehicles and
sensors, as well as the rapid growth of underwater com-

mercial and military applications, it is essential to establish a
reliable, flexible and practical underwater wireless communica-
tion system [1]. Compared with conventional acoustic communi-
cation and radio frequency communication, underwater optical
wireless communication (UOWC) has the advantages of low la-
tency, low power consumption and high bit rate, thus can satisfy
real-time communication and control applications [2]. Hitherto,
most researches mainly focus on increasing the transmission
distance, data rate, and robustness of the UOWC system [3],
[4], [5]. However, investigation on underwater multiple access
is rare, especially in the experimental aspect.

There are some pivotal issues in uplink multiple access under
an underwater environment, such as user asynchronism, multi-
ple access interference (MAI), near-far problem and dynamic
channel state. In the absence of global time coordination, the
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issue of asynchronous transmission must be addressed in prac-
tical applications [6]. Asynchronous transmission of multiuser
signals destroys the orthogonality between them and cause MAI.
The misalignment of the light beam and variable transmission
distance may lead to different received optical powers from
different users, resulting in a near-far problem [7]. Meanwhile,
various adverse factors in real underwater scenes, such as air
bubbles and turbulence [8], can induce significant fluctuations
in the underwater wireless optical channel, posing challenges
to signal detection for multiuser communication. The work in
[9] experimentally investigated the effects of air bubbles on the
fluctuation in received signal intensity. It is observed that bubbles
increase the dynamic range of the received signal intensity,
thereby affecting interference cancellation in multiuser detec-
tion. Therefore, it is imperative to address the aforementioned
issues in asynchronous uplink multiple access under a dynamic
underwater environment to further enhance the applicability in
a practical UOWC system.

There are several multiple access schemes, but not all of
them are necessarily applicable to UOWC, and the choice of
scheme is analyzed as follows. The conventional time division
multiple access (TDMA) scheme is unsuitable for asynchronous
uplink multiple access, as it necessitates a synchronous channel
access [10]. Frequency division multiple access (FDMA) is
not very suitable for optical communication due to the limited
bandwidth of light emitting diodes (LEDs). For UOWC, only
blue-green wavelengths exhibit low attenuation [11], limiting
the availability of wavelength division multiple access (WDMA)
and increasing implementation complexity. In contrast, code
division multiple access (CDMA) [12] and non-orthogonal mul-
tiple access (NOMA) [13] are code-domain and power-domain
multiple access techniques respectively that offer an advantage
of high spectral efficiency. However, NOMA relies on succes-
sive interference cancellation (SIC) for symbol recovery [14],
introducing a delay in each cancellation stage and leaving ade-
quate room to explore the MAI reduction benefits for the first
detected user. Recently, a SIC-free decoding method for NOMA
was proposed to mitigate the error propagation [15]. This ap-
proach restricted the intensity relationship between two users
and may not be well-suited for the dynamic underwater channel
environment. Considering the anti-interference characteristics,
asynchronous nature and multiuser detection techniques against
near-far problem, CDMA emerges as a suitable choice for
UOWC asynchronous access scenarios.

Optical CDMA has been widely investigated for indoor
optical wireless communication and localization, and further
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extended to the UOWC system. For indoor optical wireless
communication, Qian et al. proposed a scheme based on a
multiple-LED structure to alleviate the nonlinearity of LEDs.
Additionally, they introduced a CDMA scheme enabling mul-
tiple access with variable data rates [16]. In [17], the authors
proposed an integrated visible light communication and posi-
tioning CDMA system. This system achieved a transmission rate
of 1 Mbps and an average positioning error of 1.50 cm. In the
case of UOWC, a UOWC system with compact smart transmitter
and receiver prototype was successfully demonstrated within
underwater unmanned vehicles [18]. Hassan et al. proposed two
adaptive power control algorithms for the downlink underwater
optical wireless networks incorporating an optical base station
placed in the center of the cell and adopting a unique optical
orthogonal code (OOC) [19]. In [12], a real-time prototype of
an underwater optical wireless CDMA system was experimen-
tally demonstrated, achieving a 115.2 Kbps reliable voice and
video transmission. In [20], the performance of relay-assisted
underwater optical wireless CDMA networks over turbulent
channels was compared, where simultaneous and asynchronous
data sharing among multiple users can be achieved with a
unique OOC assigned to each user in the underwater optical
network. Lyu et al. applied the spread spectrum technology in
a UOWC system to further extend the transmission distance to
42 m with 6.68 attenuation length, and the minimum required
signal-to-noise ratio (SNR) was reduced by 9 dB [21]. In [22],
a quasi-omnidirectional transmitter was proposed and demon-
strated for a CDMA-based UOWC system with four clients,
achieving maximum data rates of 10 Mbps and 7.5 Mbps for each
client over 10 m and 20 m underwater channels, respectively.
Obviously, the existing works on underwater optical CDMA
mainly focus on the channel capacity of point-to-point links and
downlink synchronous links, as well as the analysis of under-
water optical wireless CDMA networks without experimental
verification.

This paper explores an asynchronous uplink CDMA-based
UOWC scenario where various users communicate asyn-
chronously with an access point (AP), and the channels ex-
hibit dynamic behavior. We propose and experimentally test a
multiuser detection technique that incorporates subspace-based
delay estimation and a decorrelating detector in an underwa-
ter testbench with three-user access. During the experiment, a
bubble generator is employed to emulate a bubbly channel with
fluctuating signal intensity. The multiuser detection technique’s
capability to handle asynchronous access, MAI, and fluctuation
is demonstrated and verified. The system achieves a bit rate of
2.0 Mbps per user.

The remainder of the paper is organized as follows. Section II
introduces the system model, delay estimation and decorrelating
detection methods. The experimental setup is elaborated in
Section III. In Section IV, experimental results are presented
to validate the feasibility of the asynchronous CDMA-based
UOWC system. Finally, Section V concludes the paper.

II. SYSTEM MODEL AND METHODOLOGIES

In this section, the principle of asynchronous CDMA for
UOWC is firstly introduced. Then, the subspace-based delay

estimation method is briefly described and the details about the
decorrelating-based multiuser detection method are provided.

A. System Model

Fig. 1 shows an underwater optical CDMA system based on
intensity modulation/direct detection (IM/DD), where K users
can communicate with the AP asynchronously. The information
bit stream for each user is spread by a pseudo-noise (PN)
sequence, and pulse shaping is utilized to suppress the inter-
symbol interference (ISI). Subsequently, the generated alter-
nating current (AC) signal and direct current (DC) bias are
combined by a bias-T to drive the LED. After passing through the
underwater channel, the superimposed optical signal ofK users
arriving at the receiver is converted into an electrical signal and
sampled into a discrete digital signal by an analog-to-digital con-
verter (ADC). Then, a multiuser detection method is introduced
to further suppress or cancel the interference after accurately
estimating the delay of each user.

The bit duration and chip duration are respectively denoted as
Tb and Tc = Tb/L, where L is the spreading factor. Information
bits “1” and “0” are mapped to “1” and “−1” for further analysis
simplicity. Here, the intensity modulation scheme is considered.
The electrical signal sent by the k-th user can be represented as

xk(t) =
∞∑

i=−∞
Pk bk[i] sk(t− i Tb) +mk, (1)

where Pk denotes the amplitude of transmitted electrical sig-
nal, bk[i] ∈ {+1,−1} is the i-th transmitted bit, sk(t) is the
spreading waveform which is zero outside the interval [0, Tb],
and mk is the DC component. Then, the electrical signal at the
transmitter is converted into the optical signal by the LED. The
power loss in underwater channel is caused by optical beam
divergence, water absorption and scattering. At the receiver, after
photoelectric conversion and DC removal, the output electrical
signal is sampled at time nTs to yield the signal

r[n] =

K∑
k=1

∞∑
i=−∞

Akbk[i]sk [n− iLNs − qk] + w[n], (2)

in which, K is the total number of users, Ak = Pkhk is the
amplitude of received signal, where hk is the equivalent chan-
nel gain comprising the electro-optical conversion, the channel
attenuation, and the photoelectric conversion, Ts = Tc/Ns de-
notes the sampling interval,Ns is the oversampling rate, sk[n] =
sk(nTs) is the sample of spreading waveform, qk represents the
number of sample points corresponding to the delay, and w[n]
is the white Gaussian noise with zero mean and variance σ2.
For the subsequent analysis, the discrete sample vector of the
spreading waveform of the k-th user is defined as

sk = [sk[0], sk[1], . . . , sk[LNs − 1]] . (3)

Clearly, the multiuser interference will degrade the communi-
cation performance of the target user, and an efficient multiuser
detection technique needs to be proposed to achieve bit recovery.
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Fig. 1. Illustration of an asynchronous CDMA-based UOWC system.

Fig. 2. Illustration of a K-user asynchronous access system.

B. Delay Estimation

To cancel MAI, the delay of each user needs to be esti-
mated accurately. Sliding correlator is a conventional method
for delay estimation, which works well in single user case or
when the spreading waveforms are orthogonal [23]. However,
it is not applicable in a near-far environment. Following the
ideas of channel estimation and multiuser detection in the cel-
lular CDMA systems [24], [25], a subspace-based blind delay
estimation algorithm will be introduced to an asynchronous
CDMA-based multiuser UOWC system, and the corresponding
estimation results will be further fed into a decorrelating detector
for multiuser detection.

Assume that the number of users as well as their spreading
waveforms are known. Fig. 2 illustrates the received signal
in a K-user asynchronous access system. Each user transmits
information bits {bk[i]} asynchronously, and the received super-
imposed signal is sampled with initial timen0Ts. The purpose of
delay estimation is to determine the starting point of despreading
for each user, represented by the time shift τk from n0Ts to
the beginning of the next bit of user k. If the delay exceeds
one bit duration, it is constrained such that the delay modulo
the bit duration is limited to be less than the bit duration,
and the subspace-based delay estimation method remains ap-
plicable. Without loss of generality, we assume τk ∈ [0, Tb).
The number of sample points corresponding to the delay is
denoted as qk = [τk/Ts]mod(LNs), where [τk/Ts] represents
the rounding operation of τk/Ts, and qk takes values in the set
{0, . . . , LNs − 1}.

Define theLNs samples during the i-th bit duration as a vector
zi ∈ RLNs×1, which is written as

zi = [r[n0 + iLNs], . . . , r[n0 + (i+ 1)LNs − 1]]T . (4)

Define vector ur
k ∈ RLNs×1 to be the right side of sk followed

by zeros, and vector ul
k ∈ RLNs×1 to be zeros followed by the

left side of sk, i.e.,

ur
k = [sk[LNs − qk], . . . , sk[LNs − 1], 0, . . . , 0]T , (5)

ul
k = [0, . . . , 0, sk[0], . . . , sk[LNs − 1− qk]]

T . (6)

The vector zi can then be expressed as

zi = UAdi +wi, (7)

where U = [ur
1,u

l
1, . . . ,u

r
K ,u

l
K ] ∈ RLNs×2K , A = diag(A1,

A1, . . . , AK , AK) ∈ R2K×2K , di = [b1[i], b1[i+ 1], . . . ,
bK [i], bK [i+ 1]]T ∈ {+1,−1}2K×1, and wi ∈ RLNs×1 is the
white Gaussian noise vector.

It is assumed that each user sends independent and identically
distributed information bits, and the noise is independent of the
useful signals. The covariance matrix of zi can be estimated as

R̂z =
1

M

M−1∑
i=0

ziz
T
i , (8)

where M is the observation window size. The eigenvalue de-
composition of R̂z can be represented as

R̂z = V̂ sΛ̂sV̂
T

s + V̂ nΛ̂nV̂
T

n , (9)

where V̂ s ∈ RLNs×2K is the eigenvector matrix corresponding
to the first 2K eigenvalues of R̂z and V̂ n ∈ RLNs×(LNs−2K)

is the eigenvector matrix corresponding to the last LNs − 2K
small eigenvalues of R̂z . V̂ s and V̂ n span the signal subspace
and noise subspace respectively. It is well known that signal
subspace is orthogonal to noise subspace and the spreading
waveform of each user lies in the signal subspace. However,

it is difficult to satisfy V̂
T

nU = 0 in practical implementation.
Thus, quadratic programming can be used to estimate the delay
as [25]

τ̂k = argmin
τk∈[0,Tb)

‖V̂ T

nu
r
k‖2 + ‖V̂ T

nu
l
k‖2. (10)

The above minimization problem can be solved by traversing
through all possible values of qk to find the optimal value q̂k.
The traversal requires LNs searches for each user. Then the
estimated delay of the k-th user is τ̂k = q̂kTs, which is further
fed into a decorrelating detector for multiuser detection.
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Fig. 3. Decorrelating detector for asynchronous CDMA.

C. Decorrelating Detection

Fig. 3 illustrates the principle of decorrelating detector [26],
[27], [28], in which a linear transformation was applied to the
matched filter (MF) outputs.

Assume the delays of users satisfy 0 ≤ τ1 ≤ · · · ≤ τK < Tb.
The output of each MF is sampled at the bit interval synchronized
with the estimated user delay. For further derivation, define the
cross-correlation matrix of the spreading waveforms at time lag
m as Rm ∈ RK×K whose (k, j)-th entry is given by

Rk,j,m =
∞∑

n=−∞
sk[n− q̂k]sj [n+mLNs − q̂j ]. (11)

The output from MF for user k is represented as

yk[n]=Rk,k,0Akbk[n]+
1∑

m=−1

K∑
j=1
j �=k

Rk,j,mAjbj [n−m]+vk[n],

(12)
where vk[n] is the noise from MF. Stacking {yk[i]}Kk=1 in a
vectoryi = [y1[i], . . . , yK [i]]T ∈ RK×1 for the i-th bit, it yields

yi = R1Qbi−1 +R0Qbi +R−1Qbi+1 + vi, (13)

where bi = [b1[i], . . . , bK [i]]T ∈ {+1,−1}K×1, Q = diag
(A1, . . . , AK) ∈ RK×K , and vi ∈ RK×1 is the noise vector
from MFs.

Clearly, the MAI mainly comes from the three adjacent bits
of interfering users according to (13). In order to ensure the
information bits of interest are included in the received data, MF
outputs corresponding to three adjacent bits can be collected in
a vector yi = [yT

i−1,y
T
i ,y

T
i+1]

T ∈ R3K×1 represented as

yi = RAbi + vi, (14)

where R ∈ R3K×3K is a block-Toeplitz matrix written as

R =

⎡
⎢⎣
R0 R−1 0

R1 R0 R−1

0 R1 R0

⎤
⎥⎦ ,

A = diag(A1, A2, . . . , AK , . . . , A1, . . . , AK) ∈ R3K×3K ,

bi = [bTi−1, b
T
i , b

T
i+1]

T ∈ {+1,−1}3K×1, and vi includes the
MF output noise as well as the interference coming from bi−2

and bi+2. For the i-th bit of each user, the output vector of
decorrelating detector is represented as

b̂i = sgn(SR−1yi) = sgn
(
S(Abi +R−1vi)

)
, (15)

Fig. 4. Experimental setup.

where S is a selection matrix defined as

S =
[
0K×K IK×K 0K×K

]
.

Although a matrix inversion of R is required in the decor-
relating detector, the corresponding computational complexity
is reduced significantly as compared to that of the optimal mul-
tiuser detector [29]. From (15), the signal amplitudes of the users
are not required for the decorrelating detector, which suggests
that the decorrelating detector is suitable for an underwater
environment with large dynamic signal range.

III. EXPERIMENTAL SETUP AND PRELIMINARIES

Fig. 4 shows the experimental setup of the UOWC
asynchronous CDMA system. A water tank of dimension
3 m × 4 m × 0.6 m is adopted to establish the underwater
multiuser communication environment, where the attenuation
coefficient of the filled tap water is measured to be 0.11 m−1

in the experiment. Three commercial green LEDs with central
wavelength of 522 nm are separately sealed in three waterproof
covers, and an avalanche photodiode (APD) (HAMAMATSU,
C12702-11) with a circular photosensitive area of diameter
1.0 mm is encapsulated in an AP cabin. The three LEDs rep-
resenting users 1∼3 and the APD representing the AP are all
placed in the water tank. The LEDs transmit signals to the APD
asynchronously. To simulate a dynamic UOWC environment,
a bubble generator is positioned in front of each LED. The
existence of air bubbles introduces varying levels of intensity
attenuation along the transmission path. Here, user 1 is regarded
as the desired user, and the other two users are considered as the
interfering users.

At the transmitter of each user, a 5× 104 pseudo-random
binary sequence (PRBS) is generated in MATLAB as infor-
mation bits, which is further spread by a pre-generated PN
sequence with a spreading factor of 31. Here, the polynomials
utilized in generating the PN sequence for three users are given
as g1(x) = x5 + x3 + 1, g2(x) = x5 + x4 + x3 + x2 + 1 and
g3(x) = x5 + x4 + x2 + x+ 1. Each two of the three PN se-
quences form a preferred pair that has 3-valued cross-correlation
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function [30]. After that, a square-root raised cosine filter with
10-time upsampling ratio is used as shaping filter, and the
corresponding roll-off factor is fixed at 0.5. Then, the generated
digital signals are loaded into an arbitrary waveform generator
(AWG) (Tektronix, AWG5204) to produce the electrical signals
with different bit rates. The output analog signal of each channel
is delayed manually to simulate asynchronous transmission. The
signals from AWG are amplified, pre-equalized and fed into self-
designed bias-T circuits to drive the LEDs. The peak-to-peak
voltage of the signal from AWG is 500 mV. The gain of the
amplifier is 15.56 dB. The DC offset combined by the bias-T is
3 V. The pre-equalization circuit designed in our previous work
is adopted to increase the bandwidth of each LED [31], leading
to the chip rate 62.5 Mcps (cps represents chips per second) for
a maximum data rate of 2.0 Mbps at a spreading factor 31. The
sampling rates of the AWG are set to be 125 Msps, 312.5 Msps
and 625 Msps to achieve the target chip rates 12.5 Mcps,
31.25 Mcps and 62.5 Mcps with 10-time upsampling ratio. The
corresponding occupied bandwidths are 12.5 MHz, 31.25 MHz
and 62.5 MHz, leading to bit rates 0.4 Mbps, 1.0 Mbps and
2.0 Mbps respectively.

At the receiver, a sealed cabin of AP containing an APD
and optical power monitoring system is placed in the water
tank. An optical power sensor (THORLABS, S130C) connected
to an optical power meter (OPM) (THORLABS, PM100D) is
placed in front of the APD, and is controlled by a servo to
measure the incident optical power. The measured value of
the optical power meter is further normalized by the sensitive
area of the optical power sensor to obtain the received optical
power per unit area. The output electrical signal from the APD
is filtered by a 105 MHz low-pass filter (LPF) (Mini-Circuits,
VLF-105+) to reduce the out-of-band noise. A digital storage
oscilloscope (DSO) (Tektronix, MSO64B) is utilized to record
the electrical signal for offline signal processing, which includes
delay estimation, multiuser detection as well as calculation of
error vector magnitude (EVM) and bit error rate (BER).

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

In this section, the communication performances with dif-
ferent bit rates, delays, received optical powers and interfering
optical powers under dynamic underwater conditions are thor-
oughly investigated and compared.

The bubble-induced underwater channel is firstly character-
ized. In the single LED case, a 1 MHz sinusoidal signal with
12.5 MHz sampling rate is sent when the received optical power
in the static water is −0.199 dBm/mm2. Then, the envelope of
the sinusoidal signal is extracted as the amplitude of the signal.
Three kinds of bubble flow rates (small, medium and large)
controlled by the bubble generator are set in the experiments.
Fig. 5(a) shows the probability density function (PDF) of ampli-
tude fluctuation of received signal. The amplitude is normalized
to make its expectation equal to one [8]. It can be seen that the
dynamic range of signal intensity increases with the growth of
the bubble flow rate, while the mean received signal intensity
decreases. In Fig. 5(b), the temporal coherence characteristics
of the dynamic channel induced by different bubble flow rates

Fig. 5. Experimental results under three bubble flow rates. (a) Probability of
normalized amplitude and (b) coherence time.

are depicted. The coherence time, measured as the 50-percentile
value, is defined as the time interval for which the temporal cor-
relation equals 0.5 [32]. The coherence times for small, medium,
and large bubble flow rates are recorded as 7.6 ms, 3.3 ms,
and 2.3 ms, respectively. Subsequent experimental results are
obtained under the condition of the large bubble flow rate. All
received optical powers are measured in static water.

Then, the performances of delay estimation under the
large bubble flow rate condition are presented. In the exper-
iment, user 2 and user 3 transmit their signals with fixed
delays of τ2 = 0.332Tb and τ3 = 0.668Tb. The signal from
user 1 is transmitted at different delays, specifically τ1 ∈
{0.210Tb, 0.545Tb, 0.852Tb}. The received optical powers for
both user 2 and user 3 are kept constant at −0.244 dBm/mm2,
while the received optical power of user 1 varies. For conve-
nience of descriptions, the delay is normalized by bit duration
Tb. Fig. 6 illustrates the absolute value of the normalized delay
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Fig. 6. Absolute value of normalized delay estimation error of user 1 versus
the observation window size for received optical power −0.31 dBm/mm2 under
the large bubble flow rate condition.

estimation error ψ of user 1 versus the observation window
size for various bit rates with a received optical power of
−0.31 dBm/mm2. The delay estimation error decreases as the
observation window size increases, and a negligible delay esti-
mation error can be observed when the observation window size
exceeds 100. Consequently, a window size of 100 is adopted in
the subsequent experiments, which is smaller than the coherence
time for both bit rates of 0.4 Mbps and 2.0 Mbps.

Fig. 7 shows the probability distribution of the estimated
delay normalized by Tb for user 1 with received optical power
−0.31 dBm/mm2 for bit rates 0.4 Mbps and 2.0 Mbps, respec-
tively. The red dotted line represents the preset delay. The bin
width of the histogram is equal to the sampling interval Ts.
Obviously, the outputs of the delay estimation algorithm pre-
dominantly cluster around the preset delays, with an estimation
error of no more than half a chip duration. Moreover, due to the
signal distortion induced by the increase of bit rate, the variance
of estimated delay at bite rate 2.0 Mbps is larger than that at
bite rate 0.4 Mbps. These results affirm that the delay estimation
algorithm performs effectively with an observation window size
of 100, even in the near-far environment.

Subsequently, the communication performances of user 1
employing different detectors are further compared. A frame
of data consists of a 5× 104 PRBS. For each delay, a frame
is generated and captured twice for BER evaluation. Therefore,
there are a total of 3× 105 bits for calculating the BER of user
1. The duration of a data frame exceeds the coherence time,
resulting in signal intensity fluctuations within a frame of data.
The proposed multiuser detection technique is implemented in
the subsequent experiments. Conventional detector [33] and SIC
detector [34] are employed as comparison benchmarks. The
same APD is used at the AP in different experiments to ensure
the same noise and receiver characteristics.

Fig. 8(a) shows the EVM performance versus received optical
power of user 1 under various bit rates, while the received optical

Fig. 7. Probability of estimated delay of user 1 normalized by Tb with
observation window size 100 and received optical power −0.31 dBm/mm2

for bit rates (a) 0.4 Mbps and (b) 2.0 Mbps under the large bubble flow rate
condition.

powers of both user 2 and user 3 are fixed at −0.244 dBm/mm2.
Clearly, the EVM performances of conventional, SIC and decor-
relating detectors improve with the increasing of the received
optical power of user 1. The different received optical power
between user 1 and the other two users implies that there is near-
far problem, which impairs the performance of the conventional
detector for user with weak signal (user 1). Both the SIC and
decorrelating detectors outperform the conventional detector.
Similar trends can be observed from the BER performances
shown in Fig. 8(b). Note that the performance of the decorrelat-
ing detector surpasses that of the SIC detector. This is attributed
to the fact that the SIC detector necessitates the estimation of
signal amplitude for reconstructing the interference signal. In the
experiment, first 100 bits of each frame are utilized to estimate
the amplitude of each user signal. However, due to the influence
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Fig. 8. EVM and BER of user 1 with two interfering users versus the received
optical power of user 1 under the large bubble flow rate condition.

of air bubbles, the signal amplitude of each user in a frame
fluctuates. This imperfect amplitude estimation diminishes the
potential performance gains. The superiority of the decorrelating
detector, which does not require signal amplitudes, is evident.

To further investigate the impact of MAI, define the signal-to-
interference ratio (SIR) as the ratio of the received optical power
of user 1 to the sum of the received optical powers of interfering
user 2 and user 3. The received optical power of user 1 is fixed
at −0.299 dBm/mm2. User 3 acts as one interfering user and its
received optical power is the same as user 1. Therefore, the SIR
varies with the received optical power of user 2. Fig. 9(a) shows
the EVM performance of user 1 adopting different detectors ver-
sus the SIR ranging from −9.52 dB to −1.27 dB under various
bit rates. Negative SIR values in the tested range represent severe
MAI cases where the existence of a strong user exacerbates
the MAI for the weaker user, commonly known as the near-far
problem. The SIC and decorrelating detectors achieve a more

Fig. 9. EVM and BER of user 1 with two interfering users versus the signal-
to-interference ratio under the large bubble flow rate condition.

stable EVM compared with the conventional detector, which
verifies the feasibility of the SIC and decorrelating detectors in
alleviating the near-far problem. Fig. 9(b) compares the BER
performances of different detectors. The BER curves of the SIC
detector exhibit large undulations compared to the BER curves
of the decorrelating detector, and the BER is larger even in the
case of low interference power. This behavior is attributed to
changes in the detection order of the SIC detector. Even if user 1
and user 3 have the same received optical power in static water,
air bubbles cause variations in their intensities. The SIC detector
cancels signals in descending order of signal intensity. User with
stronger signal that is detected earlier benefits less from the MAI
reduction. The decorrelating detector can tolerate fluctuating
intensity under a dynamic underwater environment. Meanwhile,
It is observed that the BER encounters an error floor as the
SIR increases. This is because as the received optical power of
the interfering user 2 decreases, the SIR tends to be 0 dB, the
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interference of user 3 and noise are dominant. Consequently,
the signal to interference plus noise ratio of user 1 tends to be
constant.

V. CONCLUSION

In this paper, an asynchronous CDMA-based UOWC system
under dynamic channel is first experimentally demonstrated. Ex-
perimental results validate the feasibility of the subspace-based
delay estimation and decorrelating multiuser detection methods
in mitigating challenges associated with user asynchrony, near-
far problems, and signal intensity fluctuations. The experiments
highlight the efficacy of the subspace-based delay estimation
algorithm in achieving accurate delay estimation. Furthermore,
the decorrelating detector exhibits substantial performance gains
over the conventional detector, particularly under conditions of
severe MAI, surpassing the performance of the SIC detector in a
dynamic underwater environment. The superior performance of
the proposed multiuser detection technique is attributed to the
synergistic integration of subspace-based delay estimation and
the decorrelating detection. The experimental setup achieves a
bit rate of 2.0 Mbps for each user, resulting in an aggregated rate
of 6 Mbps for three users, while maintaining the BER below the
forward error correction limit of 3.8× 10−3 in an underwater
asynchronous multiuser access scenario. It is noteworthy that
the system can potentially support more users by increasing the
spreading factor, albeit at the expense of increased processing
cost.
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