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Abstract- The acoustic-based internet of underwater things (IoUT) 
is considered as one of the most challenging environments for 
communication because of issues in the underwater acoustic 
communication (UWAC) channel, such as multipath propagation 
and Doppler shift. Accurately estimating these effects without 
sacrificing a significant portion of the bandwidth is extremely 
difficult, underscoring the need for robust and sophisticated 
techniques. In this paper, we propose an acoustic-based unique 
word orthogonal frequency division multiplexing (UW-OFDM) 
scheme to enable communication between IoUT nodes over a 
doubly-selective channel. The proposed scheme employs a joint 
time-frequency channel estimation approach by leveraging the 
time-domain guard interval to identify the channel paths while 
utilizing only 3.1% of the frequency-domain subcarriers, 
compared to 25% in conventional methods, to track the channel 
path coefficients. The proposed method significantly enhances 
spectral efficiency while maintaining resilience to multipath 
propagation and Doppler shift impairments inherent in UWAC. 
Furthermore, the scheme eliminates inter-block interference, 
which is critical in UWAC due to its distinctive propagation 
characteristics. We evaluate the performance of the proposed 
methods using both simulations and real-world experimental tests 
over a 300-meter underwater channel. The results demonstrate 
that the proposed approach offers a reliable IoUT communication 
solution, achieving up to a 5 dB improvement in bit error rate and 
up to 17.56% higher subcarrier utilization compared to 
conventional schemes. In addition, the scheme exhibits strong 
robustness against Doppler shift effects with similar peak-to-
average power ratio performance and a modest increase in 
computational complexity.  
 

Index Terms— Underwater communication, channel 
estimation, IoUT, time-frequency processing, and bandwidth 
efficiency. 

I. INTRODUCTION 
ECENT advancements in underwater acoustic 
communication (UWAC) have sparked the emergence of 

the internet of underwater things (IoUT), a transformative 
paradigm that extends IoT frameworks into aquatic 
environments [1, 2]. The emergence of IoUT has led to the 

increased utility of advanced UWAC systems for various tasks, 
including seabed mapping, monitoring ocean currents, and 
military surveillance. Fig. 1 shows how these uses depend on 
networks of IoUT-enabled devices, such as autonomous 
underwater vehicles (AUVs), underwater gliders, and smart 
sensor nodes, that work together to collect and transmit data 
over vast ocean areas. However, the efficacy of IoUT 
ecosystems relies on overcoming persistent UWAC challenges, 
such as severe multipath interference and Doppler shift (DS). 
These distortions arise from the difficulty in controlling the 
movement of IoUT devices and the inherent properties of 
underwater sound propagation, including its low velocity 
(~1500 m/s) and reflections from the water surface, which 
dramatically degrade communication reliability. To ensure 
robust control and coordination of IoUT devices, advanced 
channel tracking techniques are imperative to mitigate these 
effects and maintain reliable connectivity. By addressing these 
barriers, IoUT stand to revolutionize underwater monitoring, 
bridging the gap between terrestrial IoT and marine 
environments while unlocking unprecedented opportunities for 
sustainable ocean exploration and resource management [3, 4].  

 Orthogonal frequency division multiplexing (OFDM) is 
presented as an attractive choice for UWAC due to its 
significant robustness to multipath interference, low-
complexity channel equalization, and high spectral efficiency 
[5, 6]. However, the performance of OFDM in an UWAC 
environment is significantly degraded by changing channel 
conditions that create uneven distribution and loss of 
orthogonality between the OFDM subcarriers [7-9]. Multipath 
propagation and Doppler shift are among the most challenging 
issues to address in UWAC communication. The nature of 
underwater channels is unpredictable and characterized by 
long-delay, sparse components [10]. In contrast to short-
distance UWAC, long-distance UWAC features a broader 
variety of channel impulse responses (CIRs), ranging from 
simple to complex configurations. The CIRs associated with 
short-range UWAC are usually sparse [5]. However, UWAC 
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Fig. 1: Illustration of an IoUT System. 
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applications based on IoUT are expected to operate over 
varying distances, making it particularly difficult to classify the 
maximal delay and effective paths of the channel. As a result, 
adopting the corresponding channel estimator to accurately 
track the UWAC channel without significant overhead becomes 
highly complicated. 

 Generally, the UWAC channel effects are tracked by 
recovering the DS and multipath effects. In terms of DS 
estimation and compensation, the process includes 
compensating the coarse DS by a resampling operation 
followed by estimating the remaining residual DS [11], i.e., the 
carrier frequency offset (CFO) [12], using pilot subcarriers 
and/or null subcarriers [8, 13]. This estimation method is 
essential for maintaining the integrity of the transmitted signal, 
as any residual DS can significantly impair system 
performance. Thus, precise CFO prediction is crucial for 
maintaining dependable communication, especially in settings 
with fluctuating channel conditions. The approach based on 
pilot subcarriers [8] utilizes a non-linear least square (NLS) to 
estimate the residual DS and CIRs. Although this approach 
avoids the reduction of bandwidth efficiency, it comes at the 
cost of high computational complexity and poorer performance 
in harsh UWAC channels [7, 14]. The other approach in [12] 
suggests using null symbols in the frequency domain to track 
the CFO effect, while pilot symbols are used to track the CIRs. 
Consequently, a reliable CFO estimation can be guaranteed in 
practical UWAC systems, albeit at the expense of a lower data 
rate. On the other hand, multipath estimation plays an essential 
role in achieving a reliable UWAC system. For example, when 
considering the UWAC channel to be sparse, its diversity can 
readily be exploited by means of compressive sensing (CS), i.e., 
orthogonal matching pursuit (OMP) [15, 16], simultaneous 
orthogonal matching pursuit (SOMP) [16, 17], and subspace 
pursuit [18, 19]. Alternatively, the least squares [20] and 
adaptive algorithms [21, 22] can tune the coefficients of non-
sparse CIRs to find the optimal solution. Although CS can track 
the sparse UWAC well, it requires a longer pilot than the 
channel delay. In practical scenarios, the unpredictable channel 
delay necessitates a longer pilot. Unfortunately, this results in a 
loss in the already limited efficiency of UWAC bandwidth, 
necessitating the search for other multi-carrier methods that can 
handle the residual effects of the channel. 

 Several schemes have been adopted for UWAC to avoid the 
sensitivity to channel effects while ensuring efficient subcarrier 
utilization [5, 6, 14-16]. In [5], we utilized a real OFDM signal 
that employs the Hartley transform instead of fast Fourier 
transform (FFT) to improve the robustness of OFDM to the 
residual DS effect, albeit at the expense of higher peak-to-
average power ratio (PAPR) performance. Precoded OFDM has 
also been investigated in UWAC to overcome the PAPR issue 
and harvest the maximum diversity of multipath UWAC 
channel [6, 14] at the expense of greater sensitivity to the 
residual channel effect. The impact of precoded OFDM is 
justified by the distribution of errors among all subcarriers due 
to the use of the unitary precoder with modulated data. Time-
domain CS has been used for UWAC along with time-domain 
synchronous OFDM (TDS-OFDM) in [6, 16] to improve 
subcarrier utilization by avoiding the use of frequency-domain 
pilots. However, these schemes assume the channel delay and 

sparsity level are precisely known, and they require that a 
portion of the time-domain guard interval be completely free 
from inter-block interference (IBI), which is often impractical. 
Furthermore, directly inserting known sequences into UWAC 
systems to serve as guard intervals and for channel estimation 
introduces a significant challenge of IBI between these inserted 
sequences and the adjacent data blocks [6, 15]. Moreover, the 
time-domain channel estimation (CE) provided by TDS-OFDM 
becomes inferior to frequency-domain CE in harsh 
environments, as we will demonstrate shortly later. Joint time-
frequency CE for TDS-OFDM is presented in [23, 24]. 
However, the effect of IBI, which is difficult to remove in 
UWAC systems, significantly limits the performance of this 
scheme. The degradation makes the TDS-OFDM schemes less 
attractive for use in UWAC systems. 

Recently, unique word OFDM (UW-OFDM) has been 
introduced to offer many advantages such as (i) inheriting lower 
out-of-band radiation and providing diversity gain compared to 
cyclic prefix OFDM (CP-OFDM) [25-28]; (ii) overcoming the 
critical issue present in TDS-OFDM by inserting the time-
domain guard interval in frequency domain to be a 
predetermined sequence within the time-domain discrete 
Fourier transform (DFT) interval; and (iii) providing better bit 
error rate (BER) performance due to the diversity gain 
introduced in the UW-OFDM data structure [29]. Despite the 
development of various strategies to enhance the performance 
of UW-OFDM, challenges persist, particularly with the high 
PAPR effect. Additionally, a thorough investigation of these 
strategies with time and/or frequency domain CE in practical 
UWAC systems is still lacking. In [28], we enabled the 
integration of UW-OFDM into UWAC through the 
implementation of the X-transform and a one-step guard 
interval insertion. However, the time-domain CE used in this 
approach shares the same limitations as those identified in TDS-
OFDM. To the best of the authors’ knowledge, no thorough 
study has been conducted on how UW-OFDM can help with the 
changing conditions of UWAC channels. 

 In this paper, we first introduce a new UWAC scheme based 
on UW-OFDM, called time-domain UW-OFDM (TD-UW-
OFDM), which involves CS-based CE using the time-domain 
guard interval. This scheme utilizes the IBI-free portion to 
estimate the UWAC channel, eliminating the need for 
additional overhead. However, in harsh UWAC, the channel 
delay might be almost the same as the time-domain guard 
interval with a strong residual DS effect, which leads to 
performance degradation of the TD-UW-OFDM. To solve this 
problem, we introduce a new method called time-frequency-
based channel estimation for UW-OFDM (TFCE-UW-OFDM), 
where we add very short frequency-domain pilots without the 
need for extra processing, creating a specific sequence that fits 
within the time-domain guard interval. Then, frequency-
domain pilots and time-domain guard interval are jointly used 
to identify the delay and the optimal path coefficients of the 
UWAC channel, respectively. Consequently, effective tracking 
of the UWAC channel with optimal overhead is enabled. The 
contributions of our paper can be summarized as follows: 

 We introduce the TD-UW-OFDM scheme for doubly 
selective IoUT system. Channel estimation and 
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equalization are enabled using only the time-domain guard 
interval, leading to enhancements in the UWAC system in 
terms of spectral efficiency and robustness to the channel 
variations. 

 A novel time-frequency channel estimation that jointly 
tracks the UWAC channel effects in IoUT systems has 
been proposed. Inspired by the sparse UWAC channel and 
the time-domain processing in the first part of our 
contribution, this approach jointly leverages both 
frequency and time-domain processing for efficient 
tracking of channel effects. For instance, the time-domain 
guard interval is employed for estimating the channel paths 
while only 3.1% of the available frequency-domain 
subcarriers are utilized to track the channel path 
coefficients instead of 25% in the conventional OFDM-
based UWAC systems. Consequently, we can achieve a 
reliable UWAC system through this joint time-frequency 
processing without consuming a significant portion of the 
available bandwidth for overhead. 

 Extensive simulation and experimental tests have been 
conducted in the sea over a distance of 300 meters (m) to 
validate the feasibility of the proposed approaches. 

The structure of this paper is outlined as follows: Section II 
presents the UWAC system-based TD-UW-OFDM. Section III 
details the TFCE-UW-OFDM system model. Section IV 
analyzes the performance of the proposed schemes. Section V 
provides both simulation and real experimental results. Finally, 
the conclusion is drawn in Section VI. 

II. UWAC-BASED TD-UW-OFDM SYSTEM MODEL    
Let’s consider each UW-OFDM symbol contains a number of 

subcarriers 𝑁𝑁 =   𝑁𝑁𝑑𝑑 + 𝑁𝑁𝑟𝑟 + 𝑁𝑁𝑧𝑧 , in which 𝑁𝑁𝑟𝑟 are the 
redundant frequency-domain subcarriers used to produce well- 
defined sequences in the time domain with length 𝑁𝑁𝑢𝑢 and 𝑁𝑁𝑟𝑟  ≥
 𝑁𝑁𝑢𝑢 , 𝑁𝑁𝑑𝑑  are the subcarriers that carry modulated information 
data 𝐝𝐝 ∈  ℂ𝑁𝑁𝑑𝑑×1, and 𝑁𝑁𝑧𝑧 are zero subcarriers that can be used 
to track the CFO effect and/or enable frequency-domain 
oversampling. As shown in Fig. 2, the guard interval in UW-
OFDM embedded within the DFT interval, unlike the 
traditional guard intervals in CP-OFDM and TDS-OFDM. In 
conventional OFDM, a separate guard interval must be added 
in time domain after the DFT procedure. Despite the use of a 
well-known time-domain guard interval, UW-OFDM also 
enables circular convolution with the channel without any IBI 
effects. However, the received symbol structure will also be 
different as shown in Fig. 3. For example, the well-known time-
domain sequences in UW-OFDM will experience such IBI due 
to the UWAC channel delay.  The IBI effect seen in TDS-
OFDM and TFT-OFDM [16, 23], causes severe  performance 
degradation since it cannot be subtracted in harsh UWAC 
environments. Thus, the time-domain UW-OFDM signal, that 
represents the output of IFFT,  𝐬𝐬′ ∈  ℂ𝑁𝑁×1 is given by:  

𝐬𝐬′ =  𝐅𝐅Nℋ𝐁𝐁 𝐏𝐏 𝐝𝐝 =  �
𝐬𝐬𝑑𝑑

𝟎𝟎𝑁𝑁𝑢𝑢×1
� ,                                (1) 

where 𝐅𝐅N  is 𝑁𝑁 × 𝑁𝑁 DFT matrix whose (𝓀𝓀,𝓃𝓃)-entry is 𝑓𝑓𝓀𝓀,𝓃𝓃 =

 1
√𝑁𝑁
𝑒𝑒−𝑗𝑗

2𝜋𝜋𝜋𝜋𝜋𝜋
𝑁𝑁  for 𝓀𝓀,𝓃𝓃 = 0,1,2,⋯  𝑁𝑁 − 1  and 𝑗𝑗 =  √−1 , 𝐁𝐁 ∈

 
(a)  

 
(b) 

Fig. 2: OFDM blocks in the time-domain with N = 1024 and 
𝑁𝑁𝑢𝑢 = 256 : (a) UW-OFDM, and (b) CP-OFDM.  

 
(a)  

 
(b) 

Fig. 3: Structure of the received symbol with the IBI effect of 
(a) the UW-OFDM symbol, and (b) the CP-OFDM symbol.  
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 ℝ𝑁𝑁×(𝑁𝑁−𝑁𝑁𝑧𝑧) is the mapping matrix that corresponds to a reduced 
version of identity matrix in which columns corresponding to 
the zero subcarriers are removed, 𝐏𝐏 ∈  ℂ(𝑁𝑁−𝑁𝑁𝑧𝑧)×𝑁𝑁𝑑𝑑  is the 
generator matrix that will be explained shortly later, 𝐝𝐝 ∈
 ℂ𝑁𝑁𝑑𝑑×1 is the modulated data symbols, where quadrature 
amplitude modulation (QAM) is adopted throughout this paper,  
and (. )ℋ  is the Hermitian operator.  
 In the UWAC-based UW-OFDM, we use a guard interval to 
track the channel, so the UW sequence 𝐬𝐬u  ∈  ℂ𝑁𝑁𝑢𝑢×1 is inserted 
as a guard interval to avoid the inter-symbol interference (ISI) 
and to estimate the UWAC channel. The time-domain UW 
sequence is expressed as: 

𝐬𝐬u(𝑡𝑡) =  � 𝒫𝒫𝒿𝒿  
Nu−1

𝒿𝒿=0

𝑒𝑒𝑗𝑗2𝜋𝜋𝜋𝜋∆𝑓𝑓𝑓𝑓 ,                                  (2) 

where 𝒫𝒫  is pseudo-noise sequence that have zero 
autocorrelation and constant amplitude with a constant 
envelope in both the time and frequency domains [24, 28] and 
∆𝑓𝑓 is the frequency spacing. As a result, the final time-domain 
signal 𝐬𝐬 ∈  ℂ𝑁𝑁×1 can be expressed as: 

𝐬𝐬 =  𝐬𝐬′ +  �0(𝑁𝑁−𝑁𝑁𝑢𝑢)×1
𝐬𝐬𝑢𝑢

�  =  �
𝐬𝐬d
𝐬𝐬u� .                     (3) 

 It’s worth mentioning that, unlike TDS-OFDM [6, 16], the 
signal 𝐬𝐬 will not be affected by IBI as circular convolution with 
the channel is experienced, and 𝐬𝐬𝑢𝑢 can be subtracted in the 
frequency domain directly. However, this requires designing an 
appropriate matrix 𝐏𝐏 that produces well-known time-domain 
sequences within the DFT interval as in (1). 
 In order to design the matrix 𝐏𝐏, the null space approach [30] 
has been considered throughout this paper by dividing the 
𝐅𝐅NH𝐁𝐁 as:  

𝐅𝐅Nℋ𝐁𝐁 =  �𝐀𝐀𝐙𝐙� ,                                                (4) 

where 𝐀𝐀 ∈  ℂ(𝑁𝑁−𝑁𝑁𝑢𝑢)×(𝑁𝑁−𝑁𝑁𝑧𝑧) is the upper part, and 𝐙𝐙 ∈
 ℂ𝑁𝑁𝑢𝑢×(𝑁𝑁−𝑁𝑁𝑧𝑧)  is the lower part. Then, in order to produce 
𝑁𝑁𝑢𝑢 zeros in (1), 𝐏𝐏 should lie in the null space of 𝐙𝐙, which is 
equivalent to decomposing  𝐏𝐏 as: 

𝐏𝐏 = 𝐐𝐐𝐐𝐐,                                                       (5)   

where 𝐐𝐐 ∈  ℂ(𝑁𝑁−𝑁𝑁𝑧𝑧)×(𝑁𝑁−𝑁𝑁𝑧𝑧 −𝑁𝑁𝑢𝑢) is equivalent to Null( 𝐙𝐙 ) 
indicating the orthonormal null space basis vectors of 𝐙𝐙 formed 
by 𝑁𝑁 − 𝑁𝑁𝑧𝑧 −𝑁𝑁𝑢𝑢vectors, and 𝐆𝐆 ∈  ℂ(𝑁𝑁−𝑁𝑁𝑧𝑧 −𝑁𝑁𝑢𝑢)×(𝑁𝑁−𝑁𝑁𝑧𝑧 −𝑁𝑁𝑟𝑟) can 
be chosen freely. 

 Therefore, the upconverted passband version of 𝐬𝐬 in (3) can 
be written as:  

𝐬𝐬(t) =  Re{[𝐬𝐬(𝑡𝑡)p(𝑡𝑡)] 𝑒𝑒2𝑗𝑗𝑗𝑗𝐹𝐹𝑐𝑐𝑡𝑡},     𝑡𝑡 ∈ [0,𝑇𝑇 ],         (6) 

where Re(. )  is the real part, p(𝑡𝑡) is a rectangular pulse of 
duration 𝑇𝑇 , where 𝑇𝑇 indicates the TD-UW-OFDM symbol 
duration including the data and UW duration, and 𝐹𝐹𝑐𝑐 denotes 
the carrier frequency. In (6), we considered filtering and pulse 
shaping as p(𝑡𝑡) = 1  for 𝑡𝑡 ∈ [0,𝑇𝑇]  and p(𝑡𝑡) = 0 , otherwise. 
Also, unlike conventional OFDM, the symbol duration 𝑇𝑇 =
 𝑇𝑇𝑑𝑑 +  𝑇𝑇𝑔𝑔  includes the data duration 𝑇𝑇𝑑𝑑 and the guard interval 
duration 𝑇𝑇𝑔𝑔 . As a result, the achieved data rate of UW-OFDM 

is similar to CP-OFDM when considering the symbol duration 
of both systems. The passband signal 𝐬𝐬(t)  is transmitted 
through UWAC channel characterized by time-varying 
multipath propagation and DS effect. When considering that all 
channel path delays share the same Doppler scaling factor 𝛼𝛼, 
the UWAC channel can be expressed as:  

𝐡𝐡(𝑡𝑡, 𝜏𝜏) =  �𝐴𝐴𝑙𝑙(𝑡𝑡)𝛿𝛿�𝜏𝜏 −  (𝜏𝜏𝑙𝑙 −  𝛼𝛼𝛼𝛼)�.                   (7) 
𝐿𝐿

𝑙𝑙=1

 

 In (7), 𝐴𝐴𝑙𝑙(𝑡𝑡) indicates the amplitude of path 𝑙𝑙, 𝜏𝜏𝑙𝑙  is the 𝑙𝑙-th 
multipath delay component, and 𝛿𝛿(. ) is the Dirac delta function. 
However, when considering that each path experiences a 
different value of 𝛼𝛼, the UWAC in (7) can be written as:  

𝐡𝐡(𝑡𝑡, 𝜏𝜏) =  �𝐴𝐴𝑙𝑙(𝑡𝑡)𝛿𝛿�𝜏𝜏 −  𝜏𝜏𝑙𝑙(𝑡𝑡)�,                 (8)
𝐿𝐿

𝑙𝑙=1

 

where,  

𝜏𝜏𝑙𝑙(𝑡𝑡) =  𝜏𝜏𝑙𝑙 + 𝛼𝛼𝑙𝑙𝑡𝑡.                                             (9) 

Therefore, the received passband signal, when considering 
the UWAC channel given in (7), can be expressed as:  

𝐫𝐫(𝑡𝑡) = Re ��𝐴𝐴𝑙𝑙

𝐿𝐿

𝑙𝑙=1

[𝐬𝐬(𝑡𝑡) p(𝑡𝑡 − 𝜏𝜏𝑙𝑙 + 𝛼𝛼𝑡𝑡)] 𝑒𝑒𝑗𝑗2𝜋𝜋𝐹𝐹𝑐𝑐(𝑡𝑡−𝜏𝜏𝑙𝑙−𝛼𝛼𝑡𝑡)�

+ 𝒗𝒗(𝑡𝑡),                                                           (10) 

where 𝒗𝒗(𝑡𝑡) represents the UWAC passband additive noise.  The 
signal from each path of the received signal in (10) is scaled to 
approximately 𝑇𝑇

1+𝛼𝛼
, and Doppler-induced frequency shift 

corresponding to 𝑒𝑒𝑗𝑗2𝜋𝜋𝜋𝜋∆𝑓𝑓 𝑡𝑡  occurs. This effect severely 
degrades the IoUT-based UWAC multicarrier modulation 
performance, as the orthogonality between subcarriers is lost. 
Two-step processing is commonly employed to overcome the 
DS effect, including the use of preamble and postamble 
sequences at the beginning and the end of every frame, 
respectively, to track integer DS, while the remaining residual 
DS, usually called the CFO effect, is handled using pilots or 
null subcarriers in baseband [12]. The processing of the 
received signal in our proposed approach employs linear 
frequency-modulated (LFM) segments as preamble/postamble 
to track the integer DS effect 𝛼𝛼′ based on the lengths of the 
transmitted and received signals [6] as:  

     𝛼𝛼′ =  Γ
Γ′
− 1,                                       (11) 

where Γ and Γ′ , respectively, indicate the lengths of the 
transmitted and received signals. Then, 𝐫𝐫(𝑡𝑡) is resampled at  
(1 +  𝛼𝛼′)𝑓𝑓𝑠𝑠 to recover the integer DS effect, where 𝑓𝑓𝑠𝑠 is the 
sampling frequency. As a result, the resampled baseband signal 
after being converted into discrete-time signal can be expressed 
as: 

𝐫𝐫(𝓃𝓃) ≈  𝑒𝑒𝑗𝑗2𝜋𝜋 𝛼𝛼−𝛼𝛼
′

1+𝛼𝛼′  × 𝐹𝐹𝑐𝑐ℬ  ×  �𝐴𝐴𝑙𝑙

𝐿𝐿

𝑙𝑙=1

𝑒𝑒−𝑗𝑗2𝜋𝜋(𝐹𝐹𝑐𝑐+ 𝓃𝓃∆𝑓𝑓)𝜏𝜏𝑙𝑙  𝐬𝐬 + 𝒗𝒗.   (12) 
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In (12), we assume that  1+𝛼𝛼
1+𝛼𝛼′

= 1 when the integer DS effect 

is tracked by the resampling process in (11), 𝛼𝛼−𝛼𝛼
′

1+𝛼𝛼′
𝐹𝐹𝑐𝑐 represents 

the residual DS effect caused by carrier frequency and 
subcarrier spacing mismatch and/or the relative motion between 
transmitting and receiving nodes, and ℬ  indicates the 
bandwidth. Therefore, the received signal 𝐫𝐫(𝓃𝓃) includes the 
well-known time-domain guard interval sequences and the 
transmitted data. Unlike traditional OFDM methods, we use the 
time-domain guard interval in this paper to monitor the channel 
effects, while using all of the frequency-domain subcarriers to 
transmit information-bearing data.  

A. Residual DS Estimation 

In IoUT-based UWAC systems, estimating and compensating 
for the effects of multipath and DS is crucial for achieving 
reliable communication. However, existing OFDM methods 
perform this task at the expense of bandwidth efficiency, as they 
require the addition of components such as a time-domain guard 
interval to mitigate ISI and frequency-domain pilot subcarriers 
to track channel effects. We investigate the use of a time-
domain guard interval and tracking the channel effects in order 
to improve the reliability of the UWAC system and enhance 
channel bandwidth utilization. To clarify the process of the 
proposed approach, let us first rewrite the signal in (12), 𝐫𝐫 ∈
 ℂ𝑁𝑁×1  for one symbol, as:  

𝐫𝐫 = 𝐆𝐆(𝜀𝜀0)𝐇𝐇𝐇𝐇 +  𝒗𝒗 =  𝐆𝐆(𝜖𝜖0)𝐇𝐇 �
𝐬𝐬d
𝐬𝐬u����������

r0

+  𝒗𝒗,             (13) 

where 𝐫𝐫0 represents the noise-free received signal, 𝐇𝐇  is an 
𝑁𝑁 × 𝑁𝑁 circular Toeplitz matrix whose  first column and first 
row are, respectively, given by �𝐡𝐡𝑇𝑇 , 0(𝑁𝑁−𝐿𝐿)×1

𝑇𝑇 �
𝑇𝑇

 and 
�𝐡𝐡(0) , 0(𝑁𝑁−𝐿𝐿)×1

𝑇𝑇  , 𝐡𝐡(L), …  𝐡𝐡(1) �
𝑇𝑇
. Also, given the residual 

DS (𝜀𝜀0), which is measured in hertz (Hz), the matrix 𝐆𝐆(𝜖𝜖0) is 
defined as:  

𝐆𝐆(𝜖𝜖0) = diag�1, 𝑒𝑒𝑗𝑗2𝜋𝜋𝜀𝜀0𝑇𝑇𝑠𝑠 , … , 𝑒𝑒𝑗𝑗2𝜋𝜋𝜀𝜀0(𝑁𝑁−1)𝑇𝑇𝑠𝑠�  

=  diag �1, 𝑒𝑒𝑗𝑗
𝜖𝜖0
𝑁𝑁 , … , 𝑒𝑒𝑗𝑗

𝜖𝜖0
𝑁𝑁 (𝑁𝑁−1)� .               (14) 

In (14), 𝑇𝑇𝑠𝑠 is the sample interval defined as 𝑇𝑇𝑠𝑠 =  𝑇𝑇
𝑁𝑁

, and 𝜖𝜖0 =
2𝜋𝜋𝜀𝜀0
∆𝑓𝑓

 is the normalized CFO. Therefore, given the received 
signal 𝐫𝐫 and the UW 𝐬𝐬u, our goal is to correctly detect 𝐬𝐬d given 
that 𝜖𝜖0 and CIRs (𝐡𝐡) are unknown. 

Without the loss of the generality, we adopt the method used 
in [6, 16] to track 𝜖𝜖0 before estimating the CIRs. That method 
only utilizes the received well-defined sequences 𝐬𝐬u . By 
exploiting the property of 𝐫𝐫(𝓃𝓃) =  𝐫𝐫(𝓃𝓃 + 𝑁𝑁) , the estimated  
𝜖𝜖0 can be modelled as [6, 12, 16]:  

𝜖𝜖0̂ =  
∑ ∠(r[𝓃𝓃 + 𝑁𝑁]r[𝓃𝓃]∗)𝑁𝑁𝑢𝑢−1
𝓃𝓃=0

2𝜋𝜋𝑁𝑁2 ,                  (15)  

where ∠(. )  indicates the angle of (.) in the complex plan. 
Therefore, the received signal in (13) can be expressed after 
compensating for 𝜖𝜖0̂ as:  

𝐲𝐲 = 𝐆𝐆ℋ(𝜀𝜀0̂)  ×  𝐫𝐫 =  𝐆𝐆ℋ(𝜀𝜀0̂)𝐆𝐆(𝜀𝜀0)𝐇𝐇 �
𝐬𝐬d
𝐬𝐬u� +  𝒗𝒗.      (16) 

In practical IoUT systems, the DS effects and channel effects, 
in general, cannot be estimated accurately, necessitating 
sophisticated approaches that are robust to these residual effects. 
As will be demonstrated shortly, the proposed approaches offer 
greater robustness to these effects compared to the currently 
used multicarrier schemes. In (16), when assuming the residual 
DS is compensated, the CIRs can be estimated and equalized 
using 𝐲𝐲 in either time and/or frequency domains. 

B. Channel estimation and detection 

UWAC-based CS has been thoroughly tested in research to 
monitor the sparse channel, using various algorithms that 
balance complexity and performance. OMP and SOMP are 
among these methods and have demonstrated strong 
performance in tracking sparse channels [10, 11]. OMP and 
SOMP are commonly used schemes that provide competitive 
performance to track the sparse channel [16, 31, 32]. The main 
difference between SOMP and OMP lies in their selection 
strategy; the OMP selects the atomic set that best matches the 
residual error of a single signal, while SOMP chooses the 
atomic set that optimally matches the residual error of an entire 
signal group. To guarantee efficient performance in terms of CE, 
throughout this paper, we adopt SOMP for all schemes. 

In this paper, we study time-domain and joint time-frequency 
channel estimation schemes to overcome the deterioration in 
bandwidth efficiency caused by the necessary overhead. To 
achieve this, assuming 𝜀𝜀0  is perfectly estimated in (16); 
𝐆𝐆ℋ(𝜀𝜀0̂)𝐆𝐆(𝜀𝜀0) =  𝑰𝑰𝑁𝑁  where 𝑰𝑰𝑁𝑁 is 𝑁𝑁 × 𝑁𝑁 identity matrix. Thus, 
the received 𝐬𝐬u can be extracted from the received signal as:  

𝐲𝐲u =  𝐇𝐇u𝐬𝐬u + 𝒗𝒗u ,                                   (17) 

where 𝐲𝐲u  ∈  ℂ𝑁𝑁𝑢𝑢×1 is the last 𝑁𝑁𝑢𝑢 samples of y , 𝐇𝐇u ∈ ℂ𝑁𝑁𝑢𝑢×𝑁𝑁𝑢𝑢  
is the portion of the channel matrix 𝐇𝐇 that affects the 𝐫𝐫u,𝒗𝒗u  ∈
 ℂ𝑁𝑁𝑢𝑢×1 is the additive noise. Generally, the guard interval in 
multicarrier modulation is chosen to be longer than the 
maximum channel delay; 𝑁𝑁𝑢𝑢  >>  𝐿𝐿 . Inspired by the 
characteristics of the circular Toeplitz matrix 𝐇𝐇 which is 
constructed from the sparse channel vector 𝐡𝐡 ∈ ℂ𝐿𝐿×1, (17) can, 
alternatively, be written as:   

𝐲𝐲u =  𝚿𝚿𝐡𝐡 +  𝒗𝒗u ,                                       (18) 

where 𝚿𝚿 ∈  ℂ𝑁𝑁𝑢𝑢×𝑁𝑁𝑢𝑢  is built using 𝐬𝐬d and 𝐬𝐬u as:  

𝚿𝚿 =   

⎣
⎢
⎢
⎢
⎢
⎢
⎡

su,0 sd,𝑁𝑁𝑑𝑑−1 … sd,𝑁𝑁𝑑𝑑−𝐿𝐿+1
su.1 su,0 … sd,𝑁𝑁𝑑𝑑−𝐿𝐿+2

⋮ ⋮ ⋱ ⋮
su,𝐿𝐿−1 su,𝐿𝐿−2 … su,0
su,,𝐿𝐿 su,𝐿𝐿−1 … su,1
⋮ ⋮ ⋱ ⋮

su,𝑁𝑁𝑢𝑢−1 su,𝑁𝑁𝑢𝑢−2 … su,𝑁𝑁𝑢𝑢−𝐿𝐿 ⎦
⎥
⎥
⎥
⎥
⎥
⎤

.                 (19) 

The IBI shown in (19) is similar to that previously described 
in Fig. 3. For example, the rows that include a portion of 𝐬𝐬𝑑𝑑 
represent the guard interval affected by IBI, while the lower 
rows indicate the IBI-free region. In order to guarantee accurate 
channel estimation, the length of the IBI-free region (ℱ) must 
be greater than 𝐿𝐿. Therefore, CS-based channel estimate can be 
achieved using the IBI-free region 𝚽𝚽 ∈ ℂℱ ×𝐿𝐿  extracted from 
𝚿𝚿 in (19) as: 
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𝚽𝚽 =   �

su,𝐿𝐿−1 su,𝐿𝐿−2 … su,0
su,,𝐿𝐿 su,𝐿𝐿−1 … su,1
⋮ ⋮ ⋱ ⋮

su,𝑁𝑁𝑢𝑢−1 su,𝑁𝑁𝑢𝑢−2 … su,𝑁𝑁𝑢𝑢−𝐿𝐿

�  .                (20) 

 Without loss of the generality, SOMP [16, 32] has been 
employed to estimate the CIRs of the UWAC channel based on 
the IBI-free part 𝐲𝐲ℱ  extracted from the signal in (17) as: 

 𝐲𝐲ℱ =  𝚽𝚽𝐡𝐡 + 𝒗𝒗ℱ  .                                               (21) 

 The thresholding method described in [11] can be applied to 
remove the channel coefficients that fall below a specific 
threshold. Throughout this paper, we assume that the channel 
coefficients with |h|  < 0.15 are removed. Subsequently, by 
ignoring the effect of the noise in (16) for simplicity, the 
channel equalization can be performed in the frequency domain 
as:  

 𝐬̅𝐬 =  𝓰𝓰𝐅𝐅N 𝐲𝐲 =  𝓰𝓰 �𝐏𝐏 𝐝𝐝 +   𝐅𝐅N  �𝟎𝟎(𝑁𝑁−𝑁𝑁𝑢𝑢)×1
𝐬𝐬𝑢𝑢

�� ,             (22) 

where 𝓰𝓰 is the minimum mean square error (MMSE) equalizer  
using the estimated CIRs 𝐡̂𝐡  and the 𝑁𝑁 × 𝑁𝑁 channel frequency 
response matrix 𝚯𝚯 whose  (𝓊𝓊 + 1,𝓋𝓋 + 1)-entry 𝚯𝚯𝓊𝓊,𝓋𝓋  is given 
by [33]:  

𝚯𝚯𝓊𝓊,𝓋𝓋 =  ��
1
𝑁𝑁
�𝐡𝐡𝓃𝓃,𝑙𝑙

𝑁𝑁−1

𝓃𝓃=0

𝑒𝑒−
𝑗𝑗2𝜋𝜋𝓃𝓃(𝓊𝓊−𝓋𝓋)

𝑁𝑁 �
𝐿𝐿−1

𝑙𝑙=0

𝑒𝑒−
𝑗𝑗2𝜋𝜋𝜋𝜋𝓃𝓃𝓃𝓃

𝑁𝑁 .           (23) 

When considering the channel to be constant within the 
symbol duration, the inter-carrier interference (ICI) will be zero; 
this implies 𝓊𝓊 = 𝓋𝓋 , and 𝚯𝚯 is a diagonal matrix. Therefore, 
𝓰𝓰 can be expressed as:  

 𝓰𝓰 =  (𝚯𝚯ℋ𝚯𝚯 +  1
𝛾𝛾
𝐈𝐈𝑁𝑁)−1𝚯𝚯ℋ ,                              (24) 

where 𝛾𝛾 is the signal-to-noise ratio (SNR) per symbol. Finally, 
the estimated modulated data 𝐝̂𝐝 can be extracted by applying 
𝐏𝐏ℋ , since  𝐏𝐏 is a unitary matrix, as follows: 

𝐝̂𝐝 =  𝐏𝐏ℋ �𝐬̅𝐬 −  𝐅𝐅N  �0(𝑁𝑁−𝑁𝑁𝑢𝑢)×1
𝐬𝐬𝑢𝑢

�� .          (25) 

 Based on (25), it is clear that UW-OFDM differs from TDS-
OFDM [16, 24] in that it overcomes the IBI by smoothly 
removing the inserted UW in the frequency domain. Therefore, 

it is possible to achieve an efficient UWAC system. However, 
this is achieved at the cost of guaranteeing the IBI-free region 
in (20) which can only be ensured by using a longer time-
domain guard interval, i.e., 𝑁𝑁𝑢𝑢  ≥ 2𝐿𝐿  or ℱ ≥ 𝐿𝐿 . In practical 
scenarios, 𝐿𝐿 cannot be predicted, and using longer 𝑁𝑁𝑢𝑢 reduces 
the spectral efficiency. Also, sensitivity to higher residual DS is 
increased. To address these issues and to enable efficient CE 
approach without compromising subcarrier utilization, we 
present TFCE-UW-OFDM, which utilizes only 3.1% of the 
frequency-domain subcarriers to efficiently track the CIRs 
coefficients.  

III. UWAC-BASED TFCE-UW-OFDM SYSTEM MODEL  

Practically, it is not feasible to always guarantee that ℱ ≥ 𝐿𝐿 
in (20) as the maximum channel delay cannot be predicted. As 
a result, the channel delay coefficients cannot be accurately 
estimated. However, based on our analyzing, we find the 
sparsity of the channel can be correctly estimated even under 
IBI effect due to the unique autocorrelation properties of 𝐬𝐬𝑢𝑢. To 
demonstrate this, we calculated the probability of success (℘) 
numerically, as shown in Fig. 4 using different levels of sparsity 
and 104 trials at SNR = 10dB. For example, we compute the 
likelihood that sparse channel estimation algorithm accurately 
identifies the important channel taps (the positions where the 
impulse response has non-zero values) based on a specific level 
of sparsity. Then ℘ is calculated with respect  to total number 
of trials [34]. We chose to detect a maximum of 15 channel taps. 
As shown in Fig. 4, the probability of identifying the correct 
sparsity is approximately the same in IBI-free regions as it is in 
the frequency domain, and/or when using the IBI-free region, 
even though IBI affects 50% of the IBI-free regions due to 
channel delay. Consequently, only the channel delay 
coefficients need to be estimated to achieve a reliable UWAC 
system. Additionally, we will show later in this paper that TD-
based CE has worse performance compared to the proposed 
frequency-domain approach in the presence of a residual DS 
effect. Therefore, to tackle that issue, we present joint time-
frequency CE-based UW-OFDM.  

Fig. 5 shows the CE process achieved by TFCE-UW-OFDM. 
Unlike the TD-UW-OFDM transmitted signal described in (1), 
frequency-domain pilots are inserted, resulting in the time-
domain TFCE-UW-OFDM signal 𝐬𝐬𝑇𝑇𝑇𝑇𝑇𝑇′ ∈ ℂ𝑁𝑁×1 to be:  

 

 
Fig. 4: Success probability estimation of UWAC sparsity 
with 𝑁𝑁 = 1024, 𝐿𝐿 = 128 for 104 trials of the experiment.   

Fig. 5: TFCE-UW-OFDM channel estimation procedure 
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 𝐬𝐬TFCE′ =  𝐅𝐅Nℋ𝐁𝐁 𝐏𝐏 𝐝𝐝 +  𝐅𝐅𝓅𝓅ℋ𝓹𝓹 =  �
𝐬𝐬𝑑𝑑

𝐧𝐧𝑁𝑁𝑢𝑢×1
� .              (26) 

In (26), it is worth noting that although the same procedure 
described in Fig. 2 can be straightforwardly generalized to 
generate 𝐬𝐬TFCE′ , the dimensions of the matrices involved mainly 
depend on the input vectors 𝐝𝐝 and 𝓹𝓹 ,  since 𝑁𝑁𝓅𝓅 out of 
𝑁𝑁𝑑𝑑 subcarriers are allocated for carrying the pilot sequences. 
Specifically, in contrast to the TD-UW-OFDM approach, the 
input vectors and matrices are defined as follows: 𝐝𝐝 ∈
 ℂ(𝑁𝑁𝑑𝑑−𝑁𝑁𝓅𝓅)×1 , 𝐏𝐏 ∈  ℂ�𝑁𝑁−𝑁𝑁𝑧𝑧− 𝑁𝑁𝑝𝑝�×(𝑁𝑁𝑑𝑑−𝑁𝑁𝑝𝑝) , and 𝐁𝐁 ∈
ℝ𝑁𝑁×�𝑁𝑁−𝑁𝑁𝑧𝑧−𝑁𝑁𝓅𝓅�. The resulting time-domain vector is then added 
to a known vector produced by 𝐅𝐅𝓅𝓅ℋ𝓹𝓹 . For simplicity, the 
additive effect of this operation on the vector 𝐬𝐬𝑑𝑑  is ignored in 
the current formulation. Also, 𝐅𝐅𝓅𝓅ℋ  ∈  ℂ𝑁𝑁×𝑁𝑁𝓅𝓅  and 𝐧𝐧𝑁𝑁𝑢𝑢×1 , 
respectively, indicate the 𝑁𝑁𝓅𝓅 columns in the matrix 
𝐅𝐅Nℋ  multiplied with the pilot vector 𝓹𝓹 ∈  ℝ𝑁𝑁𝓅𝓅×1, and the lower 
part of 𝐬𝐬TFCE′  resulted time-domain guard interval from 𝐅𝐅𝓅𝓅ℋ𝓹𝓹. 
It’s important to clarify that 𝓹𝓹 is a well-known vector and the 
resulted 𝐧𝐧𝑁𝑁𝑢𝑢×1 will also be known and can be optimized to be 
minimum, and similar procedure followed in (4)-(5) can also be 
directly deployed to derive 𝐏𝐏. However, even if it’s not zero, 
that does not affect the performance as we will show in Section 
V.  Moreover, 𝑁𝑁𝓅𝓅 does not need to be longer than the channel 
delay 𝐿𝐿 as in the conventional approaches, but it should be 
greater than the detected channel sparsity.  The final time-
domain signal 𝐬𝐬TFCE  ∈  ℂ𝑁𝑁×1 equivalent to (3) is given by:  

𝐬𝐬TFCE =  𝐬𝐬TFCE′ + �0(𝑁𝑁−𝑁𝑁𝑢𝑢)×1
𝐬𝐬𝑢𝑢

�  =  �
𝐬𝐬𝑑𝑑

𝐧𝐧 + 𝐬𝐬𝑢𝑢� .                   (27) 

Then, the same procedure is followed with the TFCE-UW-
OFDM, taking into account the dimensions of the transmitted 
signals due to the insertion of the pilot vector 𝓹𝓹. However, the 
CIRs are not estimated only in the time domain, but in both time 
and frequency domains. To this end, the sparsity of the channel 
is detected first using the same process in (18) as:  

𝐲𝐲𝑢𝑢,TFCE =  𝚿𝚿TFCE𝐡𝐡 +  𝒗𝒗𝑢𝑢,TFCE ,                                     (28)  

where the measurement matrix 𝚿𝚿TFCE is constructed using the 
received 𝐬𝐬u,TFCE =  𝐧𝐧 + 𝐬𝐬u  by the same process in (18), and 
𝒗𝒗𝑢𝑢,TFCE is the AWGN. As mentioned earlier, the IBI-free region 
(ℱ) is considered to be unavailable as it cannot be guaranteed 
in the practical UWAC systems, and the channel sparsity can 
be detected using the whole guard interval as demonstrated in 
Fig. 4. Therefore, the sparsity of UWAC channel is first 
detected using SOMP algorithm; assuming we have detected 
𝜒𝜒 non-zero channel values. Although the channel delay can be 
detected correctly as demonstrated previously in Fig. 4, the 
channel coefficients are still affected by IBI. So, to track the 
channel coefficients correctly, we employ the pilot vector 𝓹𝓹 in 
the frequency domain. It’s worth mentioning that the pilot 
length 𝑁𝑁𝓅𝓅 only needs to be greater than the channel sparsity; 
𝑁𝑁𝓅𝓅 > 𝜒𝜒, which is different from the conventional approaches 
which should be longer than the channel delay 𝐿𝐿 to guarantee 
precise CE. Let us denote the initial estimated channel as 
𝐡̂𝐡𝑖𝑖,TFCE ; the frequency-domain TFCE-UW-OFDM received 
signal 𝓢𝓢 ∈  ℂ𝑁𝑁×1  can be written using (23) as: 

𝓢𝓢 =  𝚯𝚯𝐅𝐅𝑁𝑁 𝐬𝐬TFCE�����
𝓩𝓩TFCE

=   𝚯𝚯𝐅𝐅𝑁𝑁ℋ  �
𝐬𝐬𝑑𝑑

𝐧𝐧 + 𝐬𝐬𝑢𝑢� ,                 (29)  

where 𝓩𝓩TFCE is the frequency-domain transmitted signal. Let 
the inserted pilot vector 𝓹𝓹 in the frequency domain, be denoted 
as 𝓢𝓢𝓅𝓅 that results a well-known data modelled as the summation 

of the inserted 𝓹𝓹 and 𝐅𝐅N  � 0
𝐧𝐧 + 𝐬𝐬u

� . So, the non-zero path 

coefficients in 𝐡̂𝐡𝑖𝑖,TFCE can be modeled by 𝒬𝒬-order Taylor series 
expansion as [35]: 

h𝓃𝓃,𝑙𝑙 =  𝖖𝖖𝓃𝓃𝖕𝖕𝑙𝑙 +  𝔷𝔷𝓃𝓃,𝑙𝑙 ,                         (30) 

where 𝖖𝖖𝓃𝓃 = [1 𝓃𝓃 𝓃𝓃2 …𝓃𝓃𝒬𝒬]1×(𝒬𝒬+1) , 𝔷𝔷𝓃𝓃,𝑙𝑙  is the modelling 
approximation error, and 𝖕𝖕𝑙𝑙 = �𝔭𝔭𝑙𝑙,0 𝔭𝔭𝑙𝑙,1 … 𝔭𝔭𝑙𝑙,𝒬𝒬�(𝒬𝒬+1)×1

whose 
𝖕𝖕𝑙𝑙,𝑞𝑞-entry is the polynomial coefficient. Accordingly, using (23) 
and (29), the received frequency-domain signal on the 𝑘𝑘 -th 
subcarrier, assuming that ICI is negligible when |𝓊𝓊 − 𝓋𝓋| > 𝒹𝒹, 
where 𝒹𝒹 is the number of adjacent subcarriers affected by the 
ICI, can be written as:  

𝓢𝓢𝑘𝑘 =  𝚯𝚯𝑘𝑘,𝑘𝑘  𝓩𝓩TFCE,𝑘𝑘 + � 𝚯𝚯𝑘𝑘,𝒿𝒿

𝑁𝑁−1

𝒿𝒿=0,𝒿𝒿≠𝑘𝑘

𝓩𝓩TFCE,𝒿𝒿 + 𝑽𝑽TFCE,𝑘𝑘 

         ≈  ���𝖕𝖕𝑙𝑙,𝑞𝑞𝓃𝓃𝑞𝑞𝝀𝝀𝓃𝓃,𝑙𝑙,𝑘𝑘 +  ��𝔷𝔷𝑛𝑛,𝑙𝑙𝝀𝝀𝓃𝓃,𝑙𝑙,𝑘𝑘

𝐿𝐿−1

𝑙𝑙=0

𝑁𝑁−1

𝑛𝑛=0

+ 𝑽𝑽TFCE,𝑘𝑘
�����������������

𝝇𝝇𝑘𝑘

 
𝒬𝒬

𝑞𝑞=0

𝐿𝐿−1

𝑙𝑙=0

𝑁𝑁−1

𝓃𝓃=0

 

                                                                                                      (31) 

where,  

𝝀𝝀𝓃𝓃,𝑙𝑙,𝑘𝑘 =  
1
𝑁𝑁

 �𝑒𝑒−
𝑗𝑗2𝜋𝜋𝜋𝜋(𝑘𝑘−𝒹𝒹)

𝑁𝑁 𝑒𝑒−
𝑗𝑗2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋

𝑁𝑁  𝓩𝓩TFCE,𝑞𝑞

𝑄𝑄

𝑞𝑞=0

 ,          (32) 

and 𝑽𝑽TFCE =  𝐅𝐅𝑁𝑁ℋ  𝒗𝒗TFCE . Alternatively, 𝓢𝓢𝑘𝑘 can be rewritten as: 

𝓢𝓢𝑘𝑘 =  𝚲𝚲𝑘𝑘𝖖𝖖𝖖𝖖 + 𝝇𝝇𝑘𝑘,                                           (33) 

where,  

Table 1: System parameters 
System parameter  OFDM UW-OFDM 
Symbol duration 𝑇𝑇 (ms) 170.7  170.7 
Guard duration 𝑇𝑇𝑔𝑔 (ms) 42.7 - 
Total symbol duration (ms) 213.4 170.7 
Number of subcarriers 𝑁𝑁 1024 1024 
Pilot length 𝑁𝑁𝓅𝓅 256 32 
Number of redundant subcarrier (𝑁𝑁𝑟𝑟) - 256 
Length of guard interval (𝑁𝑁𝑢𝑢) - 256 
Bandwidth ℬ (KHz) 6 6 
Sampling frequency 𝑓𝑓𝑠𝑠 (KHz) 96  96 
Carrier frequency 𝐹𝐹𝑐𝑐 (KHz) 13  13 
Subcarrier spacing ∆𝑓𝑓 (Hz) 5.86 5.86 
Doppler shift effect (Hz) 0.3 0.3 
Modulation order 𝑀𝑀  QPSK QPSK 
Channel delay (ms) 22 22 
Roll-off factor p(𝑡𝑡) 0.65 0.65 
Channel Coding Rate 1/2 1/2 
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         𝚲𝚲𝑘𝑘 =  �𝝀𝝀0,0,𝑘𝑘  …  𝝀𝝀0,𝜒𝜒−1,𝑘𝑘  … 𝝀𝝀𝑁𝑁−1,0𝜒𝜒−1𝑘𝑘�1×𝜒𝜒𝜒𝜒
, 

  𝖖𝖖 =  [diag{𝖖𝖖0𝑇𝑇 𝖖𝖖1𝑇𝑇  … 𝖖𝖖𝑁𝑁−1𝑇𝑇 }]𝜒𝜒×(𝒬𝒬+1)𝜒𝜒, 

         𝖕𝖕 =  �𝖕𝖕0  𝖕𝖕1  … ,𝖕𝖕𝜒𝜒−1�(𝒬𝒬+1)𝜒𝜒 ×1
.                                      (34) 

Therefore, the received frequency-domain pilot vector can be 
written as:  

𝓢𝓢𝓅𝓅 =  𝚲𝚲𝖖𝖖𝖖𝖖 +  𝝃𝝃,                                    (35) 

and 𝖕𝖕 can be estimated using MMSE criterion [36] as:  

𝖕𝖕� = (𝚲𝚲𝖖𝖖)†𝓢𝓢𝓅𝓅 = �(𝚲𝚲𝖖𝖖)ℋ(𝚲𝚲𝖖𝖖) +  1
𝛾𝛾
𝐈𝐈(𝒬𝒬+1)𝜒𝜒�

−1
(𝚲𝚲𝖖𝖖)ℋ𝓢𝓢𝓅𝓅 , (36)     

where (. )†  denotes the Moore-Penrose inverse matrix, and 1
𝛾𝛾
 

can be obtained using 𝐬𝐬𝑢𝑢,TFCE via a time-domain estimator [37]. 
As a result, the estimated 𝐡̂𝐡TFCE can be constructed, and 𝚯𝚯 in 
(29) will be known. The equalization and detection process can   
then be carried out straightforwardly, similar to TD-UW-
OFDM explained in Section II.B.  

IV.   PERFORMANCE ANALYSIS  

This section studies the performance of the proposed 
approaches in terms of PAPR, bandwidth efficiency, and 
required computational complexity, using the parameters 
shown in Table 1.  

A. PAPR Performance  

The PAPR is one of the main issues affecting the 
performance of OFDM approaches due to the superposition of 
a large number of symbols at the transmitter side [6]. Unlike 
conventional OFDM, the PAPR of TD-UW-OFDM should be 
calculated over the entire time-domain signal, including the 
added time-domain guard interval 𝐬𝐬𝑢𝑢. By using (3), the PAPR 
of the TD-UW-OFDM approach is given by:  

PAPRTD−UW−OFDM =  
max

0≤𝑛𝑛≤𝑁𝑁−1
|𝐬𝐬𝑛𝑛|2

𝐸𝐸[|𝒔𝒔𝑛𝑛|2] ,                              (37) 

where max
0≤𝑛𝑛≤𝑁𝑁−1

 and 𝐸𝐸[|. |2], respectively denote the maximum 
instantaneous power and the average signal power. On the other 

hand, the PAPR of the TFCE-UW-OFDM approach can be 
expressed using (27), as:  

PAPRTFCE−UW−OFDM =  
max

0≤𝑛𝑛≤𝑁𝑁−1
�𝐬𝐬TFCE,𝑛𝑛�

2

𝐸𝐸 ��𝒔𝒔TFCE,𝑛𝑛�
2�

.                       (38) 

It’s worth mentioning that, unlike conventional precoded 
OFDM approaches [6, 14], where a unitary precoding matrix is 
used to cancel the effect of the DFT matrix and reduce the 
PAPR,  the generator matrix 𝐏𝐏 does not reduce the PAPR of 
UW-OFDM systems. Instead, it is utilized to enforce the time-
domain guard interval to be known. Particularly, the time-
domain guard interval is enforced by be zero during the 
optimization in (3). As a result, the PAPR effect increases since 
𝐸𝐸[|𝒔𝒔𝑛𝑛|2] in (37) is decreased. On the other hand, when adding 
the known UW in (27), the mean of the time-domain signal will 
be increased leading to a small reduction in the PAPR. 
Therefore, as shown in Fig. 6, using the complementary 
cumulative distribution function (CCDF), the PAPR 
performance of the proposed approaches slightly outperforms 
that of conventional UWAC-OFDM [38], and TDS-OFDM 
[16] while the precoded UWAC-OFDM [14] offers up to 3 dB 
better PAPR performance at the cost of higher sensitivity to the 
DS effect, as demonstrated later in Section V.A.  

B. Spectral and Energy Efficiency Performance  

 Generally, pilot symbols are utilized in IoUT-based UWAC 
systems to track the channel effects and ensure reliable 
transmission. For example, a guard interval is utilized in OFDM 
to prevent the ISI while pilot data is used to estimate/equalize 
the channel. This dedicated overhead required to compensate 
for channel effects dramatically affects the channel utilization. 
The subcarriers utilizations 𝒷𝒷𝑒𝑒𝑒𝑒𝑒𝑒  and energy efficiency  ℯ𝑒𝑒𝑒𝑒𝑒𝑒  
are exploited in this paper to analyze the spectral and energy 
efficiency of the proposed approaches. The 𝒷𝒷𝑒𝑒𝑒𝑒𝑒𝑒  and  ℯ𝑒𝑒𝑒𝑒𝑒𝑒  of 
the presented approaches are given as follows [6]:  

𝒷𝒷𝑒𝑒𝑒𝑒𝑒𝑒 =  
𝑁𝑁𝑑𝑑

𝑁𝑁𝑑𝑑 +  𝑁𝑁𝑝𝑝
×

𝑁𝑁
𝑁𝑁𝑑𝑑 +  𝑁𝑁𝑢𝑢

× 100%,             (39) 

and  

 ℯ𝑒𝑒𝑒𝑒𝑒𝑒 =  
𝑁𝑁𝑑𝑑

𝑁𝑁𝑑𝑑 +  𝑏𝑏2𝑁𝑁𝑝𝑝
×

𝑁𝑁
𝑁𝑁𝑑𝑑 + 𝑎𝑎2 𝑁𝑁𝑢𝑢

× 100%,     (40)  

where 𝑁𝑁𝑝𝑝 , 𝑏𝑏 and 𝑎𝑎 , respectively denote the number of pilot 
subcarriers, the amplitude of the inserted frequency-domain 
pilots and the time-domain guard interval. 

C. Computational Complexity Analysis  

  To ensure a fair comparison, the same channel estimator and 
equalizer have been used for the proposed schemes as well as 
with conventional UWAC OFDM. Therefore, the 
computational complexity is investigated at the transmitter side, 
of each scheme in terms of the required transforms, while at the 
receiver side in terms of transforms, channel estimation and 
channel equalization. The comparison is made against the 
conventional CP-OFDM since the TDS-OFDM and UW-
OFDM require similar computational complexity to the CP-
OFDM and TD-UW-OFDM, respectively. 

 
Fig. 6: PAPR performance comparison. 
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At the transmitting end, all schemes require to perform IFFT 
processing with complexity of 𝒪𝒪 �𝑁𝑁

2
log2𝑁𝑁�, but the proposed 

TD-UW-OFDM and TFCE-UW-OFDM require additional 
𝒪𝒪(𝑁𝑁 ×  𝑁𝑁𝑑𝑑) complexity when multiplying with the matric 𝐏𝐏 in 
(1). Similarly, the transformation procedure at the receiving end 
is also increased in TD-UW-OFDM and TFCE-UW-OFDM by 
𝒪𝒪(𝑁𝑁 ×  𝑁𝑁𝑑𝑑)  compared to conventional CP-OFDM and TDS-
OFDM. In terms of channel estimation, assuming all schemes 
use the same size of measurement matrix in (20), the resulted 
computational complexity to detect 𝜒𝜒 paths is 𝒪𝒪(𝜒𝜒ℱ𝐿𝐿) for all 
schemes. However, the frequency-domain channel tracking in 
the proposed TFCE-UW-OFDM needs higher computation 
complexity. For instance, calculating (𝚲𝚲𝖖𝖖)† in (34) needs 
2𝑁𝑁𝓅𝓅(𝒬𝒬 + 1)2𝜒𝜒2 + (𝒬𝒬 + 1)3𝜒𝜒3 times of multiplication and 
𝑁𝑁𝓅𝓅(𝒬𝒬 + 1)𝜒𝜒 times of multiplication are needed for the matrix 
multiplication [23]. As mentioned earlier, the number of 
significant pats 𝜒𝜒  is not high due to the nature of UWAC 
leading to decreasing the required length of frequency-domain 
pilot 𝑁𝑁𝓅𝓅 , thereby mitigating the potential explosion of the 
overall computational complexity. Finally, the procedure for 
performing the channel equalization needs the same algorithm 
which is SOMP with required complexity of 𝒪𝒪(𝑁𝑁) to perform 
the MMSE equalization for all schemes. It is straightforward to 
observe that, although the proposed approaches involve higher 

computational complexity, it remains manageable and practical, 
as they do not require large-scale matrix inversion or matrix–
matrix multiplication especially when compared to the 
conventional UW-OFDM approach [25].  

V. SIMULATION AND EXPERIMENTAL RESULTS  
In order to ensure the feasibility of the proposed approaches 

and confirm their superior performance for IoUT-based UWAC 
system, this section investigates the performance compares the 
results against  the conventional UWAC-OFDM [38], TDS-
OFDM [16], and precoded UWAC-OFDM [14].  The 
performance is investigated using simulation and experimental 
tests conducted in Zhoushan, China with a distance of 300 
meters.  

 
Fig. 7: BER performance comparison with different 
subcarrier utilization. 

 
Fig. 8: MSE performance comparison.  
 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 9: BER performance comparison at different DS effects 
at (a) SNR=20dB, (b) SNR=25dB and (c) SNR=30dB. 
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A. Simulation Results  
Table 1 displays the system parameters used throughout this 

paper. In order to ensure a fair comparison, all systems are 
implemented under similar conditions, although the TD-UW-
OFDM and TFCE-UW-OFDM do not require a guard interval 
outside the DFT interval. As a result, the total symbol duration 
varies between systems. In simulation, all schemes utilized the 
statistical UWAC channel described in [39], assuming single-
input single-output (SISO) system, with both transmitter and 
receiver placed 4 meters below the water surface and separated 
by 1 kilometer.  

The maximum number of sparsity to be estimated is set to 
𝜒𝜒 = 10. The DS effect is set to be 0.3 Hz except in figures 
where it is varied to evaluate robustness to residual DS. TD-
UW-OFDM and regular TDS-OFDM use the time-domain 
guard interval to estimate the channel, while TFCE-UW-
OFDM uses 32 additional pilot subcarriers to monitor the 
channel effect in the frequency domain. This value represents 
only 3.1% of the total available number of subcarriers, whereas 
conventional and precoded OFDM schemes use 256 pilot 
subcarriers, representing 25% of the available subcarriers, to 
track the channel effects. In the experimental tests, null-
subcarrier-based residual DS estimation is applied to all 
schemes. The remaining parameters are listed in Table 1, where 
it’s shown that the smaller required pilot overhead 
𝑁𝑁𝓅𝓅 significantly boosts the overall data rate. Although UW-
OFDM and CP-OFDM differ in their symbol durations, they 
achieve similar overall data rate when using comparable guard 
intervals and pilot overheads [29]. Based on the parameters in 
Table 1, and ignoring channel coding, the total achievable data 
rate of conventional UWAC-OFDM, is 7.2 kbps, while the 
proposed TD-UW-OFDM and TCE-UW-OFDM reach 
9.3 kbps and 9.6 kbps, respectively. Additionally, both 
conventional UW-OFDM and TDS-OFDM attain the same data 
rate as TD-UW-OFDM because they do not require any 
additional 𝑁𝑁𝓅𝓅  in the frequency domain to track channel effects.  

Fig. 7 shows the bit error rate (BER) performance 
comparison. As shown the proposed TD-UW-OFDM and 
TFCE-UW-OFDM outperform conventional OFDM by up to 5 
dB at SNR = 25 dB. In contrast, TDS-OFDM is severely 
affected by IBI, as subtracting it in harsh UWAC channels 
becomes a highly challenging. Also, the proposed methods 
outperform the precoded OFDM, even though the precoder 
matrix provides more diversity and the huge pilot vector used 
in the precoded OFDM tracks the channel effect. However, the 
performance of precoded OFDM degrades due to its sensitivity 
to DS [40], particularly at lower SNR levels. The performance 
gain of the proposed approaches is further supported by higher 
subcarrier utilization, as shown in Table 2, where the proposed 
approaches can meaningfully improve the subcarrier utilization 
with better BER performance. It’s worth mentioning that the 
conventional UW-OFDM achieves similar subcarrier 
utilization as TDS-OFDM and TD-UW-OFDM. The two 
proposed approaches almost offer identical BER performance 
since we provided a longer IBI-free region than the channel 
delay 𝐿𝐿. In fact, that is advantageous to the UWAC systems 
since the bandwidth efficiency is considered as the main 
problem in that environment. On the other hand, the normalized 
mean square error (NMSE) corresponding to the same 

conditions used in Fig. 7 is shown in Fig. 8. NMSE is defined 
as follows: 

NMSE =  
𝐸𝐸 ��h𝑙𝑙 −  ℎ�𝑙𝑙�

2�
𝐸𝐸{|h𝑙𝑙|2} .                         (41) 

 As TDS-OFDM and precoded OFDM show similar NMSE 
to TD-UW-OFDM and conventional OFDM, respectively, they 
are omitted from Fig. 8 for clarity. The perfect NMSE, used as 
a reference in that comparison, is produced by using the full 
data, including modulated data and pilot vectors, for tracking 
the channel effects. As demonstrated, the utilization of huge 
pilot data improves the frequency-domain CE's NMSE 
performance. The proposed approaches still provide better BER 
performance due to the integration of the guard within the DFT 
interval. 

To further investigate the robustness of the proposed 
approaches to the UWAC environment effects, the BER 
performance against different DS values is shown in Fig. 9 at 
SNRs of 20, 25, and 30 dB. Fig. 9 demonstrates that the 
proposed approaches maintain excellent BER performance 
under increasing DS. However, at a DS that is higher than 1 Hz, 

Table 2: Comparison of Subcarriers Utilization. 
𝑁𝑁𝐶𝐶𝐶𝐶  DFT-OFDM 

[36] 
TDS-OFDM 

[16] 
TD-UW-
OFDM 

TFCE-UW-
OFDM 

 𝑁𝑁/4 60.00% 80.00% 80.00% 77.56% 
𝑁𝑁/8 77.78% 88.89% 88.89% 86.18% 

 𝑁𝑁/16 88.23% 94.12% 94.12% 91.26% 
 

 
Fig. 10: BER performance comparison at different  𝜀𝜀0 and 
subcarrier utilization.  

 
Fig. 11: MSE performance comparison at different 𝜀𝜀0. 
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the improvement of the proposed approaches vanishes, and 
such a DS effect estimator must be used in that case. Further, 
Figs. 10 and 11, illustrate the BER and NMSE performance at 
different SNR and DS effects values. As shown, the TD-UW-
OFDM becomes increasingly sensitive to the Doppler effect in 
both NMSE and BER performance. Fortunately, that can be 
tracked and fixed when using TFCE-UW-OFDM at the expense 
of 3.1% of subcarrier utilization only. That also validates the 
significant advantage of the proposed approaches in the IoUT-
based UWAC environment.  

B. Experimental Results  
We conducted real tests in the sea of Zhoushan, China, to 

validate the advantages of the proposed approaches in the 
UWAC environment. The same parameters from Table 1 were 
used, except for the DS and multipath effects experienced by 
the real channel. In the field test, the transmitter was positioned 
at the port, while the receiver was located on a ship 
approximately 300 meters away. The depth of both the 
transmitter and the receiver was set to 4 meters below the water 
surface. Unlike the simulation tests, the synchronization was 

estimated using linear LFM segments placed at the beginning 
and end of each frame, each frame containing 10 symbols. The 
same synchronization procedure explained earlier was applied. 
A vector of zeros was inserted between the LFM segments and 
the transmitted data to avoid interference. Additionally, 
convolutional encoding with a rate of 1/2 was employed at the 
transmitter side and Viterbi decoding was used at the receiver 
for data recovery. Each data transmission was repeated five 
times. In order to demonstrate the effect of UWAC harsh 
channel and noise, an example of a snapshot for the transmitted 
and received packet of TFCE-UW-OFDM is shown in Fig. 12(a) 
and (b), respectively. The same down-conversion and decoding 
procedures outlined in Sections II and III were followed to 
process the received signal. Fig. 13 illustrates the status of the 
decoded data using a constellation plot. As shown in Fig. 13, 
the status of the received signal in the case of TFCE-UW-
OFDM is better than the conventional OFDM. That is justified 
by the robustness of the TFCE-UW-OFDM to the residual 
channel errors. To highlight the impact of the real UWAC 
channel, Fig. 14 shows the estimated CIRs for frame 1 when 

Table 3: Comparison of experimental test BER performance  
# OFDM [38] TDS-OFDM [16] Precoded-OFDM [14] TD-UW-OFDM TFCE-UW-OFDM 
 Coded Uncoded Coded Uncoded Coded Uncoded Coded Uncoded Coded Uncoded 

1 7.54 × 10−4 0.12 4.33 × 10−3 0.22 4.11 × 10−4 0.26 3.72 × 10−4 0.18 2.19 × 10−4 0.011 
2 0 0.095 9.71 × 10−3 0.18 0 0.012 0 0.035 0 0.015 
3 8.13 × 10−4 0.22 8.21 × 10−4 0.34 0 0.054 2.24 × 10−4 0.084 0 0.02 
4 8.13 × 10−4 0.34 9.66 × 10−3 0.3 3.87 × 10−4 0.11 3.21 × 10−4 0.15 3.21 × 10−4 0.087 
5 2.93 × 10−4 0.098 5.83 × 10−3 0.22 4.35 × 10−4 0.17 0 0.082 0 0.015 

Average 5.35 × 10−4 0.1746 6.07 × 10−3 0.252 2.47 × 10−4 0.1212 1.83 × 10−4 0.1062 1.08 × 10−4 0.0428 
 

 
(a)  

 
(b)  

Fig. 12: Snapshot of TFCE-UW-OFDM signals (a) 
transmitted signal and (b) received signal.  

 
(a) 

 
(b)  

Fig. 13: Constellation plot of the received signal after 
equalization (a) OFDM and (b) TFCE-UW-OFDM. 



 12 

using TFCE-UW-OFDM. In this case, channel coefficients with  
|h|  < 0.15  were removed, and the corresponding Doppler 
effect was observed by tracking the normalized CFO (𝜖𝜖0) for 
both conventional OFDM and the proposed TFCE-UW-OFDM 
with the techniques of null subcarriers. It is evident that the real 
UWAC channel exhibits doubly selective fading, and the 
proposed scheme demonstrates greater robustness against these 
impairments. Furthermore, Table 3 presents the BER 
performance for each transmitted frame. The proposed TD-
UW-OFDM and TFCE-OFDM methods outperform 
conventional OFDM systems in both simulation and real-world 
scenarios, improving both BER and spectral efficiency (as 
summarized in Table 2). As a result, these methods represent 
promising solutions for enhancing the spectral efficiency and 
reliability of IoUT-based UWAC.  

VI. CONCLUSION   
In this paper, we have presented two methods, TD-UW-

OFDM and TFCE-UW-OFDM, to improve the reliability of 
IoUT communication systems against problems caused by 
underwater acoustic channels. The proposed schemes 
effectively minimize the overhead required to monitor UWAC 
channel variations by employing a time-domain guard interval. 
TD-UW-OFDM works especially well in environments with 
short-delay UWAC channels because it can track channel 
effects in an IBI-free area at the end of the time-domain guard 
interval. The proposed TFCE-UW-OFDM, on the other hand, 
makes the system more reliable by improving performance in 
scenarios where an IBI-free region cannot be guaranteed. Both 
approaches significantly improve bandwidth efficiency by 
reducing the reliance on extensive pilot data traditionally used 
for channel tracking. Notably, TFCE-UW-OFDM only needs 

3.1% of the frequency-domain subcarriers for this purpose, 
while traditional UWAC-OFDM systems need 25%. This 
demonstrates the practicality of our methods in real-world 
UWAC applications. The results from both simulations and 
real-world experiments demonstrate that these approaches 
substantially enhance the performance of IoUT-based UWAC 
systems, making them strong candidates for the next generation 
of underwater communication technologies.   
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