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Abstract—We propose an acoustic OFDM system for 
underwater wireless communication in vertical direction, between 
a mother ship in the surface and a robot at the sea bottom. In our 
experiments, the velocity changes roughly over time, though it is 
not very high. In addition, Doppler does not manifest itself 
explicitly in time compression/expansion, for example, a velocity 
of 1(m/s) causes a frequency offset of 16 (Hz), but a small 
compression/expansion of 1(sample/an OFDM symbol). 
Therefore, we propose an adaptive Doppler compensation 
consisting of two stages without resampling. The first stage is 
phase de-rotation to compensate a common frequency offset 
before FFT processing. The second stage is non-uniform Doppler 
compensation by an ICI matrix before channel estimation. To 
boost the range of frequency offset estimation, we use continual 
pilots in conjunction with monitoring the drifting of power delay 
profile over time. Experimental results taken in Shizuoka, Japan 
show our system using QPSK, and 16QAM achieved a data 
throughput of 7.5(Kbit/sec) with a transmitter moving at 
maximum 2(m/s), over 30m vertically. 
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I. INTRODUCTION  

To facilitate new industries and applications such as deep-
sea mining, ocean discovering, sub-marine communication, and 
so on, Underwater Wireless Communication (UWC) is needed. 
In the last decades, several research groups have actively 
conducted experiments on UWC, and achieved impressive 
results. Acoustic OFDM has been considered a good solution for 
UWC, so far. Depending on target applications, several acoustic 
OFDM systems have been proposed [1-8], and those are 
considered state-of-the-art methods.   

Systems in [3-6] used resampling technique to compensate 
the Doppler effect that is one of the greatest challenges in 
acoustic OFDM systems. However, applying the resampling 
based method is not suitable for our system. We aim to a vertical 
link communication between a robot at the sea bottom and a 
mother ship in the surface, in which, the maximum relative 
speed between a transmitter and  receivers is about 2.5(m/s). The 
Doppler effect does not manifests itself explicitly in 
compression/expansion, but significantly in frequency offset in 
our system. So, it is not easy to estimate accurately the time 
compression/expansion over an OFDM symbol. In addition, 
when the velocity changes roughly over OFDM symbols such 
as during pulling/pushing a transmitter in our experiment, 
symbol-by-symbol Doppler compensation is needed. To do so, 

we track the Doppler shift over OFDM symbols by using 
continual pilots. Instead of resampling, we compensate the 
Doppler effect through two stages. The first stage is a common 
phase de-rotation performed before FFT, and the second stage is 
an ICI matrix performed before channel estimation. Simulation 
and experimental results showed our system yields a stable 
performance when the velocity change roughly over OFDM 
symbols. 

The rest of this paper is organized as follow. Section II. 
shows signal model. Our proposed system is presented in 
Section III. Simulation and experimental results are shown in 
Section II. Finally, Section V is conclusion. 

II. SIGNAL MODEL 

In this section, we model and figure out two impacts of 
Doppler effect in the frequency domain. The transmitted signal 
of an OFDM symbol can be written as 

 

�(�) = �� � � ������(�����)�

�

����

�   ��� ℎ 0 ≤ � ≤ �� 

(1) 

Totally, (2� + 1)  subcarriers are utilized to carry 
information data. �� and �� is carrier frequency and sub-carrier 
space, respectively. ��  denotes data carried by sub-carrier � . 
We assumed that there are � multipaths, each path has a gain of 
��, and a delay of ��. For our target application, that is, a vertical 
link communication between a robot in the sea bottom and a 
mother shift in the surface, all paths have a similar Doppler rate 
Δ(t). Thus, the received pass-band signal is written as follows   

��� (�) = � ��

���

���

����1 + Δ(�)�  − ���  

(2) 

Δ(t) =
�(�)

�
 

In here, �(�)  is the relative moving speed between a 
transmitter and receivers. In the time domain,  
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the Doppler effect manifests itself as sampling rate error, which 
is called time compression/expansion in [3-6]. A straightforward 
idea is re-sampling the distorted signal to compensate the 
Doppler effect. Different from those methods, we analyze and 
compensate impacts of the Doppler in frequency domain. After 
down-conversion, we get  

 

���(�) = � � ������������(���(�))(����)��������(�)�

�

����

 

���

���

 

(3) 

�� = ���
������(���(�))�� 

(4) 

First, all sub-carrier experiences a common frequency offset 
of ��Δ(�)(Hz). Second, each sub-carrier experiences a different 
frequency offset of ���Δ(�)(��) , which depends on the 
position of a sub-carrier. This is called position-dependent 
frequency offset, or so-called non-uniform Doppler shift in [8]. 
The position-dependent frequency offset significantly degrades 
performance of high modulation such as 16 and 64QAM.  In our 
case, a moving speed of 1(�/�) causes the common Doppler 
shift of 16(��) which is equal to 16(%) of subcarrier space. In 
addition, the edge subcarriers corresponding to � = ±40 suffers 
a frequency offset of ±2.5(��) which is equivalent to 2.5% of 
subcarrier space. The central subcarrier � = 0  does not 
experience this kind of frequency offset. Therefore, we must 
take position-dependent frequency offset into account.   

III. OUR PROPOSED SYSTEM 

A. Coarse time and frequency synchronization  

     Due to harsh conditions including high Doppler, long 
delay spread, ambient noise, and impulsive noise, we use a 
preamble consisting of 3 OFDM symbols for coarse time and 
frequency synchronization. Similar to [9], we use two identical 
symbol �� and �� to detect the starting point of a data frame. 
Two sliding windows are used to calculate the self-correlation 
between �� and �� at the receiver side.   

 

 

Figure 3. Continual Pilot 

Table 1. System Parameter 

Parameters  Value 

TX-RX Elements 1 TX/4 RX Transducer 

Sampling Frequency 96000 Hz 

TX Center Frequency 24000 Hz 

Band Width 8000 Hz 

FFT Size 2048 

OFDM symbol length T0 21.333 ms 

GI length 0.5T0 

Sub Carrier Spacing 46.875 Hz 

Number of Sub Carrier 161 

 

Next, Cyclic Prefix (CP) of the X� symbol is used to estimate 
the fraction part of frequency offset. Inspired from [10], we use 
symbol �� and �� to estimate the integer part of the frequency 
offset, which might up to few times of the sub-carrier space.  We 
inserted data into all sub-carrier rather than only even sub-carrier 
as in [10]. In short, our idea is to perform a phase differential 
modulation using symbol �� and �� as follows  

�(�) = ��(�)��
∗(�) 

(5) 

At the receivers, we get  

�(�) = ��(�)��
∗(�) 

(6) 
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Figure 1. Transceiver Architecture  
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Figure 4. Power Delay Profile drifting due to compression/expansion  

 

After compensating the fractional frequency offset, we 
calculate a metric as follow to estimate the integer frequency 
offset as follows  

�� = arg max
��

� �(�)�∗(� + ��)

�

���

 

(7) 

B. Frequency offset tracking by using continual pilot combined 
monitoring the power delay profile     

Using the continual pilot as in [11-12] is convenient for 
tracking frequency offset over time, however, the maximum 

frequency offset can be estimate is 
��

�(�����)
.  To boost the range 

of frequency offset estimation, we monitor the drifting of power 
delay profile over time. In addition, the accuracy of frequency 
estimation by using continual pilots is worsen since continual 
pilots already corrupted by severe ICI. So, a rough 
estimation/compression frequency offset before using continual 
pilots is very helpful.  

     The continual pilot is inserted as shown Fig. 3.  Briefly, 
the difference in phase between two successive pilots indicate 
the frequency offset as follow  

 

�(�, �) =
�(�, �)

�(�, �)
, � ∈ �� 

(8) 

��� =
1

�
�
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(9) 

In here, �(�, �) is the channel transfer function estimated 
at sub-carrier � and symbol �, and ��� is guard interval length.  

     Due to time compression/expansion caused by Doppler 
effect, the observed power delay profile (PDF) is drifted over 
time when a fixed FFT window is applied. This phenomenon is 
described in Fig. 4. The drift amount of PDF over time indicates 
time compression/expansion and corresponding frequency 
offset caused by Doppler effect.  

 

��� = ��

�� − ��

4���
 

(10) 

Here, ���  is the OFDM symbol length included guard 
interval, and �� is carrier frequency. After compensating the ��� 
by a simple phase de-rotation, the residual frequency offset is 
estimated by using continual pilots as mentioned above.  

C. Adaptive Doppler Compensation  

In this section, we show two stages to compensate the 
Doppler shift without resampling. We first perform a phase de-
rotation to compensate the common frequency/phase rotation 
before FFT. Then, the received signal in (3) is written as 

���(�) = � �����������(���)�

�

����

 

(11) 
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(12) 

After FFT demodulation, the received data at ��� subcarrier 
is  

 

�� ≈ ��������� + � ���� �Δ �
�

� − �
� ������

�

����
���

 

(13) 

�(�, �) = �
�����  �� � = �                

Δ �
�

� − �
� �����  �� � ≠ �

 

(14) 

�(�, �) represents Inter-carrier interference from subcarrier � 
to subcarrier � . It is noted that �(�, �)  not just depends on 
Doppler rate Δ, and distance (� − �) between two subcarriers, 
but also depends on position of subcarrier �. In another word, 
edge sub-carriers suffer severe ICI than center subcarriers. So 
the second stage is compensating the position dependent 
frequency offset by an ICI matrix before channel estimation. 
The assumption that all delay paths have the same Doppler shift 
leads to an interesting result, that is impact of non-uniform 
Doppler shift and frequency selective fading is separable as 
shown in the below matrix equation.  

Since the main diagonal of �  is much greater than off-
diagonals, and absolute values of �(�, �) decay quickly when 
going far from the main diagonal, there are several ways to avoid 
finding an inverse of � such as Jacobi iteration method as in [13].  
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Figure 5. Simulation BER of QPSK over 10 frames/1120 symbols  

IV. SIMULATION AND EXPERIMENTAL RESULTS 

      Considering a communication in vertical direction, usually 
there are a direct path and a surface reflection path. In addition, 
when the transmitter moving, all paths has a similar Doppler 
rate. For simulation we use a channel with 3 paths as in Table II. 
Most importantly, our system aims to mitigate the changing 
roughly of velocity over time, such as during pulling/pushing the 
transmitter in our experiment. We create a simulation scenario, 
in which, the velocity changes over time as shown in Fig. 5, 6. 
The maximum velocity is 3(m/s) corresponding to a frequency 
offset of 48(Hz), and the acceleration rate is about 1.7(m/s/s). As 
shown in Fig. 5 and 6, the estimate frequency offset is very close 
to the actual frequency offset. All Bit Error Rate (BER) is before 
Turbo decoding. QPSK achieved free error, and 16QAM 
achieved a stable performance over 10 frames.    

     Our experiment setting is shown in Fig. 8. The transmitter 
was pull toward the surface, the push toward the bottom. When 
the transmitter approach near the surface, or the bottom its 
velocity gradually reduce, then changes direction, increase 
velocity again. So the velocity trajectory is quite complicate as  

 

 

 

 

 

 

 

 

 

Figure 6. Simulation BER of 16QAM over 10 frames/1120 symbols  

shown in Fig. 9, 10 shows the estimation of the time varying 
Doppler shift over 6 frames. Our Doppler compensation provide 
a stable performance when the velocity changes over time. The 
BER in Fig. 9, 10 are before Turbo decoding, and it is free error 
after decoding. In addition, the estimated Delay Profile in Fig. 7 
was consistent with the experiment setting. In the delay profile, 
there was a direct path, and a surface reflection path, and the 
distance between them is about 5(��) which is equivalent to 
7.5(�) distance. As the experiment setting, the receivers was in 
3(�)  depth which can lead to a surface reflection path of  
7.5(�).  

Table II. Multipath channel  

Path Delay(ms) Gain (dB)  
#1 0 0 
#2 2(ms) -5 
#3 3(ms) -7 
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Figure 7. Channel Delay Profile Observed in Experiments  

 
Figure 9. Experiment BER of QPSK over 6 frames/ 672 OFDM symbols  

V. CONCLUSION  

     In this paper, we presented an acoustic OFDM system with 
adaptive Doppler compensation. Instead of resampling, our 
proposal method compensates impacts of Doppler effect 
symbol-by-symbol by phase de-rotation and an ICI matrix. In 
addition, frequency offset is tracked over OFDM symbols by 
using continual pilot in conjunction with monitoring the drifting 
of the power delay profile. Simulation and experimental results 
confirmed that our system provided a stable performance when 
the velocity changes roughly over OFDM symbols.  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
Overall, we achieved a data throughput of 7.5 (kbit/sec) over 
more than 30(m) vertically, under a maximum speed of 2(m/s) 
between a transmitter and receivers, multipath channel, ambient 
noise, and impulsive noise. In addition, simulation results 
shows our system can work well under the maximum velocity 
of 3(m/s) while the velocity changes roughly over time.  
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Figure 8. Experiment Setting  

 

Figure 10. Experiment BER of 16QAM over 6 frames/ 672 OFDM symbols  
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