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Abstract
Underwater Acoustic (UWA) channels are known as some of the most challenging
communication media. Since the Underwater acoustic channels are time varying
multipath channel achieving the high data rate, a low latency and a high throughput
which often is a very difficult objective. In this work, we designed an OFDM transceiver
system which is suitable for underwater acoustic communication with limited bandwidth
to enhance the data rate at the receiver. To enhance the data rate at the OFDM receiver
we have used efficient adaptive modulation scheme, channel estimation and channel
equalization schemes for UWA communication. We have focused on the efficient
modulation schemes like QPSK, DPSK and 16-QAM which is best suited for adaptive
techniques based on the SNR of the Rayleigh fading channel to enhance the data rate. The
simulation results show that the performance of the OFDM system with the use of
Adaptive modulation is better when compared to the OFDM system without Adaptive
modulation schemes. Also we have used the Kalman filter for channel estimation which
minimizes the mean squared error and gives us the best estimation even in the presence of
noise. From the simulation results, we have found that these modulation techniques and
channel estimation method are best suited to achieve high data rate for underwater
acoustic communication.
Keywords: UWA, OFDM, Adaptive modulation, Kalman filter, channel estimation,
Channel equalization.

1. Introduction
In wireless communication, Underwater Acoustic (UWA) channels are known as some
of the most challenging communication media. Compare to the electromagnetic wave
channel and optical wave channel the UWA channel is considered by large transmission
loss and delay, multi-path effect and Doppler Effect. Such parameters highly affect the
performance of UWA communication and limits the channel capacity. In such a
communication channel achieving high data rate, a low latency and a high throughput
which often is a very challenging task [22].
The increasing need for high data rate in digital communications offers the Orthogonal
Frequency-Division Multiplexing (OFDM) for achieving better performance in high rate
data transmission [1]. OFDM is also a multicarrier modulation technique and considered
as a best technique to combat frequency-selective fading channels in wireless
communication systems [2, 3]. OFDM is used in many applications like Digital Audio
Broadcasting, Digital television(terrestrial), Wireless LAN IEEE 802.11a, IEEE 802.11g,
IEEE 802.11n, IEEE 802.11ac, and IEEE 802.11ad, 4G and pre-4G cellular
networks and mobile broadband standards. OFDM has high spectral efficiency as
compared to other double sideband modulation schemes, spread spectrum, etc. and
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OFDM can easily adapt to severe channel conditions without complex time-domain
equalization.
One of the most effective way for reliable communication is adaptive modulation that
greatly enhances the utilization ratio of bandwidth [22]. The switching of modulation
scheme is dependent on the UWA channel parameters as well as the SNR of the channel.
The increasing demand for high bit rate digital communications makes efficient channel
estimation and equalization techniques very attractive [1]. In this work the Kalman filter
is used for effective channel estimation. The Kalman filter is an effective tool in several
aspects, it supports estimation of past, present and future states and it can do even when
the precise nature of the modelled system is unknown.

2. Proposed Work
Since Underwater Acoustic communication channel is a time-varying multipath, thus
in such a communication channel achieving high data rate, a low latency and a high
throughput which often is a very challenging task. By using the different techniques, the
data rate of the OFDM for Underwater Acoustic communication can be increased. In this
work, concentrating more on the efficient adaptive modulation techniques, Channel
estimation and Equalization techniques. There are so many digital modulation techniques
and channel estimation techniques which are well established in the communication field,
choice of a suitable modulation technique and channel estimation/ equalization technique
for an application depends on many parameters such as data rate, bit error rate and design
complexity etc. This work includes that enhancing the data rate of the OFDM receiver by
using Adaptive modulation and Kalman filter based Channel estimation schemes.

3. System Design and Methodology
OFDM is considered as one of the special types of multi-carrier modulation scheme
which transmit by multiple sub carriers do not have similar frequencies and they are
orthogonal to each other. Figure (1) shows the proposed OFDM system for UWA
communication considered in this work.

Figure 1. Proposed OFDM Transceiver System
First the data stream is generated which is in binary form. The random binary signal
models the raw information which would be transmitted and then the signal fed into
transmitter [11]. After fed into the transmitter the transmitted signal is modulated using
the modulation techniques. In this paper we establish some efficient adaptive modulation
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schemes such as QPSK, DPSK and 16-QAM for underwater acoustic communication in
order to get high data rates by considering „N‟ subcarriers (256 subcarriers). In this work,
we experimented and analyzed individual modulation scheme results with OFDM for
underwater communication. Initially we assumed the Eb/No ratio from 1 to 30 and using
the Eb/No values we calculated the SNR values initially. Thus we done the OFDM system
to switch the appropriate modulation scheme which depends upon on the SNR range of
the channel. The modulated serial data stream is the converted into parallel data. A pilot
signal which is generally of single frequency, which is transmitted over a
communications system for control, supervisory, equalization and reference purpose[12].
In this experiment we insert the pilot symbols of length 4 for each frame in the transmitter
side and after FFT algorithm we remove the pilot symbols at the receiver side. The
capability to generate and to demodulate the signal with the use of FFT algorithm is one
of the main factors for OFDM to become popular in transmission schemes [13]. By using
IFFT/FFT techniques, implementation of modulation and demodulation is
computationally efficient. The FFT and IFFT algorithms can be obtained by the equations
(1) and (2) respectively.
[
]
∑
(1)
[
]
∑
(2)
Cyclic prefix is the parameter that enables the OFDM signal to operate reliably and it is
used to defend the OFDM signals from inter symbol interference. In this experiment we
used acyclic prefix of length 16 to avoid the OFDM signals from inter symbol
interference [12]. The received signal can be given by,
(3)
The channel coefficients vector
[
], where
is the l th tap at nth time instant . The state vector is obtained as
[
] .
In this experiment we considered the Rayleigh fading channel as the media for
communication [2]. The Doppler spread, noise, high path loss, multipath and variable
propagation delay affect the underwater acoustic communications severely. The collective
effect of this phenomenon causes the UWA channel to be temporally and spatially
variable. This limits the available bandwidth and makes it more dependent on both range
and frequency. The parameters that affect UWA communication are (a). Transmission
loss which occurs due to two factors: attenuation and geometric spreading loss, (b).
Acoustic Noise occurred is mainly caused by shipping activities and machinery noise, (c).
Attenuation which can be generally attributed to absorption, due to the translation of
energy of the propagating acoustic wave into heat. The SNR can be calculated for the
channel based on the Eb/No ratio.
3.1. Kalman Filter based Channel Estimation
Channel estimation is a scheme, in which the channel state information is retrieved by
using the channel impulse response. Kalman filtering is an efficient technique to remove
impurities in linear systems [8]. The Kalman filter is a recursive filter that is with the help
of state space methods and recursive algorithms [12]. The Kalman filter algorithm
includes two steps; a) Prediction - It refers to projecting forward the current state to gain
the estimates for next step. It is therefore known as time update step. b) Correction - It is
the feedback stage that incorporates new measurements into the estimates. It is therefore
known as measurement step. This process is repeated for each state with value from
previous state as initial value. Therefore, Kalman filter is called a recursive filter and it is
represented in state-space model and the state-space model consists of two equations:
(4)
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(5)
xk is the N-dimensional state vector at k=1,2,3,…n. Process noise „w‟ is the Ndimensional uncorrelated input vector of state equation. yk is the M-dimensional noisy
observation vector and the measurement noise is a zero mean white Gaussian noise.
„A‟ is the state transition matrix which can be obtained using the Yule-Walker equations
(AR process) and „C‟ is the output matrix which are given by
[

]

and C = [I, 0,….0]. Where I is the N x N identity matrix and A1, A2…..A(p) are the AR
model coefficients. At the k-1th iteration, the state vector is considered as zero vectors and
the state transition matrix is calculated using the Yule Walker AR process. The Kalman
filter is then applied to estimate the unknown state of the system. Received signal yk(n) at
each instant is given as input observation to Kalman filter algorithm [13] and the
following figure (2) shows the Kalman filter algorithm. There is a consideration of two
ideal equations: Time Update and Measurement Update and both set of e equations are
applied at each kth state.

Figure 2. Kalman Filter Algorithm
Where,
̂:Estimation of the state vector
̂ :Prediction of the state vector
z :Measurement values vector
K :Kalman gain
̅:Prediction of the error covariance
P :Error covariance update
I :Unit matrix
Q and R : Covariance matrices of system noise and measurement noise respectively.
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4. Simulation Results and Discussion
4.1. Simulation Parameters
In this work, we have assumed some OFDM parameters for simulation. The state
transition matrix is calculated using Yule-Walker AR process. Both Process noise and
measurement noise is assumed to be Gaussian noise. All the OFDM parameters are
tabulated in table (1). The channel under consideration is Rayleigh fading channel.
Table 1. OFDM Parameters
No of subcarriers
Cyclic prefix length
Sampling period of channel
Max Doppler frequency shift
Distance
No of OFDM symbols
FFT size
Carrier frequency
Receiver noise bandwidth
No of pilot symbols
Modulation schemes

512
16
1e-3
0
15 m
1000
256
8KHz
2KHz
4
QPSK, DPSK, 16-QAM

4.2. Algorithm Overview
The overall algorithm for OFDM system works as follows:
1.
Initialize the variables and matrices.
2.
Generate the random input serial data stream.
3.
Modulate the data using efficient modulation techniques.
4.
Convert the serial data into parallel data and insert the pilot symbols then apply
IFFT algorithm.
5.
Insert the cyclic prefix symbols to avoid Inter symbol interference.
6.
Convert the parallel data into serial data and pass through the Rayleigh channel
in which AWGN noise is added.
7.
Convert the serial data into parallel data and remove the cyclic prefix symbols.
8.
Perform Channel estimation using Kalman filter.
9.
Apply FFT algorithm and remove the pilot symbols.
10.
Convert the parallel data into serial data and demodulate the data.
11.
Equalize the modulated data using equalizer.
12.
Calculate the SNR, BER and plot the results.
13.
Based on the SNR the modulation techniques will be selected.
In this work, we focus on finding the efficient adaptive modulation techniques, channel
estimation technique and channel equalization schemes which are suitable for the
underwater environment even in the presence of AWGN noise and channel noise. In this
experiment, we have considered efficient modulation schemes like QPSK, DPSK and 16QAM and verified the BER performance individually. These schemes typically give a
better performance compared to other modulation techniques. Thus by applying the
adaptive method in the modulation process the BER or SNR performance were optimized
and the efficient data rate was achieved. From the simulation results also found that the
Kalman filter is suitable for signal tracking using channel estimation compared to the
other channel estimation techniques for UWA communication. The simulation results of
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the BER performance of DPSK, QPSK, 16-QAM modulation techniques are shown in
figure (3) to figure (5) respectively and the BER performance of the OFDM system with
adaptive modulation is shown in figure (6). The simulation of the comparison of the real
states and the estimated states is shown in the figure (7) and the results for signal tracking
using Kalman filter in AWGN channel and Rayleigh channel are shown in figure (8) to
figure (9) respectively. Table (2) shows the BER performance without Adaptive
modulation schemes for the Eb/No ratio of 1-30 dB:
Table 2. BER Performance of different Modulation Schemes
Modulation schemes

BER

QAM

0.0645

DPSK

0.0501

QPSK

0.0656

After performing the Adaptive modulation we can achieve the BER of 0.0492. This
simulation results proves that the Adaptive or switching of appropriate modulation
schemes based on the SNR will improve the performance of the OFDM system.
4.3. Simulation Results
Performance of BER in Rayleigh Channel for DPSK
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Figure 3. BER Performance in Rayleigh Channel for DPSK
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Performance of BER in Rayleigh Channel for QPSK
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Figure 4. BER Performance in Rayleigh Channel for QPSK

Performance of BER in Rayleigh Channel for 16-QAM
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Figure 5. BER Performance in Rayleigh Channel for 16-QAM
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Figure 6. Performance of BER in Rayleigh Channel with Adaptive
Modulation
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Comparision of real state vector and estimated state vector
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Figure 7. Comparision of Real State Vector and Estimated State Vector
Comparision of observations using Kalman filter in AWGN channel
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Figure 8. Comparison of Real Observation and Estimated Observation in
AWGN Channel using Kalman Filter
Comparision of observations using Kalman filter in Rayleigh channel
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Figure 9. Comparison of Observations using Kalman Filter in Rayleigh
channel
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5. Conclusion and Future Work
Underwater Acoustic (UWA) Communication is some of the challenging and
interesting area of research in nowadays. Since underwater acoustic channel is highly
limited in bandwidth achieving high data rate, low latency and high throughput is a very
challenging task. To achieve these objectives, we have used many techniques that include
efficient Adaptive modulation scheme, Channel estimation using Kalman filter and
channel equalization schemes with OFDM multicarrier modulation technique. From the
simulation results we found that some modulation schemes like QPSK, DPSK and 16QAM are the best adaptive modulation schemes for underwater communication for highly
limited bandwidth even in the presence of channel noise. The simulation results show that
the performance of the OFDM system with the use of Adaptive modulation is better when
compared to the OFDM system without Adaptive modulation schemes. The Kalman filter
is used for channel estimation and the signal tracking is achieved efficiently by using the
Kalman filter. Thus by using the adaptive modulation schemes based on the SNR of the
Rayleigh channel, channel estimation techniques like Kalman filter and channel
equalization techniques like LMS, MMSE, we designed OFDM receiver which has high
data rate for underwater communication. In future we can design the MIMO design which
will have high data rate in the receiver by using other ways such as use of channel coding
techniques and adaptive channel estimation schemes, etc. We can design the receiver and
verify the performance using numerical simulation and Mathematical model.
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