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Abstract: Multiple Input Multiple Output Orthogonal Frequency Division Multiplexing
(MIMO-OFDM) proves to be a better choice for high speed underwater acoustic (UWA)
communication as it increases the data rate and solves the bandwidth limitation issue; however,
at the same time, it increases the design challenges and complexity of the receivers. Inter-Symbol
Interference (ISI) and Inter-Carrier Interference (ICI) are introduced in the received signal by the
extended multipath and Doppler shifts along with different types of noises due to the noisy acoustic
channel. Here we propose two iterative receivers: one is ICI unaware iterative MIMO-OFDM
receiver, which uses a novel cost function threshold based soft information decision feedback method.
The second one is ICI aware progressive iterative MIMO-OFDM receiver, which adapts and increases
the progressions according to the level of ICI present in the received signal, while fully utilizing the
soft information from the previous iterations, therefore reducing the complexity. Orthogonal Matching
pursuit (OMP) channel estimation, low density parity check (LDPC) decoding and minimum mean
square error (MMSE) equalization schemes are exploited by both the receivers. The proposed receivers
are analyzed and compared with the standard Alamouti MIMO receiver as a reference and also
compared with the non-iterative, basic turbo iterative and non-progressive iterative MIMO receivers.
Simulations and experimental results prove the efficiency and effectiveness of the proposed receivers.

Keywords: MIMO; OFDM; channel estimation; equalization; iterative receiver; underwater acoustic
(UWA) communication

1. Introduction

Underwater acoustics (UWA) communication has attracted huge attention during the last two decades
because of the extension of its applications to different domains. UWA sensor networks are introduced,
which increased the design challenges to meet the higher demands [1]. The challenges like high data
rate, low bit error rate (BER), and utilization of maximum channel capacity still have a lot of room for
improvement. Underwater communication is no match with the terrestrial wireless communication as the
sound speed in water is at least five orders of magnitude less than the speed of wireless radio channels.
Therefore, alternate ways need to be found in order to improve the efficiency of UWA communication,
as the speed of sound is constant inside water and cannot be increased. Moreover, the acoustic wave
propagation speed differs from ocean to ocean depending on numerous factors [2,3].

Channel modeling is the basic step of any communication model, where the effects of the
varying channel on the acoustic signal are found out and signal attenuation due to ambient noises,
multipath, and Doppler Effect are analyzed. Multipath introduces inter-symbol interference (ISI) and
Doppler shift introduces Inter-carrier Interference (ICI) [4,5]. Modulation scheme plays an important
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role in designing an underwater communication model. No matter how proficient the channel is
modeled, without a competent modulation scheme, a reliable and efficient model cannot be designed.
Orthogonal Frequency Division Multiplexing (OFDM) is considered to be a low-complexity and highly
efficient modulation scheme, which overcomes the problem of ISI to a large extent. OFDM uses
multiple carriers, sending some bits on each channel; hence all the sub-channels are dedicated to data
source. The carriers are orthogonally spaced in the frequency domain, which helps the demodulator in
rejecting frequencies other than its own. The increased symbol duration in OFDM helps in combating
ISI. OFDM also has higher data rate and spectral sufficiency, therefore, it becomes the most suitable
option for multipath environment [6].

MIMO was introduced recently in UWA communication to efficiently use the acoustic bandwidth
and increase the system capacity by exploiting the spatial diversity. The parallel transmission of
independent data streams in MIMO improves the data rate performance [7]. The combination of
MIMO and OFDM is a tempting low-complexity solution for bandwidth-efficient communications
over frequency selective and bandwidth limited UWA channels [8–12].

Channel estimation, equalization, and de-coding are the key steps in designing any receiver, which
get the signal back into the proper shape as it was when transmitted. Channel estimation estimates the
channel parameters. The channel estimation of MIMO systems is an intricate job, as each received signal
consists of independent information from every transmitter and all the channels need to be estimated at
the same time [13–15]. Equalization removes the effects of the channel on the received signal and removes
the ISI, Inter carrier interference (ICI), and other distortions from the signal. Channel coding adds some
redundancy in the useful bits in order to protect the data in a noisy channel.

The complexity of the UWA receiver has always been pointed out as the main problem in designing
any UWA communication system [16]. Different receivers were designed focusing on the performance
and complexity of the receiving system [17,18]. In this paper we propose a low-complexity, novel
progressive iterative MIMO-OFDM receiver for the UWA communication system, which outperforms
all the previous designs in terms of complexity and performance. The proposed design is compared
with another non-iterative receiver, basic Turbo iterative receiver, and also with a Turbo iterative
receiver with channel estimation inside the loop.

The rest of the paper is organized as: Section 2 gives a UWA MIMO OFDM system model, Section 3
explains ICI unaware iterative receiver in detail, and Section 4 describes ICI aware progressive iterative
receiver. Section 5 gives the simulation and experimental results for both the receivers and Section 6
concludes our work.

2. UWA MIMO-OFDM System Model

Consider a UWA MIMO-OFDM system with Nt transmitters and Nr receivers. The duration of
the overall OFDM block is given by Tbl = T + Tg, where T denotes the OFDM symbol duration and
Tg denotes the guard interval. The subcarrier spacing can be given by 1

T and for total number of K
subcarriers, the bandwidth can be given by B = K

T . For (v, µ) transmit-receive pair in a MIMO system,
assume that the acoustic multipath channel consists of Pv,µ discrete paths and the channel impulse
response can be calculated as:

hv,µ(τ, t) =
Pv,µ

∑
p=1

Av,µ,p(t)δ(τ − (τv,µ,p − av,µ,pt)), (1)

where Av,µ,p(t), τv,µ,p and av,µ,p show the amplitude of the pth path of (v, µ) transmit-receive pair,
delay at the start of the OFDM block and the Doppler factor corresponding to the pth path. The fast
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Fourier transform (FFT) output of the mth subcarrier of the vth receiver can be obtained as follows,
where sµ[k] shows all the transmitted symbols:

zv[m] =
Nt

∑
µ=1

∑
k∈SA

Hv,µ[m, k]sµ[k] + ηv[m], (2)

When the system does not have the influence of ICI, H (the subscript is omitted here for
convenience) is a diagonal matrix; whereas when ICI exists, H is a regular matrix and can be written as:

H =


H
[
−K

2 ,−K
2

]
. . . H

[
−K

2 , K
2 − 1

]
...

. . .
...

H
[

K
2 − 1,−K

2

]
. . . H

[
K
2 − 1, K

2 − 1
]
, (3)

where the element H[m, k] in the vector H is the ICI factor, which represents the mth subcarrier
interference with the kth subcarrier. Generally, H is a large matrix and in most channel estimation
algorithms, it needs to be inverted, which involves a higher amount of computation. Therefore, in order
to decrease the complexity, we reduce H to a strip matrix by assuming that each symbol is only
interfered by the adjacent D symbols, i.e.,

H[m, k] ≈ 0, ∀|m− k| > D (4)

Figure 1 shows a visual illustration of HD with different values of D.
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When D = 0, it indicates that the system has no influence of ICI, that is, all subcarriers of OFDM
are orthogonal. Therefore, Equation (2) can be re-written as:

zv[m] =
Nt

∑
µ=1

k=m+D

∑
k=m−D

Hv,µ[m, k]sµ[k] + ηv[m], (5)

Denote
k=m+D

∑
k=m−D

Hv,µ[m, k] with HD
v,µ, Equation (5) can be rewritten in matrix form as:

zν =
Nt

∑
µ=1

HD
ν,µsµ + ην (6)
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3. ICI Unaware Cost Function Based Soft Feedback Iterative Receiver

Threshold controlled and uncontrolled soft and hard decision feedback methods are already in
practice in iterative receiver systems [19]. The soft symbol estimates are claimed to be better than
the hard symbol estimates, especially for iterative channel estimation as they provide more statistical
information about the transmitted data [20]. First, we design an iterative receiver which is unaware of
ICI and treats ICI as an additive noise as shown in Figure 2. The receiver uses a novel cost based soft
decision feedback method which will be explained in detail later.
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The initial processing of MIMO-OFDM iterative receiver is the same as that of a non-iterative
receiver processing, i.e., the channel estimation is performed first, then equalization, and finally
decoding. OMP sparse estimation, MMSE equalization, and LDPC decoding algorithms are adopted
here. The initial channel estimate is obtained from a training sequence contained within the transmitted
signal. After the first equalization and decoding of a block of data, the output is fed back to the channel
estimator, which then produces a better channel estimate which is passed on to the equalizer and
subsequently to the decoder. In the decoding process, if the parity condition is satisfied or the number
of iterations I reaches the preset maximum value Imax, the algorithm stops and gives us the output.
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3.1. OMP Channel Estimation

The OMP algorithm is a kind of greedy algorithm, which first searches the dictionary for elements
that match the received signal, orthogonalizes the selected element, removes the effect of the element
from the signal and the dictionary, and obtains the signal residual. Then in the remaining dictionary,
it continues to search for the element that has the best match with the signal residual, and the above
process is repeated until the residual satisfies the set threshold [21]. The following linear model is
usually used to analyze the sparse channel estimation problem:

y = Ax + η, (7)

During the channel estimation, y shows the received pilot information, η is the noise vector,
x ∈ RM shows the channel information to be estimated and A is the constructed dictionary vector as
given by:

A = [a1, a2, · · · aNτ ], (8)

where ai, i = 1, 2, · · · , Nτ shows the elements in the dictionary and represents the amplitudes
corresponding to different paths in the channel. Let rp be the residual after p iterations with initial
value r0 = y, search for the elements in the dictionary that have the largest inner product of residuals
and get the index of the matching element in the dictionary:

sp = arg max
j=1,...,Nτ ,j/∈Ip−1

∣∣∣aH
j rp−1

∣∣∣2
‖aj‖2

2

, (9)

where Ip−1 =
{

s1, s2, · · · , sp−1
}

is the index of the previous p− 1 iterations. Schmidt orthogonalization
of the selected elements is given by:

usp = asp −
p−1

∑
i=1

〈
asp , ui

〉
〈ui, ui〉

ui, (10)

where ui is the value of the orthogonalized element chosen for the first time and the estimated values
of elements in signal x is given by:

x̂p =

〈
usj , rp−1

〉
‖usp‖

2
2

, (11)

and the residual signal is calculated as:

rp = rp−1 − x̂pasp , (12)

Stop the iterations when ‖rp‖2
2 < ε(where ε is the residual threshold). Finally the delay estimation

value can be obtained from Equation (7), with x̂p being the corresponding path gain, the resulting
channel frequency estimate is given by:

H =
Nτ

∑
p=1

x̂pΛp, (13)

where Λp is a diagonal matrix with the diagonal elements satisfying the following equation;

[Λp]m,m = e−j2πτpm/T . (14)
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3.2. Cost Function Controlled Soft Information Feedback

Threshold controlled or uncontrolled hard and soft decision feedback methods are normally used
in iterative receivers. We propose a new feedback method that uses cost function as a decision condition
threshold. Based on the cost function threshold, it decides whether to select the current iterative channel
estimation result or to use the pilot-aided initial channel estimation value. This design is based on the
idea given in reference [22], where a cost function was used for the decision feedback in a SISO coded
OFDM wireless communication system. However, the cost function of the channel estimation for the
current iteration was always compared with the initial channel cost function ψ

(
H(0)

m

)
, whereas we

compared the cost function of the current iteration with the cost function of the previous iteration of
channel estimation ψ

(
Ĥ(j−1)

m

)
. The advantage of this change is that the cost function keeps updating

in comparison to the previous iteration, therefore, the performance of the channel estimation improves.
Furthermore, in reference [22], pilot-assisted channel estimation was performed based on the hard
feedback method. We used soft feedback and OMP channel estimation, which obviously improves
the channel estimation performance [23]. This improved decision feedback method based on the cost
function is given by:

H(j)
m =

 Ym

X̂(j)
m

ifψ
(

Ym

X̂(j)
m

)
≤ ψ

(
Ĥ(j−1)

m

)
Ĥ(j−1)

m otherwise

, (15)

where j indicates the number of iterations, ψ

(
Ym

X̂(j)
m

)
and ψ

(
Ĥ(j−1)

m

)
represent the signal detection

cost function and channel estimation cost function for mth subcarrier, respectively. To derive the cost

function ψ

(
Ym

X̂(j)
m

)
, the iterative receiver input is taken from the demodulated received symbols that

serves as auxiliary pilots. The modified signal model at the iterative receiver is given by:

Ym = HmX̂m + ηm, (16)

where ηm is given by:
ηm =

(
Xm − X̂m

)
· Hm + ωm, (17)

The decision feedback induces this additional noise component, that can be approximated as
additive white Gaussian noise (AWGN) with a zero mean and its variance is given by:

σ2
ηm = E

{
|ηm|2

}
= N0 + σ2

_
Xm

. (18)

where N0 is the variance of the AWGN signal and σ2
_
Xm

can be generated from the LLR of the decoder

output [22].

4. ICI Aware Progressive MIMO-OFDM Iterative Receiver

Studies have shown that there is usually more severe ICI in real time underwater acoustic
OFDM systems. Specialized ICI equalization methods can be used to significantly improve system
performance instead of considering ICI as an additive noise. The canonical ICI aware iterative receivers
assume a constant ICI depth D and the preprocessing procedure is kept unchanged throughout the
iterations. When the ICI depth is kept large, it covers the scenarios with large channel variations,
however when the channel variation is not that large, the large ICI depth results in over calculations,
more power consumption and increased complexity. On the other hand, if ICI depth is assumed small,
the performance gets worse for UWA communication with large channel variations.

Since the computationally efficient receiving algorithm is critical to the UWA communication
networks, a progressive iterative receiver is designed here which adapts the ICI model according
to the unknown channel conditions during iterations. The proposed receiver, as shown in Figure 3,
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is an iterative receiver which follows the Turbo principle, however, unlike the canonical iterative
receivers, the system model used for channel identification and data demodulation changes during
each iteration. It starts with a simple channel model i.e., ICI ignorant processing and then proceeds to
ICI-aware processing where the severity of the assumed ICI increases as iteration goes on. The soft
information obtained from the previous iteration contributes to the channel estimation, equalization,
and data demodulation for the current iteration. Moreover, if the decoding of the current iteration is
unsuccessful, the system increases the value of D in the next iteration, assuming a greater Doppler
factor value and therefore more ICI. The increment in value of D enhances the equalization effect of
the ICI and the value of D is gradually increased from 0 with each iteration. Therefore, the receiver can
self-adapt to the unknown degree of channel variation progressively. The progressive iterative receiver
has a very low complexity under better channel conditions and can even maintain good performance
under poor channel conditions as proved in the simulations section.
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ICI Equalization of MIMO System

Based on Equation (5), the FFT outputs of the Nr receivers associated with the transmitted symbols
on the mth subcarrier of all data streams can be written as:

z1,m
z2,m

...
zNr ,m

 =


HD

1,1,m · · · HD
1,Nt ,m

HD
2,1,m · · · HD

Nr ,Nt ,m
...

. . .
...

HD
Nr ,1,m · · · HD

Nr ,Nt ,m




s1,m
s2,m

...
sNr ,m

+


η1,m
η2,m

...
ηNr ,m

, (19)

where
zv,m = [zv[m− D], . . . , zv[m + D]]T , (20)

sv,m = [sv[m− 2D], . . . , sv[m + 2D]]T , (21)

ηv,m = [ηv[m− D], . . . , ηv[m + D]]T (22)

The channel matrix HD
v,µ of dimensions (2D+1) × (4D+1) can be expressed as:

HD
v,µ =


HD

v,µ[m− D, m− 2D] · · · HD
v,µ[m− D, m]

. . . · · · . . .
HD

v,µ[m + D, m] HD
v,µ[m + D, m + 2D]

 (23)

If the value of D is zero, it means there is no ICI in the system and the channel matrix will be a
strip matrix having non-zero values only at the diagonals. With the increase in value of D, the channel
matrix gets complex and the number of non-zero entries increase. The purpose of the MIMO system
ICI equalization is to estimate the transmitted information symbol s while mitigating the effects of ICI
in the system. This paper uses the ICI equalization method based on a priori information (mean and
variance) and MMSE criteria [24]. The specific steps are described as follows:

Let the expectation of the uth transmitter subcarriers be sµ[m] := E(sµ[m]), the variance be
σ2

µ := Cov(sµ[m], sµ[m]), and hv,µ,m be the (D+1)th column of the matrix HD
v,µ,m, then

hv,µ,m :=
[

HD
v,µ[m− D, m], . . . , HD

v,µ[m + D, m]
]T

, (24)

The number of its constituent elements is 2D+1. It is assumed that the matrix HD
v,µ,m removes

hv,µ,m to obtain the matrix HD−
v,µ,m, and the vector sµ,m removes the element sµ[m] to obtain the vector

s−µ,m. To obtain the estimated value of sµ[m], rewrite equation (19) as:


z1,m
z2,m

...
zNr ,m


︸ ︷︷ ︸

:=zm

=


HD

1,1,m · · · HD−
1,µ,m · · · HD

1,Nt ,m

HD
2,1,m · · · HD−

2,µ,m · · · HD
2,Nt ,m

...
. . .

...
. . .

...
HD

Nr ,1,m · · · HD−
Nr ,µ,m · · · HD

Nr ,Nt ,m


︸ ︷︷ ︸

:=HD−
µ,m



s1,m
...

s−µ,m
...

sNt ,m


︸ ︷︷ ︸

:=S−µ,m

+


h1,µ,m
h2,µ,m

...
hNr ,µ,m


︸ ︷︷ ︸

:=hµ,m

sµ[m] + ηm,

(25)
which can be simplified as:

zm = HD−
µ,mS−µ,m + hµ,msµ[m] + ηm, (26)
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To estimate sµ[m], we need to use the information of the adjacent subcarriers s−µ,m of the current
data stream and the data symbols that will interfere with the estimated symbols from other data
streams (s1,m, . . . , sµ−1,m, sµ+1,m, . . . , sNt ,m)

T . The mean and variance of s−µ,m are:

η−µ,m = E(S−µ,m), (27)

φ−µ,m = Cov(S−µ,m, S−µ,m) (28)

During the initial iteration of equalization, the mean and variance of sµ[m] are unknown and can
be set to 0 and Es, respectively, i.e., E(sµ[m]) = 0 and σ2

µ[m] = Es.
In addition, the equivalent noise ηv,m is assumed to be Gaussian white noise with a covariance

matrix of N̂0,vI2D+1, where v = 1, 2, . . . , Nr.
Based on Equation (24), the MMSE estimate for sµ[m] is:

ŝµ[m] = Cov(sµ[m], zm)Cov(zm, zm)−1(zm −HD−
µ,mη−µ,m),

= fm

(
zm −HD−

µ,mη−µ,m

) (29)

where

fm = (hµ,m)
H
[

hµ,m (hµ,m)
H +

1
Es

N̂0 +
1
Es

HD−
µ,m φ−µ,m (HD−

µ,m)
H
]−1

(30)

where N̂0 = diag(N̂0,1I2D+1, . . . , N̂0,Nr I2D+1) is a diagonal matrix with the first 2D + 1 elements equal
to N̂0,1, followed by next 2D + 1 elements equal to N̂0,2 and so on.

5. Results

The results section is comprised of two parts: First we discuss and compare the results of ICI
unaware iterative receiver and then we discuss the results of the ICI aware progressive iterative
receiver for MIMO OFDM communication.

5.1. ICI Unaware Iterative Receiver

5.1.1. Simulation Results

The simulation is based on a 2× 2 MIMO-OFDM system and Bellhop is used to generate the
impulse responses of the four-channels. The simulation parameters used are given in Table 1.

Table 1. MIMO-OFDM simulation parameters.

Serial # Parameter Value

01 Sampling frequency 48 kHz

02 Communication bandwidth 6 kHz–12 kHz

03 Total number of subcarriers 1024

04 Number of data carriers per transmitter 726

05 Number of pilots at each transmitter 250

06 Number of Null carriers per transmitter 48

07 OFDM symbol period 170.67 ms

08 Cyclic prefix length 40 ms

09 Spectrum utilization 1.15 b/s/Hz

10 Communication rate 6.89 kb/s

The proposed iterative receiver is simulated and compared with the non-iterative receiver as
well as with the basic turbo iterative receiver with soft information feedback, where the channel
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estimation is kept outside the iteration loop. Channel estimation is performed after the preprocessing
of the data and then the information is iterated between the equalizer and decoder while the channel
estimation does not participate in the iterative process. Furthermore, the proposed receiver is also
compared with the standard Alamouti MIMO receiver as a reference, using the same data rate and
same channel. Figure 4 shows the comparison of BER curves of the standard Alamouti scheme,
non-iterative, basic turbo iterative, and the proposed iterative receivers. Figure 4a shows that even the
non-iterative MIMO system performance is better than the Alamouti MIMO system performance using
the same channel and data rate. The reason is that in the Alamouti design, the transmitted signals
from both the transducers are not entirely different, rather one is the complex conjugate of the other,
while in the MIMO system, the transmitted signals from both the transmitters are entirely different
and independent. Figure 4a further shows that the proposed turbo iterative receiver with channel
estimation included in the loop performs better than the basic turbo iterative receiver without the
channel estimation in the loop and there is an obvious difference in the performance of the non-iterative
receiver. Figure 4b shows that the performance of the proposed iterative receiver improves with each
iteration and it gets stable after four iterations.
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5.1.2. Experimental Results

The performance of the iterative reception algorithm in the underwater acoustic MIMO-OFDM
communication system is verified by a pool experiment. The experiment was conducted in the
pool of Harbin Engineering University, China. The pool is about 45m long, 6m wide, and 5m deep.
The transmitting array has 2 transducers. The first transducer is placed around 2m below the water
surface and the second one is placed around 3.3m below the water surface. The distance between
the two transducers is kept around 1.3m. Due to the high transmission response of the transmitters
and the high sensitivity of the receiving hydrophones in the experiment, the signal generator is used
to directly send the signal to the transmitters without the use of an amplifier and also the received
signal is collected directly. There are two vertical arrays, A and B, at the receiving side, each having
14 hydrophones. The acquisition channel sequence is such that the receiving vertical array A receives
114 channels, while vertical array B receives 15-28 channels.

Each data frame contains 8 OFDM symbols, QPSK mapping is adopted and the coding method
is 1/2 code rate LDPC code. Combining the received data of different hydrophones of the vertical
arrays A and B, the greater the number of combined channels, the greater the signal to noise ratio,
thereby improving the processing performance. Select the 2nd, 4th, 6th, 11th, 16th, 18th, 19th, 20th,
and 25th receive hydrophones orderly to receive signals in 10 frames per sequence. We compared the
performance of the basic turbo iterative receiver with the channel estimation outside the loop and the
proposed iterative receiver with channel estimation inside the loop by combining a different number
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of hydrophones, as shown in Figure 5. It can be seen that in the basic turbo receiver, the iterative
processing does not improve the performance of the system and the BER increases when 6 and
7 hydrophones are combined. The BER is even worse than the case where the non-iterative receiver
was used. The reason behind this is that the initial channel estimation may have large errors in this
experiment, resulting in poor performance for the iterative receivers that do not include channel
estimation. Part (b) of the Figure 5 shows the BER performance of the proposed iterative receiver with
the increase in the number of hydrophones for each iteration, and it can be seen that as the number of
iterations increases, the system performance is significantly improved, and the performance tends to
get stable after three iterations. Furthermore, if we increase the number of merged hydrophones for
data collection, the effect of the iterative reception algorithm gets more obvious.
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5.2. ICI Aware Progressive Iterative Receiver

5.2.1. Simulation Results

Adding the effect of the non-uniform Doppler to the four channels of a 2 X 2 MIMO-OFDM system,
while using the same simulation parameters as used above. The system was tested in good channel
conditions as well as poor channel conditions and it was assumed that the Doppler factor of each path
obeyed the uniform distribution with zero mean value and the standard deviations of the relative
motion speeds of sending and receiving ends were set to σv1 = 0.15 m·s−1 and σv2 = 0.25 m·s−1

and the corresponding maximum Doppler shift factors are bmax1 =
√

3σv1/c = 1.15 × 10−4,
bmax2 =

√
3σv2/c = 2.89× 10−4, respectively. The Doppler factor step length is set to ∆b = 4× 10−5.

First, we analyze the influence of the value of D on the ICI equalization effect of non-progressive
MIMO-OFDM iterative receiver shown in Figure 6. Figure 6a shows that for σv1 = 0.15 m·s−1, when D
is set to 0, the system performance is poor. When D is set to 1, the system performance is significantly
improved. The value of D is continuously increased; however, the trend of further improvement in the
system performance is not obvious. This shows that even when there is a slight ICI in the MIMO-OFDM
system, it cannot be ignored as it will also have a significant impact on BER performance. Therefore in
such cases, we can just take value of D = 1 for the ICI equalization.

For σv2 = 0.25 m·s−1 , similarly if the ICI is not equalized (D = 0), the system performance is poor.
With each increase in the value of D, an obvious improvement can be observed as highlighted by the
arrows in the Figure 6b, indicating that when there is a more serious ICI in the system, the value of D
can be increased accordingly to equalize the ICI.

Figure 6 also shows that if we assume the value of D = 2 in the σv2 = 0.25 m·s−1 case,
the non-progressive system will stop the iterations while the system will still have a lot of ICI left to be
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equalized. Similarly if the D is taken as 3 in σv1 = 0.15 m·s−1 case, the non-progressive receiver will
keep iterating unnecessarily and will increase the complexity.
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Figure 6. BER performance of non-progressive iterative MIMO receiver with different values of D and σv.

Next, the progressive iterative reception algorithm for MIMO-OFDM systems considering ICI is
simulated. Assuming Dmax = 3, the number of Doppler factors ND

b corresponding to D = 1, 2, and 3 in
the iteration process is taken as 6, 10, and 14, respectively. D = 1 iterates 2 times, thus it actually runs
5 times in total. The BER performance at various Dmax values of the iterative MIMO-OFDM progressive
iterative receiver is shown in Figure 7. It can be seen from Figure 7 that the progressive iterative
receiving algorithm can significantly improve the system performance for a MIMO-OFDM system with
ICI. As the iteration progresses, the value of D gradually increases and the BER of the system gradually
decreases, which verifies the effectiveness of the progressive MIMO-OFDM iterative receiver.
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Figure 7. BER performance of progressive MIMO-OFDM iterative receivers with different values of D
and σv.

Figure 8 compares the performance of the non-progressive iterative receiver and progressive
iterative receiver for σv = 0.25. Initially when the D and Dmax both are 0, i.e., there is no ICI
equalization, both the curves are the same. Later on, the performance of the progressive receiver after
the fourth progression is compared with the performance of the non-progressive receiver with D = 3;
and it can be observed that the performance of the progressive iterative receiver is better than that of
non-progressive iterative receiver.
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Figure 8. Comparison of the MIMO progressive and non-progressive iterative receivers.

Now we further compare the complexity of the two iterative receivers, which we claim to
be the main advantage of the proposed model. Based on the time spent in computer simulation,
the complexity is compared in Figure 9. The simulation is performed using the computer, with
Intel(R) Core(TM) i7-7700 CPU@3.60GHz 3.60GHz processor and the MATLAB version 2015a used.
Corresponding to each signal-to-noise ratio, the average running time of multiple cycles of an OFDM
symbol is plotted for the fourth iterations of both receivers, i.e., D = 3 and Dmax = 3. It can be seen
that progressive iterative receiver has significantly less runtime, which leads to the conclusion that
progressive iterative receiver has lower complexity as compared to non-progressive iterative receiver.
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Figure 9. Comparison of complexity of MIMO progressive and non-progressive receivers.

5.2.2. Experimental Results

In order to verify the effectiveness of the proposed MIMO-OFDM ICI-aware progressive iterative
receiver, this section tests the system experimentally by adding Doppler to the experimental setup
discussed in Section 5.1.2. The Doppler is added manually to the system by moving the transmitters,
while keeping all other conditions unchanged. The 10 received signals of the 2nd, 3rd, 5th, 10th
and 8th receiving hydrophones are sequentially combined to test the proposed MIMO-OFDM
progressive iterative receiving algorithm. In the iterative process, the values of the Doppler factor
ND

b corresponding to Dmax = 1, 2 are taken as 6 and 10 respectively, where D = 1 is iterated twice,
therefore it is actually iterated three times in total. The BER values for different number of combined
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receiving hydrophones and different value of Dmax are given in Table 2. The table also compares the
BER performance with the BER values of the ICI-unaware receiver BER for Dmax = 3.

Table 2. BER comparison of iterative MIMO-OFDM receiver for different number of combined
hydrophones in pool experiment.

Combined Hydrophone Number
Value of Dmax

0 1 2 ICI-Unaware
3 Iterations

02 0.2333 0.1911 0.1911 0.1911

03 0.1757 0.0587 0.0208 0.0156

04 0.1276 0.0018 0.0006 0.0006

05 0.0796 0.0006 0.0006 0.0006

Table 2 shows that as the iterative process progresses, the value of Dmax increases gradually
and the performance of the system is significantly improved, which proves the effectiveness of the
progressive iterative receiver. At the same time, it can be seen that the BER values of the ICI-unaware
receiver when iterated three times is very close to the BER values of the ICI-aware receiver after third
progression. The reason behind this may be the smaller Doppler shift, which results in less ICI and
therefore can be ignored in the actual processing.

Furthermore, using the CP-based UWA Doppler scaling factor estimation method [25],
the Doppler scaling factor is sequentially estimated for eight OFDM symbols in one frame of different
receiving hydrophones, as shown in Figure 10. It can be seen that the Doppler scaling factor is in the
order of 10−5, which confirms that the Doppler shift is really small. This may be due to the slow speed
of the movement of the array by hand, as the transmitting array is relatively heavy and might not be
disturbed properly, therefore, causing a smaller Doppler scaling factor. In this case, it is recommended
to use the ICI-unaware iterative receiving algorithm, because of its closer performance to the ICI-aware
progressive receiving algorithm with fewer processing and calculations.
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Figure 10. Doppler scaling factor estimation values for different hydrophones for eight OFDM symbols
in one frame.

6. Conclusions

This paper proposes two types of iterative receivers for MIMO-OFDM UWA communication
systems. The first one is an ICI unaware iterative receiver, which uses soft information decision
feedback based on a novel cost function threshold method. The receiver exploits the OMP channel
estimation and LDPC coding scheme for MIMO-OFDM communication. The receiver is tested and
compared with the non-iterative receiver as well as basic Turbo Iterative receiver with soft information
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feedback, where the channel estimation is kept outside the iteration loop. Simulations and experimental
results prove the effectiveness of the proposed receiver.

Secondly, we propose an ICI aware progressive iterative MIMO-OFDM receiver, which equalizes
the ICI and adapts the ICI model according to the unknown channel conditions during the iterations.
The value of D is progressively increased according to the level of the ICI present in the signal.
The proposed receiver is compared with the non-progressive iterative receiver and its effectiveness is
proved through simulations and pool experiment. Furthermore, both the receivers were compared in
terms of complexity and an obvious reduction in complexity is noticed by the proposed progressive
iterative receiver while equalizing the same level of ICI.
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