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Abstract— This paper proposes a bandwidth-efficient
frequency-domain equalization (FDE) for single carrier (SC)
underwater acoustic (UWA) communications with multiple
transducers and hydrophones. The proposed algorithm
implements an overlapped-window FDE by partitioning a
large block into small subblocks. A decision-directed channel
estimation scheme is also proposed to track the channel
variation by the detect symbols. The proposed algorithm is
tested by undersea data collected during the Rescheduled
Acoustic Communications Experiment (RACE) in March 2008.
The experimental results demonstrate the proposed receive
algorithm effectively tracks the time variation of the channel
impulse responses and significantly improves the performance
of uncoded bit error rate (BER). Compared with traditional
SC-FDE system, the proposed overlapped-window FDE achieves
74.4% and 84.6% average BER reduction for the 400 m and
1000 m range systems, respectively at the same data efficiency
and has only 8.4% transmission overhead, which is much
smaller than over 20% of other existing UWA OFDM and
SC-FDE systems at the same BER level.

I. INTRODUCTION

High data-rate shallow underwater acoustic (UWA) com-
munications have always been challenging due to the adverse
effects imposed by hostile underwater propagation environ-
ment [1]-[3]. The excessively long multi-path delay spread
and frequency-dependent propagation attenuation lead to se-
vere inter-symbol interference (ISI). Besides, relative motion
between transceivers and dynamic motion of water surface
result in not only time-varying Doppler spread but also fast
time-varying channels.

In order to mitigate ISI and Doppler effect, time-domain
decision feedback equalization (TD-DFE) with a phase-locked
loop (PLL) has been successfully applied in single-input
single-output (SISO) [4] and multiple-input multiple output
(MIMO) [5] UWA communications. However, due to the fast
time-varying fading channels with long channel length, the
TD-DFE with PLL is often unstable and less robust to channel
variation. And the computational complexity of time-domain
equalizers is prohibitive for long delay spread. Therefore,
frequency-domain equalization (FDE) which provides lower
complexity and better robustness has recently been applied
to UWA communications with both multicarrier [6], [7] and
single carrier transmission [8], [9], which all exhibit excellent
performance in real-world undersea experiments.

However, the challenge of the current frequency-domain

(FD) methods (OFDM and SC-FDE) is the conflicting goal
of improving bandwidth efficiency and tracking channel vari-
ation. Generally, the FD methods require block transmission
and zero padding (ZP) or cyclic prefix (CP) [10], which is
part of the overhead, has to be inserted between blocks to
avoid interblock interference (IBI). For high date-rate UWA
communications, the channel memory length is often on the
order of a hundred taps, while the channel coherent time only
spans about a couple of hundred symbols. The data block
length has to be smaller than the coherent time to effectively
tracking the channel variation, while the length of the overhead
needs to be larger than the channel memory length. Therefore,
small block length can track channel variation and ensure good
BER performance but suffering from low data efficiency. In-
creasing data block length may improve bandwidth efficiency
but suffering from reduced performance due to poor channel
estimation and tracking.

In order to solve the dilemma between the data efficiency
and channel tracking, we propose a bandwidth-efficient SC-
FDE with a decision-directed channel estimation scheme in
this paper. The proposed method employs an overlapped-
window for FDE [11], [12] with large block length to si-
multaneously maintain high bandwidth efficiency and improve
capability of channel tracking. In the proposed scheme, the
data block with a large length is divided into small subblocks,
and a data window consisting of the current subblock and
parts of previous and subsequent subblocks is employed to
save the input data for the FDE. The symbols of previous and
subsequent subblocks are used for precursor and postcursor
interference cancellation. The desired equalized subblock data
is obtained by discarding the precursor and postcursor parts
of the equalized data window. The phase rotation of equalized
symbols is corrected by a group-wise phase correction algo-
rithm. The UWA MIMO channels are initially estimated by pi-
lot symbols and re-estimated by the detected subblock symbols
in a decision-directed method. The novelty of the proposed
FDE scheme lies in that transmission with large block length
is allowed in the UWA FDE systems, and the channel impulse
responses are estimated and tracked adaptively by the detected
symbols. Hence, the proposed scheme greatly improves the
bandwidth efficiency and channel tracking capacity at the cost
of slightly increased complexity.

The performance of the proposed algorithm has been tested
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by the undersea data collected in the Reschedule Acoustic
Communication Experiment (RACE) in Narragansett Bay,
Rhode Island from March 1st to March 17th, 2008. This
experiment was designed for 400 m and 1000 m ranges,
with 2 transducers and 12 hydrophones. The QPSK-modulated
signals with a bandwidth of 3.90625 kHz were transmitted
over the UWA channels at the carrier frequency 11.5 kHz.
Experimental results show that the proposed scheme effec-
tively tracks the time-varying UWA channels, and the average
uncoded BER achieves more than 70% reduction of bit error
rates over the traditional SC-FDE at the same data efficiency.
The transmission overhead of the proposed FDE scheme is
only 8.4%, which is significantly reduced compared with more
than 20% overhead of other UWA OFDM [6] and SC-FDE
systems [8], [14] at the same level of BERs.

Throughout the paper, we use boldface letters to denote
vectors and matrices, and the superscripts [⋅]𝑇 , [⋅]𝐻 , [⋅]−1,
and [⋅]† to denote the matrix transpose, Hermitian transpose,
inverse, and pseudo-inverse, respectively.

II. SYSTEM MODEL AND PRELIMINARIES

A MIMO UWA communication system with 𝑁𝑡 transducers
and 𝑁𝑟 hydrophones is considered here. At the transmit end,
𝑁𝑡 uncoded bit streams are independently mapped to phase
shift keying (PSK) modulated data symbols grouped into data
blocks. For the sake of saving transmit power, a gap with
zeros, rather than CP, is appended to each block. The zero-
padded 𝑁𝑡 data streams are transmitted simultaneously and
independently over the UWA channels at the same carrier
frequency. The receiver structure with 𝑁𝑟 hydrophones is
shown in Fig. 1, where the received signals are first pre-
processed by a front-end component to remove out-of-band
noise, synchronize, compensate average Doppler shift, and
covert the passband signals to baseband. Next the overlapped-
window MIMO FDE is performed to mitigate the ISI and
cochannel interference (CCI). The phase rotation caused by
Doppler spread is compensated by a group-wise phase rotation
algorithm. The UWA channels are initially estimated by known
pilot symbols and then tracked by the detected symbols in a
decision-directed way.
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Fig. 1. The diagram of receiver structure

The equivalent baseband received signals are described in

discrete time domain as

𝑦𝑚(𝑘)=

𝑁𝑡∑
𝑛=1

𝐿∑
𝑙=1

ℎ𝑚,𝑛(𝑙,𝑘)𝑥𝑛(𝑘−𝑙+1)𝑒𝑗(2𝜋𝑓𝑚,𝑛,𝑘𝑘𝑇𝑠+𝜃𝑚,𝑛)+𝑣𝑚(𝑘),

(1)
where 𝑇𝑠 is the symbol period, 𝑦𝑚(𝑘) is the received symbol
at the 𝑚-th hydrophone, 𝑣𝑚(𝑘) is the Gaussian noise with an
average power of 𝜎2, 𝑥𝑛(𝑘) is the transmitted symbol from the
𝑛th transducer, ℎ𝑚,𝑛(𝑙, 𝑘) is the composite impulse response
of the (𝑚,𝑛)-th subchannel, 𝐿 is the channel length, 𝑓𝑚,𝑛,𝑘

is the time-varying instantaneous Doppler drift, and 𝜃𝑚,𝑛 is
the phase error after symbol synchronization.

At the receiver, overlap-adding is performed on each data
block before applying FD methods. Then the system model is
represented in a matrix format as

y𝑚 =

𝑁𝑡∑
𝑛=1

D𝑚,𝑛T𝑚,𝑛x𝑛 + v𝑚 (2)

where y𝑚, v𝑚 and x𝑛 are the received signal vector, noise
vector and transmitted signal vector, respectively, with length
𝑁 . The diagonal matrix D𝑚,𝑛 contains phase rotations on its
diagonal entries as

D𝑚,𝑛=diag
{
𝑒𝑗(2𝜋𝑓𝑚,𝑛,1𝑇𝑠+𝜃𝑚,𝑛) ⋅ ⋅ ⋅ 𝑒𝑗(2𝜋𝑓𝑚,𝑛,𝑁𝑁𝑇𝑠+𝜃𝑚,𝑛)

}
(3)

and T𝑚,𝑛 is the impulse response matrix of size 𝑁 ×𝑁 cor-
responding to the (𝑚,𝑛)-th subchannel. If the block duration
𝑇𝑏 = (𝑁 + 𝑁𝑧𝑝)𝑇𝑠 is less than the channel coherence time
𝜏𝑐, then the time variation of channel impulse response (CIR)
is negligible, and T𝑚,𝑛 approximates a circulant matrix.

Multiplying normalized DFT matrix F𝑁 on both sides of
(2), we obtain the FD representation as

Y𝑚 =

𝑁𝑡∑
𝑛=1

Φ𝑚,𝑛H𝑚,𝑛X𝑛 +V𝑚 (4)

where Y𝑚 = F𝑁y𝑚, X𝑛 = F𝑁x𝑛,V𝑚 = F𝑁v𝑚, H𝑚,𝑛 =
F𝑁T𝑚,𝑛F𝐻

𝑁 , and Φ𝑚,𝑛 = F𝑁D𝑚,𝑛F𝐻
𝑁 . The frequency-

domain channel response matrix H𝑚,𝑛 is diagonal due to the
circulant property of T𝑚,𝑛, and the 𝑖-th diagonal component
is the frequency response at the 𝑖-th frequency tone for
the (𝑚,𝑛)-th channel. Although Φ𝑚,𝑛 is generally a non-
diagonal matrix, the diagonal elements of Φ𝑚,𝑛 are significant
comparing to the non-diagonal elements if the block duration
𝑇𝑏 is less than one third of the quantity 1/max(𝑓𝑚,𝑛,𝑘), which
is always satisfied because 𝑇𝑏 < 𝜏𝑐 and 𝜏𝑐 ≪ 1/max(𝑓𝑚,𝑛,𝑘)
for fixed-to-fixed UWA channels. Hence Φ𝑚,𝑛 is a diagonal-
dominant matrix which can be approximated as a diagonal
matrix with identical diagonal elements being

Φ𝑚,𝑛(𝑖, 𝑖) =
1

𝑁

𝑁∑
𝑘=1

𝑒𝑗(2𝜋𝑓𝑚,𝑛,𝑘𝑘𝑇𝑠+𝜃𝑚,𝑛), 𝑖 = 1, 2, ⋅ ⋅ ⋅ , 𝑁.

(5)



III. THE PROPOSED FDE WITH PHASE CORRECTION AND

CHANNEL ESTIMATION ALGORITHM

A. Overlapped-Window FDE with Phase Correction

The overlap-window FDE is implemented based on the
overlap-save method, which is shown in Fig. 2. The data block
with a large block size 𝑁 is divided into small subblocks,
and each subblock has a length 𝑁𝑠. Thus, there are totally
𝑀 = ⌈𝑁/𝑁𝑠⌉ subblocks for one data block. If 𝑁/𝑁𝑠 is
not an integer, then zeros are padded to the last subblock to
make its size to be 𝑁𝑠. A overlapped data window is used to
form the input data to the equalization. It contains the last
𝐾1 points of the previous subblock, the 𝑁𝑠 points of the
current subblock, and the first 𝐾2 points of the subsequent
subblock. The 𝐾1 points of the previous subblock and the 𝐾2

points of the subsequent subblock are saved in the overlapped
window to mitigate the precursor and postcursor interference.
The size of FFT is 𝑁𝑓 = 𝑁𝑠+𝐾1+𝐾2. The desired equalized
subblock data x̃𝑠

𝑛, 𝑛 = 1, ⋅ ⋅ ⋅ , 𝑁𝑡, 𝑠 = 1, ⋅ ⋅ ⋅ ,𝑀 , are obtained
by discarding the first 𝐾1 and the last 𝐾2 symbols of the
overlapped window.
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Fig. 2. Data structure for the overlapped-window FDE

We define the estimated channel matrix of the 𝑠-th subblock
in the frequency domain as

ℋ𝑠 =

⎡
⎢⎢⎣

𝜆𝑠
1,1Ĥ

𝑠

1,1 ⋅ ⋅ ⋅ 𝜆𝑠
1,𝑁𝑡

Ĥ
𝑠

1,𝑁𝑡

...
. . .

...
𝜆𝑠
𝑁𝑟,1

Ĥ
𝑠

𝑁𝑟,1 ⋅ ⋅ ⋅ 𝜆𝑠
𝑁𝑟 ,𝑁𝑡

Ĥ
𝑠

𝑁𝑟,𝑁𝑡

⎤
⎥⎥⎦ , (6)

where 𝜆𝑠
𝑚,𝑛 = 1

𝑁𝑓

∑𝑁𝑓

𝑘=1 𝑒
𝑗(2𝜋𝑓𝑠

𝑚,𝑛,𝑘𝑘𝑇𝑠+𝜃𝑚,𝑛), which is the
effect of Doppler and phase errors on the 𝑠-th subblock of
the (𝑚,𝑛)-th subchannel, and Ĥ

𝑠

𝑚,𝑛 is the diagonal frequency
response matrix of the (𝑚,𝑛)-th subchannel for the 𝑠-th
subblock.

Based on the minimum mean square error (MMSE) cri-
terion, the frequency-domain equalized subblock data is ob-

tained as⎡
⎢⎣

X̌
𝑠
1

...
X̌

𝑠

𝑁𝑡

⎤
⎥⎦ = ℋ𝑠𝐻 (ℋ𝑠ℋ𝑠𝐻 + 𝜎2I𝑁𝑓𝑁𝑟 )

−1

⎡
⎢⎣

Y𝑠
1

...
Y𝑠

𝑁𝑟

⎤
⎥⎦ , (7)

where Y𝑠
𝑚 is the frequency-domain representation of the 𝑠-

th subblock received at the 𝑚-th hydrophone, and X̌
𝑠
𝑛 is

the estimation of the frequency-domain representation of the
corresponding subblock at the 𝑛-th transducer. It has been
demonstrated [13] that the equalized data X̌

𝑠
𝑛 can be repre-

sented in frequency domain as

X̌
𝑠
𝑛 ≈

( 𝑁𝑟∑
𝑚=1

Δ𝑠
𝑚,𝑛Φ

𝑠
𝑚,𝑛

)
X𝑠

𝑛 + V̂𝑠
𝑛, (8)

where Δ𝑠
𝑚,𝑛 is approximately a diagonal matrix related to the

channel response and equalizer coefficients, and Φ𝑠
𝑚,𝑛 is a

diagonal-dominant matrix. Then applying the 𝑁𝑓 -point IFFT
to X̌𝑠

𝑛 yields the time-domain data vector x̌𝑠
𝑛 as

x̌𝑠
𝑛 =

𝑁𝑟∑
𝑚=1

F𝐻
𝑁𝑓

Δ𝑠
𝑚,𝑛Φ

𝑠
𝑚,𝑛F𝑁𝑓

x𝑠
𝑛 + v̂𝑠

𝑛 (9)

where x𝑠
𝑛 and v̂𝑠

𝑛 are the 𝑇𝑠-spaced transmitted signal vector
and error vector, respectively. By discarding the first 𝐾1

symbols and the last 𝐾2 symbols of the equalized overlapped
window, the desired equalized symbols of the 𝑠-th subblock
for the 𝑛-th transducer can be obtained by

x̃𝑠
𝑛 = x̌𝑠

𝑛(𝐾1 + 1 : 𝑁𝑓 −𝐾2). (10)

Since Δ𝑠
𝑚,𝑛Φ

𝑠
𝑚,𝑛 is a diagonal-dominant matrix and the

subblock length is much smaller than the channel coherence
time, all the non-diagonal elements of F𝐻

𝑁𝑓
Δ𝑠

𝑚,𝑛Φ
𝑠
𝑚,𝑛F𝑁𝑓

are
insignificant comparing to its diagonal elements. Therefore,
the 𝑘-th equalized data symbol in the 𝑠-th subblock of the
𝑛-th transducer is expressed by

𝑥̃𝑠
𝑛(𝑘) =

[
𝑁𝑟∑
𝑚=1

∣𝛽𝑠
𝑚,𝑛(𝑘)∣𝑒𝑗∠𝛽𝑠

𝑚,𝑛(𝑘)

]
𝑥𝑠
𝑛(𝑘) + 𝑣𝑠𝑛(𝑘)

= ∣𝛼𝑠
𝑛(𝑘)∣𝑒𝑗∠𝛼𝑠

𝑛(𝑘)𝑥𝑠
𝑛(𝑘) + 𝑣𝑠𝑛(𝑘),

𝑘 = 1, ⋅ ⋅ ⋅ , 𝑁𝑠, (11)

where 𝛼𝑠
𝑛(𝑘) =

∑𝑁𝑟

𝑚=1 𝛽
𝑠
𝑚,𝑛(𝑘) with 𝛽𝑠

𝑚,𝑛(𝑘) being the 𝑘-th
diagonal element of the matrix (F𝐻

𝑁𝑓
Δ𝑠

𝑚,𝑛Φ
𝑠
𝑚,𝑛F𝑁𝑓

).
From (11), we conclude that the equalized data symbol

𝑥̃𝑠
𝑛(𝑘) is approximately an amplitude-scaled and phase-rotated

version of the transmitted data symbol 𝑥𝑠
𝑛(𝑘). When 𝑥𝑠

𝑛(𝑘)
is a PSK-modulated symbol, the time-varying rotating phase
∠𝛼𝑠

𝑛(𝑘) must be compensated before detection.
Since the instantaneous Doppler shift 𝑓𝑚,𝑛,𝑘 varies gradu-

ally over a short period of time, the rotating phase ∠𝛼𝑠
𝑛(𝑘) also

changes slowly and smoothly over time. Therefore, we used an
effective and robust group-wise phase correction algorithm [8],
[13] to compensate the phase rotations ∠𝛼𝑠

𝑛(𝑘). In the phase
correction algorithm, each equalized subblock is partitioned
into 𝑁𝑔 groups, and each group has 𝑁𝑏 = 𝑁𝑠/𝑁𝑔 symbols.



The initial phase rotation for the subblock is same as the phase
rotation of the last group of the previous subblock. The phase
correction in each group is conducted in a decision-directed
way. The detailed algorithm is omitted here for brevity.

B. Channel Estimation and Tracking

A decision-directed time-domain least square (TD-LS)
method is proposed in this paper to estimate and track
the channel impulse response (CIRs) of fast-varying UWA
channels. The initial channel estimation is obtained by the
fixed-length pilot symbols, and the detected subblock symbols
are used to re-estimate the channels which are employed to
equalize the next subblock. In this method, for the large data
block, channel variations are probed by the detected symbols
subblock by subblock, rather than inserting more known
pilot symbols. Therefore, the overhead of data transmission
for channel estimation is greatly reduced, and the variation
of channels is effectively tracked in this channel estimation
scheme. In our undersea experiment, the data block contains
𝑁 = 2048 symbols, and 𝑁𝑧𝑝 = 40 zeros are padded to each
block. The length of pilot symbols 𝑁𝑝 = 150. Hence, the
transmission overhead is 8.4% which is much smaller than
many conventional FDE algorithms with 20% pilot overhead
[8], [14] and the OFDM transmission with 25% pilot overhead
[6], [7] under similar performance.

Let x̂𝑠
𝑛 denote the detected 𝑠-th subblock of the 𝑛-th

transducer. Then the estimated time-domain CIRs for the
𝑚-th hydrophone ĥ𝑠

𝑚 = [(ĥ𝑠
𝑚,1)

𝑇 , ⋅ ⋅ ⋅ , (ĥ𝑠
𝑚,𝑁𝑡

)𝑇 ]𝑇 can be
represented as

ĥ𝑠
𝑚 = (x𝑠)† ⋅ y𝑠

𝑚, (12)

where x𝑠 = [P𝑠
1∣ ⋅ ⋅ ⋅ ∣P𝑠

𝑁𝑡
] with

P𝑠
𝑛=

⎡
⎢⎢⎢⎣

𝑥̂𝑠
𝑛(𝐿) 𝑥̂𝑠

𝑛(𝐿 − 1) ⋅ ⋅ ⋅ 𝑥̂𝑠
𝑛(1)

𝑥̂𝑠
𝑛(𝐿 + 1) 𝑥𝑠

𝑛(𝐿) ⋅ ⋅ ⋅ 𝑥̂𝑠
𝑛(2)

...
. . .

. . .
...

𝑥̂𝑠
𝑛(𝑁𝑝) 𝑥𝑠

𝑛(𝑁𝑝 − 1) ⋅ ⋅ ⋅ 𝑥𝑠
𝑛(𝑁𝑝−𝐿+1)

⎤
⎥⎥⎥⎦ (13)

where 𝑛 = 1, ⋅ ⋅ ⋅ , 𝑁𝑡, ĥ𝑚,𝑛 = [ℎ̂𝑠
𝑚,𝑛(1), ⋅ ⋅ ⋅ , ℎ̂𝑠

𝑚,𝑛(𝐿)]
𝑇 ,

and y𝑠
𝑚 = [𝑦𝑠𝑚(𝐿), ⋅ ⋅ ⋅ , 𝑦𝑠𝑚(𝑁𝑝)]

𝑇 which is the corresponding
MIMO channel output vector. The initial channel estimation
is also obtained by (12) except that known pilot symbols are
adopted in (13).

IV. FIELD TEST RESULTS FROM THE RACE08
EXPERIMENT

In this section, the proposed bandwidth-efficient receive
algorithm is tested by the real-word experimental data. The ex-
perimental data was collected during the Rescheduled Acous-
tic Communications Experiment (RACE) in Narragansett Bay,
Rhode Island, conducted by Woods Hole Oceanographic In-
stitution (WHOI), in March 2008. Two receivers were located
at 400 meters and 1000 meters away from the transmitter.
The receivers were equipped with 12 hydrophones, located
2 meters above the bottom of sea, and the transmitter was
mounted with 2 transducers, located 4 meters above the bottom
of sea. The water depth varied between 9 to 14 meters. The

carrier frequency 𝑓𝑐 = 11.5 kHz, the sampling rate 𝑓𝑠 =
39.0625 kHz, and the bandwidth 𝐵 = 𝑓𝑠/10 = 3.90625 kHz.
Binary information bits without error correction coding were
mapped into QPSK symbols which were grouped into blocks
with size of 𝑁 = 2048. A m-sequence with length of 511
was adopted at the beginning of each frame to synchronize
the data frames. The received data were downsampled at 2
samples/symbol, thus the 2𝑁𝑓 -point FFT was employed in
the equalizer to improve the BER performance [14].

The length of subblock was set to 𝑁𝑠 = 200, thus one
data block was separated into 11 subblocks. The channels
span 25 symbol periods, and we chose 𝐾1 = 𝐾2 = 40.
The typical time-varying channel impulse responses (CIRs)
of one representative data block are shown in Fig. 3 and Fig.
4 for the 400 m and 1000 m system, respectively. These two
figures depict the channels estimated by the pilot symbols, the
5-th subblock and the 10-th subblock, respectively. Due to less
attenuation caused by the shorter range communications, the
amplitudes of CIRs of the 400 m system are larger than that
of the 1000 m system. It is seen clearly that even in one data
block duration, the amplitude of CIRs are still varying fast.
The fast variation of the channels will cause the degradation
of performance of the equalizer. Our decision-directed channel
estimation method effectively tracks the variations of the
channels for both systems and provides more accurate channel
estimation for the equalization.
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Fig. 3. The CIRs in one block duration for the 400 m system

The uncoded bit error rates (BERs) and error reduction rate
of the proposed receive algorithm are shown in Table I for the
400 m system and Table II for the 1000 meter system. For each
system, 10 representative data packets were processed, and
each packet had totally 65536 information bits transmitted. For
comparison, the performance of the traditional FDE method
which performs FDE on the whole data block using the
channels estimated by pilot symbols were also included. We
can see that the proposed algorithm outperforms the traditional
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Fig. 4. The CIRs in one block duration for the 1000 m system

FDE method with more than 70% reduction of average bit
errors for these two range systems.

TABLE I

UNCODED BER OF QPSK-2048 BLOCKS FOR 400 M SYSTEM

Identifier Traditional Proposed Error
of packet FDE method FDE method Reduction

0791756F06 C0 S4 0.0836 0.0189 77.4%
0791756F06 C1 S4 0.1081 0.0199 81.6%
0792156F06 C0 S4 0.0487 0.0112 77.0%
0800156F06 C1 S4 0.0855 0.0269 68.5%
0800556F06 C0 S4 0.0154 0.0042 72.7%
0800556F06 C1 S4 0.0194 0.0051 73.7%
0801356F06 C1 S4 0.0920 0.0341 63.0%
0810956F06 C0 S4 0.0229 0.0069 69.8%
0811356F06 C0 S4 0.0890 0.0159 82.1%
0821756F06 C1 S4 0.0060 0.0013 78.3%

Avg. 0.0563 0.0144 74.4%

TABLE II

UNCODED BERS OF QPSK-2048 BLOCKS FOR 1000 M SYSTEM

Identifier Traditional Proposed Error
of packet FDE method FDE method Reduction

0791355F06 C0 S6 0.0792 0.0085 89%
0800158F06 C0 S6 0.0559 0.0078 86%
0801355F06 C0 S6 0.0345 0.0025 92.7%
0791755F06 C0 S6 0.1006 0.0183 81.8%
0810955F06 C0 S6 0.0224 0.0031 86.1%
0820155F06 C0 S6 0.0399 0.0070 82.4%
0840955F06 C0 S6 0.0002 3.0518 × 10−5 84.7%
0810155F06 C0 S6 0.0415 0.0083 80%
0810955F06 C0 S6 0.0216 0.0027 87.5%
0841755F06 C0 S6 0.0076 0.0018 76.3%

Avg. 0.0403 0.0060 84.6%

V. CONCLUSION

In this paper, a bandwidth efficient FDE with the decision-
directed channel estimation was proposed for SC MIMO UWA

communications. The proposed receiving algorithm greatly
increased the data efficiency of transmissions and significantly
improved the system performance. The algorithm has been
applied to process undersea data collected during the RACE08
ocean experiments. The time-varying multipath underwater
acoustic MIMO channels were tracked well by the decision-
directed channel estimation method, and the average uncoded
BER of QPSK modulation achieved 1.4% for the 400 m range
system and 0.6% for the 1000 m range system with only
approximate one third of transmission overhead of traditional
FDEs. Compared with traditional FDEs at the same bandwidth
efficiency, the proposed algorithm has error reduction rate
varying from 63% to 93% at the subblock size 𝑁𝑠 = 200.
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