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Abstract—In underwater acoustic (UWA) communication,
Doppler effect is particularly severe due to the slow velocity
of sound and the complex variant UWA channel environment.
Carrier frequency offset (CFO) can result in extension and
compression of the received signal in time domain and has a
direct effect on the performance of decoding. In this paper, we
propose a new scheme of CFO estimation and compensation for
a high speed UWA communication system. There are three steps
including coarse CFO estimation, fine CFO estimation and linear
interpolation, which are taken to estimate and compensate the
CFO. The scheme can eliminate the phenomenon of ambiguous
phase and tolerate quick random variation of the CFO in UWA
channel. A UWA communication experiment was carried out in
December 2012 in the Indian Ocean, off Rottnest Island, Western
Australia. With the proposed algorithm in this paper, the UWA
system can achieve an average of 1.95% uncoded BER with QPSK
modulation at the 1km range and 5.57% with BPSK at the 10km
range.
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I. INTRODUCTION

The UWA channel is affected by many factors and is much
more complicated than wireless channel in the air. In fact,
UWA communication turns out to be particularly challenging
due to the extremely limited bandwidth, large Doppler shifts,
severe channel fading, and strong multipath interference [1, 2].

Sound is chosen as the favorite transmission medium for
this specific scenario due to its superior propagation character-
istics. However, the system’s performance is easy to be affected
by carrier frequency offset (CFO) because of the slow speed of
sound in water (¢ = 1500 m/s) [3]. Even small motion between
the transmitter and receiver can cause severe Doppler effect.
What’s more, the carrier frequency can be easily affected
by many unpredictable factors of sea environment, such as
temperature, salinity, depth, storms and ocean currents, which
result in the random variation of CFO. Doppler can expand or
compress the transmitted signal in time domain, interfere with
the carrier frequency tracking and symbol synchronization and
finally increase the error rate.
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Usually traditional methods get the CFO by setting pilot at
the zero point of the signal spectrum [4]. The CFO is calculated
in frequency domain and is compensated by adjusting the sam-
pling rates. This method will consume a lot of power to trans-
mit pilot. Another way is to add a small piece of synchronous
head in the front of each frame and obtain the CFO by matched
filter or FFT transform [5]. Both methods will perform badly
when the CFO is relatively large and swings sharply. Recent
years, some methods of CFO estimation and compensation
for orthogonal frequency division multiplexing (OFDM) are
proposed [6-8]. These algorithms get some improvement with
the cost of a certain level of complexity. However, OFDM
is sensitive to peak-to-average power ratio (PAPR) and CFO,
and has high linearity requirements for the preamp of UWA
equipment [9]. Single-carrier frequency-domain equalization
(SC-FDE) [10] offers an alternative choice to achieve sim-
ilar performance and processing complexity but without the
drawbacks. In this paper, we propose a new practical CFO
estimation and compensation scheme for a UWA system based
on SC-FDE. The performance was verified by a sea experiment
conducted in December 2012 in the Indian Ocean off Rottnest
Island, Western Australia.

Three steps are adopted to obtain the CFO, including coarse
frequency offset estimation, fine frequency offset estimation
and linear interpolation. Received data are compensated by
resampling with the CFO estimated. Then we conduct the
channel estimation based on compressed sensing [11], iterative
frequency-domain equalization with soft decision feedback
[12] and channel decoding. In the experiment, there was one
transmitting transducer and one receiving hydrophone. The
transmitting transducer was drifted with an average speed of
0.96 m/s. The peak drift speed was 1.7 m/s. With the proposed
algorithm in this paper, the UWA system can achieve an
average of 1.95% uncoded BER with QPSK modulation over
a range of lkm and 5.57% uncoded BER with BPSK over a
range of 10km.

The rest of the paper is organized as follows. Section II
gives the signal model. Section III focuses on the introduction
of the CFO estimation and compensation scheme. In Section
IV and V we present the detailed experiment conditions and
results. Section VI concludes the paper.
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II. SYSTEM MODEL

In this section, we establish mathematical models for the
system. This paper just consider a single-input-single-output
(SISO) scenario with one user.

Fig. 1 shows the block diagram of our UWA communica-
tion system. The information bits b(¢) are mapped into symbols
after channel coding. With the reference symbols, which are
used for synchronization and channel estimation, they compose
the data dj to be transmitted. As shown in Fig. 2, each
data frame has N symbols including (N — N,) information
symbols and N, training symbols. After carrier modulation,
the transmitted data x(t) passes through the underwater chan-
nel and is received as y(¢). At the receiver, synchronization,
CFO estimation and compensation by resampling will be
conducted first, followed with the channel estimation, iterative
equalization in frequency-domain and channel decoding.
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Fig. 2. Data frame structure

The transmitted signal can be written as
x(t) = Re{dyg(t)e’* '} (1

where dj(k=1,2...) are the transmitted symbols modulated
including the synchronous reference symbols. ¢(t) is the
transmitting filter of raised cosine function . Re{.} denotes
the real part. f. is the carrier frequency. Consider a UWA
channel where the number of multipath is L, and each path
is assumed to share a common Doppler scaling factor with a
different time delay. So the received signal can be expressed

as
L—-1

y(t) = > ha((1+ )t — ) +n(t) )
1=0

where h; is the path gain and 7; is the time delay of the [-th
multipath. n(¢) is additive white Gaussian noise (AWGN). The
Doppler scaling factor « = v/v, , where v; is the speed of
sound in water and v is the speed of moving transmitter in the
direction of acoustic wave propagation. Based on (1), we can
write the received signal as

L—1
y(t) = Re{ > hidig((1+ @)t — m)e?> (T e)t=m)y 4 ()

=0
3)

To eliminate the Doppler effect and ignoring the multipath
delay 7;, we resample the data with sampling interval 77 =
Ts/(1 + «), where T is the original symbol duration. The
resampled data r(n) = y(nT?) is obtained as

L—1
r(n) = Re{z hidieg((1 4+ a)nT! — 7))el?mfe((+e)nTi-n)y
1=0
+n(nT?h)
“
The Doppler shift f; can be expressed as
T
fd:afc:(ﬁ_l)fc (&)
The Doppler phase ¢, can be expressed as
pa =2mnTsfq 6)

III. FREQUENCY OFFSET ESTIMATION AND
COMPENSATION

Fig. 3 shows the block diagram of the CFO estimation
and compensation scheme we proposed. The received data are
discretized by the original sampling interval 7T first. Then we
conduct the synchronization to confirm the frame head and
begin the coarse CFO estimation. The coarse CFO estimation
gives a rough estimation of the CFO f/* while a more precise
value f} is obtained by the fine CFO estimation next. Then
CFO of current and previous frames are utilized to get a group
of Doppler shift values by linear interpolation to track the
channel changes within a frame, with which we resample the
received data to compensate the CFO.
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Fig. 3. Procedure of CFO estimation and compensation

A. Coarse frequency offset estimation

In this section, a result of coarse frequency offset esti-
mation is figured out. As shown in Fig. 4, the N, length
training sequence is divided into G groups and a tail, G =
floor(Ngp/S) and each group has S samples. The (N, — G =
S) length tail is abandoned. S is even. First a correlation is
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Fig. 4. Training structure of coarse CFO estimation



done between the received training sequence 7(n) and local
training sequence ¢(n)
r'(n) =r'[(g-1)S +p| =
(g —1)S + plc*l(¢ — 1)S + pl 7)

VESE vl - DS +plrtlla - 1S+

where p = 1,2---5,¢ =1,2---G and an energy normaliza-
tion process is done for samples of each group. Therefor we
can express the Doppler phase ¢/}* during the time of S/2
symbols period STs/2 as

G S/2

2 ‘ 0 rerss .S
it =arg(5g > > rl=1)S+jr" (i -1)5+j+5])
i=1 j=1
(®)
Thus, the result of coarse CFO estimation can be represented
as

m
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= 9
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Here a proper length of .S must be chosen to avoid a phase am-
biguous phenomenon, especially in high-speed UWA scenario.
As shown in Fig. 5, there is a zigzag relationship between the
Doppler phase ¢/ and Doppler shift f/*. And the relation
(10) holds below:
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When given a phase we can only confirm the Doppler shift
in the interval [—1/25T, 1/25T] according to (9). In high-
speed moving scenario, when the Doppler is large and outside
the interval, the phase will be ambiguous. However we can
choose a smaller S to get a bigger interval range to cover
the Doppler. That is why we divide the training sequence into
groups to perform the coarse CFO estimation. Through this
method, the system can accommodate the UWA channel where
the Doppler is relatively large or swings sharply. But smaller
S may result in the decline of the estimation’s precision.
Therefore we should choose a proper S to not only cover
the Doppler in the effective interval but also keep a certain
accuracy according to the specific UWA channel environment.

Fig. 5. Relationship of CFO phase and Doppler

B. Fine frequency offset estimation

In this subsection, we will give a more accurate value by
bisection method based on the result of coarse CFO estimation.

Fig.6 shows the basic process of the algorithm. Fig. 7 gives
the schematic diagram.

An small initial iteration interval[fo — A, fo + A] is set
in Step0. fo is initialized by f7* produced in section A. The
variable flag denotes the residual CFO phase of the training
after resampling in each round of iteration. Received data y(n)
is resampled by the new sampling rate calculated by f,,;q in
Stepl and is resynchronized to find the new frame head in
Step2. The residual offset phase of the resampled data after
the CFO compensation in current iteration is calculated in
Step3 by the method in section A, but with a bigger S to
guarantee a more accurate result. In Step4, new interval will
be decided by the sign of the residual offset phase. If the phase
has reached the judgment threshold &, the algorithm stops. If
not, new iteration will begin from Stepl.

Fine CFO Estimation Algorithm

Step0: fio, = fo A Suign = Jo T8 Fria = i+ i) 1 2, flag = 27T [,
/

Step1: Resample the received data y(n) by the sample rate f,(1+ 1,
/.), [ is the original sample rate, f, is the carrier frequency;

Step2 : Resynchronize the resampled data and confirm the data frame
head;

Step3 : Calculate the frequency offset phase flag by the method of co-
arse frequency offset;

Stepd :If | flag |< &, f,., is the fine frequency offset f, we want, else,

if flag >0, f,ﬁgh = foua» if flag <0, f, = f. .., and turn to Step1.

Fig. 6. Fine CFO estimation algorithm

To ensure the success of the algorithm, S in coarse CFO
estimation must be appropriate to obtain the right Doppler
range. And the setting of the value A must make sure that
the initialized interval in StepO covers the final result but
is not outside the sawtooth wave period above. In fact, in
the experiment of lkm communication scenario where the
Doppler shift wasn’t so severe, S was set as 200 in coarse CFO
estimation while 500 in this section. A was set as 1.25Hz and £
was set as 1074, It is need to be noticed that the algorithm will
iterate towards the actual CFO by the complexity of O(logn),
but will not improve much when £ is set too small.

Fig. 7. Schematic diagram of bisection algorithm



C. Frequency offset linear interpolation and compensation

As mentioned earlier since the UWA channel is affected by
many factors, the channel parameters may vary quickly within
a frame, especially when there is a high moving speed between
the transmitter and receiver. Therefore the Doppler may shift
greatly during a frame period. And this will unavoidably
degrade the decoding performance. In the system, the data
part of each received data frame is divided into K blocks as
show in Fig. 8. Channel estimation and turbo equalization will
be performed block by block iteratively to track the change
of the channel. The same idea is proposed in CFO estimation
and compensation.
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Fig. 8. Frame blocks of CFO linear interpolition

As shown in the Fig. 8, the Doppler shift of each data
block is calculated with the CFO of previous frame f;~ ! and
current frame f}} by linear interpolation. The Doppler of the
i-th block can be expressed as

if7 — 157"
K+1 an

where ¢ = 1,2--- K. Finally the received data will be resam-
pled by the Doppler value of each data block to compensate
the CFO.

fm gt

IV. EXPERIMENT ARRANGEMENT

To verify the effectiveness and performance of the system
including the proposed CFO estimation and compensation
algorithm in this paper, a UWA communication experiment
was conducted in December 2012 in the Indian Ocean off Rot-
tnest Island, Western Australia. The following is the detailed
experimental scenario.

As shown in Fig. 9,the receiver (recorder) was fixed on the
sea bed close to the Rottnest Waverider Buoy. The red dots
with labels of T52, T54, T55, T56, T57, T58, T59, T60, and
T61 denote different transmitter positions range from 125 m
to 10 km from the receiver. The average water depth is 50 m.

Fig. 9. Location of the experiment environment

Fig.10 shows the arrangement of transmitter and receiver.
At the transmitter, a single transducer at 20m depth below the
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Fig. 10. Arrangement of transmitter and rrceiver

water was attached to a drifting vessel by a cable. At the 1 km
range according to the GPS data, the average drift speed of the
vessel was 0.96 m/s, and the peak drift speed is 1.7 m/s . At the
receiver, a single hydrophone was attached by a cable at 1m
above the seabed. The drifting transmitter was set to be flexible
to explore different communication ranges, which also allows
movement of the transducer and hydrophone. This arrangement
increased the Doppler shifts and Doppler spreading, and made
channel estimation and tracking more challenging.

Signals were modulated to 12kHz center frequency for
transmission by the transmit transducer with 4 kHz system
bandwidth. Transmitted and received signals were sampled by
96 kHz sampling rate. 8PSK and QPSK modulations were
chosen at ranges of 125 m, 250 m, 500 m, 1 km, 2 km, and 4
km, while QPSK and BPSK were used at the ranges of 6 km
and 8 km. At the range of 10 km, only BPSK was adopted.

V. EXPERIMENT RESULTS

Fig.11 shows the results of CFO estimation of consecutive
15 frames in the experiment at lkm range with QPSK and
10km range with BPSK. It can be observed that there is still a
gap between the coarse and fine estimation results. During the
experiment we noted that although the gap seems small but can
result in remarkable impact on the performance because of the
transitivity of Doppler shift in the sampling process, as shown
in Fig. 12 and Fig .13. The Doppler at 1km was relatively
small and wandered around the X-axis while the Doppler at
10km was basically below the X-axis which illustrated a larger
mobile speed of the transmitter. The irregular shape of the
curve also illustrates the random shift of Doppler between
adjacent frames.

Fig. 12 shows the comparison of BER at the lkm and
10km range of consecutive 15 frames with and without CFO
linear interpolation, and comparison of BER with and without
fine CFO estimation (with linear interpolation). We notice
that when the channel condition is relatively bad and the
Doppler varies fast within a frame, the algorithm with linear
interpolation performs better apparently than the one without
interpolation. When the channel environment is better the
advantage is relatively small. And the result also illustrates
the necessity of fine CFO estimation.

Table.1 shows the average BER of consecutive 100 frames
over the range of different distances from 1km to 10km before
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Fig. 13.  Comparison of BER at the 10km range

channel decoding. With the help of the proposed algorithm in
this paper, the receiver can extract the data of all distances
listed below. After the channel decoding the BER becomes
zero. Generally the farther the distance is, the higher the BER
will be. However we notice that since the channel environment
at 2km and 8km is relatively bad, the BER is higher than
supposed. But the system still performs well overall.

VI. CONCLUSION

The result of CFO estimation and compensation has a
significant impact on the decoding performance of the UWA
system. In this paper, we propose a three-step scheme on
a UWA communication system based on SC-FDE. First the
coarse CFO estimation gives a rough Doppler value at the
right offset range. Then the fine CFO estimation calculates a

TABLE 1. BER OF DIFFERENT DISTANCES BEFORE CHANNEL
DECODING

Distance Ikm 2km 4km

Demodulation QPSK QPSK QPSK

BER 1.95% 12.16% 2.98%

Distance 6km 8km 10km

Demodulation BPSK BPSK BPSK

BER 2.96% 8.42% 5.57%

more precise result using bisection method based on the rough
value. Finally the whole received samples are compensated
by resampling block by block with the CFOs obtained from
linear interpolation. The scheme can adapt different volatile
UWA channel environment in high speed scenario by ad-
justing the corresponding processing parameters. Results of
the experiment shown the accuracy and good performance of
the proposed algorithm. In fact, the scheme can contribute
to extract the received data at all distance ranges in the
experiment and achieve a 1.95% uncoded BER over a range
of 1km and 5.57% at 10km.
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