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Abstract—We propose a joint synchronization and Doppler
scale estimation method with time domain synchronous orthogo-
nal frequency division multiplexing (TDS-OFDM) for underwater
acoustic communication. Dual frequency-domain pseudo-random
noise (PN) sequences serve as training sequences for synchroniza-
tion and channel estimation. Frame synchronization, carrier fre-
quency offset (CFO) estimation and Doppler scale estimation are
obtained simultaneously by two-dimensional auto-correlations of
received signals. Theoretical analyses and computer simulations
show that the proposed method is suitable for synchronization
and Doppler scale estimation, even in the presence of long delay
spread and significant Doppler effects.

I. INTRODUCTION

Underwater acoustic (UWA) channels present many chal-
lenges for reliable high data-rate communication. Channels are
characterized by long delay spread and significant Doppler
effects, which qualifies as doubly selective (time-selective
and frequency-selective) channel [1]. The long channel delay
spread leads to severe inter-symbol interference (ISI) in single-
carrier transmissions. Multicarrier approaches like orthogonal
frequency division multiplexing (OFDM) can equalize the
channel at low complexity, but significant Doppler effects lead
to severe inter-carrier interference (ICI).

Training-based channel estimation methods are commonly
used in wireless communication. Time domain synchronous
orthogonal frequency division multiplexing (TDS-OFDM) out-
performs the traditional ZP-OFDM and CP-OFDM in terms
of spectrum efficiency [2]. Dual frequency-domain pseudo-
random noise (PN) sequences are adopted as training se-
quences as well as guard intervals for the multipath channel,
which improves accuracy of channel estimation [3]. TDS-
OFDM is introduced to underwater acoustic communication
with compressed sensing channel estimation in [4].

Synchronization and Doppler scale estimation are essen-
tial tasks in underwater acoustic communication. There are
three typical parts at the receivers, i.e. frame synchronization,
carrier frequency offset (CFO) estimation and Doppler scale
estimation. The frame and sampling frequency synchronization
method is applicable to block transmission systems with fixed
training sequence [5]. A joint synchronization method based
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on cyclic property achieves frame, sampling frequency and
carrier frequency synchronization [6]. Instead of CFO estima-
tion, the rotating phases caused by multiple CFOs is estimated
in [7]. A method for detection, synchronization and Doppler
scale estimation for underwater acoustic communication is
proposed in [8], which eliminates the dual LFM signals, and
uses two identical OFDM symbols as a cyclic prefix.

This paper propose a joint synchronization and Doppler
scale estimation method for underwater acoustic communica-
tion. Frame synchronization, carrier frequency offset estima-
tion and Doppler scale estimation are implemented simultane-
ously. Dual frequency-domain PN sequences serve as training
sequences. Two-dimensional auto-correlations of received sig-
nals are calculated to implement the proposed method. Phase
compensation is adopted to remove the rotating phases from
received data, based on the results of CFO estimation.

II. SYSTEM MODEL

Each PN sequence is s = [s[0], s[1],- -+, s[N — 1]]”, where
N is the length of PN sequence. The transmitted signals
with TDS-OFDM structure are shown in Fig. 1. Shaded
areas represent preambles, which are N-point inverse fourier
transforms of s, i.e. ¢; = co = ifft(s). Duration of each
preamble is 27}, and the i-th frame starts from ¢,. The payload
in the i-th frame is d(¥). As we concentrate on synchronization
and Doppler scale estimation, the payloads are not discussed
in this paper.

l¢«—— Thei-thFrame —p.q—— The (i+1)-th Frame — |
N | N M
S C1 cz d(t) C1 Cz d(Hl) S
Fig. 1. Transmitted signal with TDS-OFDM structure.

The preamble in baseband can be written as

N—-1
w(t) = Y skl T6", ¢ € [ti,t + 2T0). (1
k=0

This is a DRAFT. As such it may not be cited in other works.
The citable Proceedings of the Conference will be published in
IEEE Xplore shortly after the conclusion of the conference.



The corresponding passband signal is
N-1
> sl (A se)e

k=0

j(t) = Re{ } , e [ti,ti + 2T0) )
where f. is the carrier frequency at the transmitter.
Channel impulse respond of a doubly selective channel can
be described as
=2 A

where A, (¢) is the amphtude of path p, and 7,(¢) is the path
delay. As in [8], the following two assumptions are adopted
for underwater acoustic channels.

)o(r = 7p(1)) €)

Al  All paths have a similar Doppler scaling factor a such
that
Tp(t) = 1 — at. 4

A2 The path delay 7, path amplitude A,, and Doppler
scaling factor a are constant during the preamble
duration 27j.

The passband received signal through channel described

above can be expressed as

N—-1
i(t) = Re { > s[k]erJQ”(z’%+fc)<1+“)t} +(t),
k=0 (5
2T,
Leftiti+ )

where w(t) is the additional white Gaussian noise, and the
channel transfer function is deﬁned as

Hk —ZA 7‘]271"

Converting to baseband, the received signal can be written as

ry N—-1
t) =S s[k]
k=0

where Q = 2n(af. + for — fo) is the carrier frequency
offset (CFO), and f., is the carrier frequency at the receiver.
Repetition pattern persists in the baseband received signal as

y(t+Th) = MMy(t), te [titi +Th) ®)

where the repetition interval at the receiver is 77 = ffa.

Sampled at the receiver, the baseband received signals are
obtained as

+fc) ©)

Hye ™7 140t 4y (p) @)

y[n] = y(t)|t=t,+n1, &)

where T, = 1% is the sampling interval, and F' = % is
the oversampling factor. The differences between repetition
interval at the transmitter 7 and repetition interval at the
receiver T; cause a relative time shift 8. Then 77 can be

rewritten as
Tl = TO +9Ts = NFTS + (ﬂ+M)Ts

where ( is the integer part of #, and p € [—0.5,0.5) is the
fractional part of 6.

(10)

III. THE PROPOSED ALGORITHM

The amplitude and phase of two-dimensional auto-
correlations R[n, ] are adopted to implement frame synchro-
nization, carrier frequency offset estimation and Doppler scale
estimation.

The two-dimensional auto-correlations are calculated as

Np+i-1
Rin,l] = Z y*[n+mlyln+m+ Np + ] (11)
m=0
where
yin+ Np] =y (t; + nTs + Th — 0T) . (12)
From (8), we obtain
yln + Np| = 7Ty [n] « hy(—0Ty) (13)

where hj(—7y,) is the impulse response of ideal interpolator
with delay 73, [9]. Thus the correlations can be rewritten as

R[n, 1] = 7 Gn, 1) * hy(—0Ty) (14)
where
Np+il—1
Gln,l] = Z y*[n+mlyn+m+1] (15)
m=0

are auto-correlations of baseband received signal.
To reducing implementation complexity, the correlations in
(11) can be computed recursively as

+y*[n+ Np +1yln + 2Np + 21].
A. Frame synchronization
The 2D-peak position of R[n,[] is obtained as
[y, 1] = arg max |R[n, ]| 17)

where n,, represents the start position of preamble, and [, =
N — Np is the difference between the sampling preamble
length N and estimation of sampling preamble length N at
the receiver.

B. Doppler scale estimation

The integer part [ is estimated from 2D-peak position as
B =1, (18)
Assume R(l) = R[ny,1]. Let R'(l) be the derivative of R(()

at [. Theoretically, the fractional part x4 is estimated as
R (lp) - R (lmaX> _ R (Z;D)
Rp—1)-R(,) R(,-1)-

N:

19
ri) Y

where 4, is the peak position of |R()|, and R'(l,40) = 0.

With the discrete time signal, we can estimate 4 as

Rq [lp]
Ryll, — 1] —

= 20
f Rall)] (20)



where numerical difference Rq[l] measures the asymmetry of

Rin,,l] as

R[nzh [+ 1” — |R[n,’07l — 1”
5 .

The Doppler scaling factor changes duration of preamble from

Ty to Ty. Thus, the Doppler scaling factor can be expressed
as

Rall] = | e

B
Np+B8+i

C. Carrier frequency offset estimation

a=—

(22)

The phase of two-dimensional auto-correlations can be
expressed as

arg{R[n,l|} = QT + arg{G[n,l] * h;(=0T%)}|,. (23)

where |-|, is the modulo operator within [—m, 7). Since
the received signal is oversampled by factor F', the angle of
G(np,1) can be approximated as

arg{G(n,, )} = QT,l, e [-F,F]. (24)
Thus, we obtain
arg{R(ny, 1)} = [Ty + QT — QT (B+ p) |5, (25)
The CFO can be estimated as
o _ (R0, L)} o6

v (Np + lp)Ts

Since Np is much larger than [,, the range of Qp can be
approximated as [— "7, Jo7 )

IV. SIMULATION RESULTS

To confirm the theoretical results, we tested the performance
of the proposed method in flat fading channel and in multipath
channel. Doppler spread of the flat fading channel was 0.2
Hz. Channel impulse respond of the multipath channel is
shown in Table I. The length of PN sequence was 512, and
8-times oversampling was adopted. For each frame, 3780-
symbol data were modulated with QPSK, while the symbol
rate was 10.0 Ksymbol/s. As the Doppler scaling factor can
not be simulated directly, baseband received signals were
generated by resampling and convolution with channel impulse
respond, according to (7) and (9). All the values of carrier
frequency offset were normalized to parts per million (ppm).
Doppler scaling factors were also expressed in ppm.

Two-dimensional auto-correlations of 8-times oversampled
received signal in multipath channel are shown in Fig. 2, where
[ varied from —20 to 20. The auto-correlations on discrete time
dimension R(n,(,) and on correlation lag dimension R(ny, ()
are shown in Fig. 3, respectively. The Doppler scaling factors
were set to 0 ppm and 500 ppm for comparison. The 2D-peak
position on the correlation lag dimension was shifted by two
samples when the Doppler scaling factor was 500 ppm.

Simulations of CFO estimation are shown in the top sub-
figure of Fig. 4, where the Doppler scaling factor was 500
ppm. The bottom subfigure of Fig. 4 illustrated MSEs of CFO

TABLE I
THE MULTIPATH CHANNEL

Multipath | Delay Time (ms) | Relative Amplitude (dB)
1 0 0
2 0.3 -12
3 33 -4
4 4.4 -7
5 9.5 -15
6 12.7 -22

R(n ), correlations in 2D

5

4

I, correlation lag
n, discrete time index

Fig. 2. Two-dimensional auto-correlations of the received signal in multipath
channel, where the Doppler scaling factor was O ppm.
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Fig. 3. Correlations result on discrete time dimension (top) and correlation
lag dimension (bottom) in multipath channel. The Doppler scaling factors
were set to O ppm and 500 ppm for comparison.

estimation with different SNR. The simulation results were
quite close to ideal values, and the accuracy of CFO estimation
was acceptable.

Doppler scale estimations are shown in Fig. 5, where carrier
frequency offset was 25 ppm. The simulation results had the
same tendency with ideal values. However, the differences
between simulation results and ideal values were unignorable.

Simulation results of bit error rate (BER) without channel
encoding are shown in Fig. 6, where the Doppler scaling factor
was 0 ppm, and carrier frequency offset was 25 ppm. LS
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Fig. 4. CFO estimation results in multipath channel, where the Doppler

scaling factor was 500 ppm, and SNR = 10 dB (top). CFO estimation MSEs
with different SNR, where the Doppler scaling factor was 500 ppm (bottom).
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Fig. 6. BER performance in flat fading channel and in multipath channel,
where the Doppler scaling factor was O ppm, and carrier frequency offset was
25 ppm.
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Fig. 5. Doppler scale estimation results in multipath channel, where CFO
= 25 ppm, and SNR = 10 dB (top). MSEs of Doppler scale estimation with
different SNR, where CFO = 25 ppm (bottom).

channel estimation and frequency equalization were adopted.
With phase compensation, the BERs reduced greatly with the
increase of SNR, both in flat fading channel and in multipath
channel.

V. CONCLUSION

Based on dual PN padding TDS-OFDM, a joint synchro-
nization and Doppler scale estimation method has been pro-
posed for underwater acoustic communication. Frame synchro-
nization, carrier frequency offset estimation, and Doppler scale
estimation are obtained simultaneously. Simulation results
show that the proposed method is suitable for synchronization
and Doppler scale estimation in flat fading channel and in
multipath channel.
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