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Abstract—We propose a novel method for detection, synchro- has been studied extensively in wireless OFDM systems for
nization, and Doppler scale estimation for underwater acostic radio channels, see e.g., [2], [3], and has been included in
communication using orthogonal frequency division multidex the IEEE 802.11a/g standards [4]. The receiver effectively

(OFDM) waveforms. The method involves transmitting two . . . . .
identical OFDM symbols together with a cyclic prefix, while correlates the received signal with a delayed version effjts

the receiver uses a bank of parallel self-correlators matotd to ~ Since, thanks to the CP structure, the repetition pattersigie
different Doppler scaling factors on waveform dilation or com- even in the presence of unknown multipath channels [2].

pression. We characterize the receiver operating charactistic in  However, the synchronization algorithms that work in wess
terms of probability of false alarm and probability of detection, radio channels will not perform well in UWA channels with

and analyze the impact of Doppler scale estimation accuracgn | f . . th titi
the data transmission performance. We have tested the proged '2/9€ Wavelorm expansion or compression, as the repetition

method with real data from an experiment at Buzzards Bay, MA, period changes to an unknown value.

Dec. 15, 2006. Using only one OFDM preamble, the proposed e develop a novel method that utilizes OFDM waveforms

method atheves performance similar to an existing methodhat for detecti hronizati dD | | tonat

uses two linearly-frequency-modulated (LFM) waveforms, ae as '0f Uel€ction, synchronization, and LDoppler scale es ona

a preamb|e and the other as a postamb|e. Avoiding the need of The recelver uses a bank Of pal’allel branches, W|th each:bran

buffering the whole data packet before data demodulation, te having a self-correlator matched to a different repetifon

proposed method enables online receiver operation. riod. Detection is declared when any of the branches leads

to a correlation metric larger than a threshold. The branch

with the largest metric yields a Doppler scale estimate and

~ Ofine data processing based on recorded experimental dg{&oarse synchronization point. We characterize the receiv

is often used to examine various underwater transmissigPerating characteristics (ROC), and analyze the impact of

schemes. Towards the development ofamhine underwater poppler scale estimation accuracy on the data demodulation

acoustic receiver, detection and synchronization are itapg performance. Compared with the LFM based alternative, the

yet often overlooked tasks. proposed approach has the following advantages: (1) the
Synchronization typically entails transmission of a knowgetection threshold can be preset and does not depend on the

preamble prior to the data, which can be easily detectgferating SNR; (2) the detection performance is based on the

by the receiver. Existing preambles in underwater teleyneigignal energy fronall paths rather than only a single path; (3)
are almost exclusively based on linearly frequency moedlatj; enaples accurate Doppler scale estimation.

(LFM) signals, also known as Chirp signals [1]. The receiver L .
usually deploys a matched lter to synchronize the known We have tested the prpposed method with simulation and
template with the signal coming from one strong path, whilt al data ”O”.‘ an experiment at Buzzards Bay, MA, Dec.
suppressing other interfering paths. This approach has 5e 2006. U_smg Of"y_ one OFDM preamble, the proposed
following shortcomings: rst, the noise level at the recmihas me_thod_ achieves similar perf_ormance on the Doppler scale
to be constantly estimated to achieve a constant false atgem estimation accuracy and the bit error rate as the methodibase
(CFAR), usually accomplished using order statistics; séco °" the LFM pre- and post-ambles. However, the proposed

its performance will degrade in the presence of dense aﬁ]c?thOd avoids the need to buffer the whole data packet before

unknown multipath channels. erlr:_odul_atlon,dwhlcr][ enablest_ online rec_ewt(_er operation for
In this paper, we propose the use of a preamble that consfGditicarrier undenvater acoustic communication.
of two identical orthogonal frequency division multiplegi ~ The rest of this paper is as follows. The system model is
(OFDM) symbols preceded by a cyclic pre x (CP) for underpresented in Section II, and the proposed receiver algorith
water acoustic (UWA) communications. This training patteris described in Section Ill. Detection performance is caiv
_ in Section 1V, and analysis of the impact of Doppler scale
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II. SYSTEM MODEL preamble data transmission

Zero-padded (ZP) OFDM is preferred for data transmission ‘ cp‘ X ‘ x | 9% zp OFDM [=mmmmm

to avoid power consumption on the guard intervals [5], [@], [
For synchronization purposes, the preamble consists of twig 1. A preamble, consisting of two identical OFDM symbaid a cyclic
identical OFDM symbols together with a cyclic pre X. Thepre x, precedes the data transmission which uses zero pa@DM.
overall transmission structure is shown in Fig. 1. The OFDM

parameters can be selected independently for the preamdble a

data portions. whereHy is the channel frequency responsétit subcarrier:

Suppose thdKg subcarriers have been used in the preamble,

guard
zeros

ZP OFDM

and one OFDM symbol is of duratioiy. The subcarrier Hy = %“k)* _ 7
spacing is thenl/Tp and the bandwidth iB = Kg/To. C(F)= Ape 2" » (8)
Let f. denote the carrier frequency, arffd = f. + k/Tp p

denote the frequency for theh subcarrier in passband, Wher%onverting the passband sigrig(t) to baseband, such that

k2S =1 K¢g/2,...,Ko/2 1g..Let Tcp denote the CP y(t) = Re y(t)ejzf ot . we have:
length, and de ne a rectangular window of lengtk, + 2To X
ok
as ( y) = Hislkle'? o (), 12 Toyie,  (9)

1 t 2 [ Tcp, 2T0],

1 k2S
0 otherwise @)

wheren(t) is the noise at baseband.

q) =

The preamble in baseband can be written as

X o g IIl. THE PROPOSEDALGORITHM
x() = s[k]e'® To'q(b), (2)

Our proposed approach is to use a bank of self-correlators,

k2s
. . . with each matched to a different periodicity, as shown in
whereslk] is the transmitted sym_l:;t?l ?n theth subcarrier. Fig. 2. Detection, synchronization, and Doppler scalenesti
_ o = 121 . -ig. 2. , , _ _
The passband §|gnal Ky =Re e X(t) o . _tion are accomplished based on the correlation metrics from
The channel impulse response for a time-varying muItlpah

. i e bank of self-correlators.
underwater acoustic channel can be described by . .
X The receiver operates on discrete samples. The baseband

c(t,t) = Ap(D)d (T TR(D)), (3) signaly(t) is usually oversampled at a multiple of the system
p bandwidth with the sampling interval = 1/(AB):
where Ap(t) is the path amplitude and,(t) is the time- — -
varying path delay. As in [7], we assume that all paths have yInl =y Oje=nt... (10)
a similar Doppler scaling facta, The proposed algorithm includes the following steps:

M T at 4) S1: Each of theL branches calculates a correlation metric

and that the path gains,, the transmission delay, and the With one candidate window siz, for each delayd,

Doppler scala are constant over the duration of the preamble. P d+N, 1y [i]y[i + Ni]

When these assumptions do not hold true, part of the usefuM (N;,d) = ¢ = i=d = : ;

signal is treated as additive noise, which increases theathve f’;;\" 1jy[i]j2 f’:(g\" 1jy[i + N|]j2

noise variance. (12)
When the passband sign&(t) goes through the channelfor | = 1,...L. The window sizeN, shall be close tA\Kj,

described in (3) and (4), we receive: which is the number of samples of one OFDM symbol when

no Doppler scaling occurs.

v — j2f 1
y(t) = Re SINCE S2: A detection is declared if the correlation metric of any
k2s ) branch exceeds a preset threshibg:

X .
A (L+a)t 1, e 12T e +Fi(t), (5) Hy it maxjM(Ni,d)j T (12)
P
where fi(t) is the additive noise. De Nefmax = max, Tp, Since the norm of the metric in (11) is between 0 and 1, the

which is usually less than the CP lenglh,. Using the thresholdry, takes a value from [0,1].

de nition of q(t) in (1), we obtain S3: The branch with the largest correlation metric is viewed
X ) as having the best match on the repetition period. Since
J(t) = Re Hyslk]e! 27 @+t 4 F(t), Doppler scaling changes the peridd to To/(1 + a), the
k2s Doppler scale factor is estimated as

T T 2T
t 2 TCyC|iC = Cpl + ar.naxl 1 +Oa 1 (6) a = A—l,fo
N

1, WhereNAzargp’,Laij(th)j. (13)
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parallel self-correlators A. Probability of False Alarm

I:’rigfm X When no signal is preseng(t) = n(t). SinceBT Ko,
= we can nd a set ofKy orthonormal basis functions de ned

over a period ofTg. De ne n; andn,,+ as the coef cient

conversion to indom vectors of the continuous Wa\_/eforMT), T2[t, t + f] a_nd
baseband length N, IX| max¢) | Tw| n(t),T 2 [t+ T,t+ 2T] projected to the basis functions.

De ne their normalized versions a&; = n{/kn{k and
N+ = n_s/kn_sk. The correlator output (15) can be

window simpli ed to the inner product between two unit-length et

length N, X as

M T,t =fAlA - (17)

Fig. 2. To compensate for the time compression/dilation]tipie parallel

branches are used, each tuned to a certain péiipd Finding the probability of false alarm can now be linked

to the Grassmannian line packing problem in [8]. Specigall

The relative speed between the transmitter and the redsivel’ “2" be wewed_ as cqordln_a tes of a point on the surfac_e_of
. a hypersphere with unit radius, centered around the origin.

estimated as . . o . . ~

Since n(t) is additive, white and Gaussiafi; and i, +

are uniformly distributed on the surface of the hypersphere

wherec is the speed of sound in water. Additional processingkipping some intermediate steps, which are available Jin [9

can be used to re ne the Doppler scale estimate, as will g obtain the probability of false alarm as:

shown later on in Section VI.

¥ =ca, (14)

— T — 2 \Ko 1
$4: Synchronization is performed on the branch that yields Pa =Pr M T,t >T @ ) ' (18)
the maximum correlation metric. After the maximum is deteNote thatPs,

mined, the start of transmission is selected as in [2];is@rt | Jice  Hence the thresholty, can be preset to achieve a

from the peak the 80% “shoulders” are found (rst samplggnsiant false alarm rate independent of the noise level.
of this correlator branch before and after the peak that is

less than 80% of the peak) and the middle is chosen as theprobability of Detection
synchronization point. This is bene cial, since due to thie C

structure the correlation metric has a plateau around th& pe In [2], the abso_lute value of the corre_lat|on metric in the_
2] presence of the signal has been approximated as a Gaussian

ndom variable to derive some approximate results. Wedvoul

So far, we have described the general procedure of the pm o follow th inciple h To thi d
posed detection, synchronization, and Doppler scale agtm ke fo Tollow Ihe Same principie here. 10 this end, We prapos
{p approximate the mean of the correlator output as:

algorithm, while some parameters are left to be specie n o

Important questions include: E M T.t ay
How to set the detection threshold? ' y+1’
How many parallel branches are needed? What is the  \;narey is the signal-to-noise-ratio (SNR) at the receiver, and

desired Doppler scaleresolgtion? ] a is a constant that depends on the Doppler scaling. The
We next address these questions by analyzing the detectigRiance is approximately [2]:

performance in Section IV, and the data demodulation perfor
mance under Doppler scale mismatch in Section V.

does not depend on the power of the additive

(19)

n (0]

~ 3 2
var M T.t 2y +5y" +3y +1

2Ko(y +1)4

(20)
IV. RECEIVER OPERATING CHARACTERISTICS
We now analyze the false alarm and detection probabiliti#® the radio channel cas@j = 1 and the variation is only
of a single branch, as a function of the threshblg and the due to the additive noise. In the underwater channel case, th
Doppler scalea. This will give us an understanding of theconstanta is a function of the channel realization and the
necessary Doppler scale spacing in the parallel self-aore Doppler scale mismatcfa @) (details can be found in [9]):
structure for detection purposes. Due to over-sampling, th i, i% 12k @ &)
k2s g 1k

summations in the metric given in (11) of tliga branch can a ——— (21)
be well approximated with continuous time integrals: ks JHk]
~ R:t+f y(T) y(T + f) dt Hen_ce,_an approximate expression for the probability of de-
MT,t =¢ = = , (15) tection is
Ri+T . 2 R+ =\ 2
¢ y@@itdt 0 y(r+T) Tdt b _p n Mt T 0 T 22
where . d=Fr ) th Q 5 (22)
T=N te=—2, t=d ts. 16 __ R
T 1+a ° (16) WhereQ(x)=(1/p 2m) e U2t



The baseband version @{t) is

i a X i +a
z(t) = el2 Sepfet s[k]eJ 2 Tpkt
" y k2s 4
c ; l+a
g Age 12T ke T, +n(). (24
. 9 1ot T *NO- (@4
g p
g The second step is to perform ne Doppler shift compensation
g onz(t) to obtainz(t)e 12 ' , where[is the estimated Doppler
g 061 Av=20mis shift. Performing ZP-OFDM demodulation, the outgyt on
T x . AWGN the mth subchannel is
051 approx. 1 Z T+Tg
coke o di i i j2 m
— ~ —apoxz |, Zm = z(e 12t e 12 Tldt.  (25)
04 -20 ‘—15 -10 -5 0 0
10 10 10 10 10 Carrying out the integration, we obtain:
probability of false alarm
1+b X
Fig. 3. ROC of the detection scheme for different Doppletescaismatches Zm =C —(fp+ D1 S[k]lmk + Vi, (26)
a—a = Av/c, where Ko = 512, To = 42.7 ms, B = 12 kHz, and 1+a K2S

y = 0 dB; plotted are the Gaussian approximation of the protigbdf
detection and simulated probability of detection for diffet channels against wherevy, is the additive noiseC (f) is de ned in (8), and
the exact probability of false alarm.

= ’ kel 27
Lok l1+a Bmk T © @7)
C. Numerical Validation 1 a bf 1+h)
) Bmk = (k m)? + ( ) ]r-n+ ( ) : (28)
To assess the effect of Doppler scale mismatch on the a
detection performance, we simulate using the followingste The effective SNR on thenth subcarrier is
1) Generate the baseband samples via (9) and (10). _ j G j202 29
2) Compare the statistics of the correlator output at the Ym = o2 X o o (29)
signal startt = 0 on the branch wittN;, = AKg. + Lk JoOg

i 1+b i2
To evaluate the performance of a time-dispersive fadingncha IC 2 (fm + DI Kem
nel, the expression in (21) is averaged over different ceanRyhere 02 = E[js[k]j?] and 62 = E[jvmj2]. Ignoring the
realizations. We choose a channel pro le which loses abbut 3dditive noise, the SNR is bounded by
dB within 10 ms, with independent complex Gaussian channel

taps at the baseband. Vm  Ym = p“& (30)
We plot the ROC in Fig. 3. For both AWGN and dispersive kem ) ke 2

channels, we observe that the simulation results match Wglle o self-interference induced by Doppler scale mismatch
the Gaussian approximation for the chosen speeds and SNRpe now evaluate the SNR uppperbound for two cases:
The detection performance is superb as long as the speed mis-

match is less than about 1.5 m/s. Case 1: No Doppler shift compensation by settirg 0.

Case 2: Ideal Doppler shift compensation where
V. IMPACT OF DOPPLERSCALE ESTIMATION ACCURACY o = ?Tﬁfc’ (31)
We now analyze the performance degradation on data trans-
mission due to Doppler scale mismatch. For data transmissio  such that
we use ZP-OFDM, whose parameters can be chosen indepen- _ 1 (@ bm/T
dently of the preamble. LeT denote the symbol duration, Bk = (K m)? + l+a (32)
Ty the guard interval K the number of subcarriers. The . setf, = 27 kHz, B = 12 kHz, K = 1024, T = 85.3

subcarrier spacing is thetY T and the subcarrier frequenciesmS and numerically evaluate the upperboupidsfor (3= 0
are o = T+ k/T, k= K(2, . "’K/Z, 1. The received 54 lopt. Fig. 4 shows the bounds for these two cases
signal can_be expressed as in (5) but vl replaced by the respectively, where the speed mis-match after resampéing i
zero padding operatay(t) = 1, t2 [O,’T]' Av (a h) c. To limit the self-noise to be at lea20 dB

A two-step approach to mitigating the channel Dopplfg|qy, the signal power, we neelv to be less tha.06 m/s
_effect was proposgd in [7]. The_ rst step is tc_> resampl®) for (= 0, while Av can be as large a2 m/s for (= [gh:
in the passband with a resampling fackpieading to Hence, the ne Doppler compensation step proposed in [7]

t improves the system performance substantially in the poese

0=y 154 - (23)  of Doppler scale mismatch.
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Fig. 4. The SNR upperboungn for (3= Lo (thick, full lines) and[(3=0 Fig. 5. Average velocity estimation error using varying amis of correlators
(thin, dashed lines) as a function &v, wherea — b = Av/c. and a simple interpolation between the measured points; daished lines are
y = 0 dB and thick full lines arey = 10 dB.

Fig. 4 prc_;wdes guidelines on the selection of the DOppl%reighbors. WithAa as the grid spacing, we use
scale spacing of the parallel correlators. For example, as-
suming that the correlator branch closest to the true speed _ Xiwa) ] Xic aj

will yield the maximum metric, then with ne Doppler shift T 4iXej 21Xk 1) 2)Xk+a]
compensatiorL¥ Lk we can set the Doppler scale SPACING, ostimate an offset of the Doppler scale deviating from the

to be 0.4 m/s (where we neellv to be less than 0.2 m/s) to
achieve an SNR upperbound of at least 25 dB. On the Othsérrongest branch towards the second strongest branch.

hand, if an SNR upperbound of 15 dB is suf cient, the Dopplea. Smulations for Velocity Estimation
scale spacing could be as large as 1.0 m/s.

Na (33)

We setKy = 512, B = 12 kHz, and an oversampling
factor of A = 8. The coarse grid spacing is set &a =
VI. IMPLEMENTATION AND PERFORMANCETESTING Av/c, whereAv is 1.46 m/s. Fig. 5 depicts the root mean

In Section IV, it was shown that for the preamble witduare error of the speed estimafes: ca, at two SNRs of

Ko = 512 andB = 12 kHz, a speed mismatch of up to 1.5 m/é) dB and _10 dB. We observe a “saw-tooth” shape_ for the
did not degrade the detection performance considerably. ERfrse estimates, and the SNR decrease has little impact on
the other hand, the SNR analysis for data reception Witk this shape. This suggests that the probability of not nding
1024 andB = 12 kHz in Section V indicated that the Speedhe closest branch is negligible and the dominating error is

mismatch should not exceed 0.3-0.5 m/s to limit ICI. Thid!€ quantization to the coarse grid.
suggests a multi-grid approach for the implementation: After detection of the coarse-grid search, we use another

) , six self-correlators with spacing @kv = 0.366 m/s to search
1) Coarse-grid search for detection. Only a few parallel around the estimated Doppler scale from the previous stage.

self—correlators are used to m_onitor the in_coming datfyych improved estimates are obtained, as shown in Fig. 5.
This helps to reduce the receiver complexity. The achieved accuracy exceeds the mismatch speci cation
2) Fine-grid search for data demodulation. After a de- o et earlier of 0.3-0.5 m/s. More degradation of the saw-
te_ct|0n is declared, a set of pa_ralle_l self-correlatortaoth shape shows up at low SNR, which is reasonable. As
with better Doppler scale resolutpn IS ”Sefj only of,q separation in tentative Doppler scales between coorsla
the captured preamble. The _ne-grld search is Centerﬂﬂninishes, neighboring correlators will have very simibat-
around the Doppler scale estimate from the coarse—ngts_ Fig. 5 also shows the RMSE for velocity estimation with

search. interpolation after the coarse grid search witlhi = 1.46 m/s.

Instead of a multi-grid search, one may also use an intéffe observe that the interpolation approach is very effectiv
polation based approach to improve the estimation accuracy ) )
beyond the limit set by the step size. We borrow a techniqfe Results with Experimental Data
from [10], which is usually used in spectral peak location We now work on the data from an experiment performed at
estimation based on a limited number of DFT samples. AftBuzzards Bay, Dec. 15, 2006 with a fast-moving transmitter.
the coarse or ne-grid search, IgKyj denote the amplitude The same data set was used previously in [7] to demonstrate
from the branch with the largest correlation output, anithe capability of OFDM reception in a dynamic setup, where
iXk 1j andjXg+1j are the amplitudes from the left and rightDoppler scale estimation was done based on the measured time
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Fig. 6. Comparison of velocity estimation techniques; thevipus method Fig. 7. Comparison of the uncoded and coded bit error raesding after

calculated the time difference between a LFM pre- and pdstgnwhile the resampling with either the of ine speed estimates basecherL.FM pre- and
new approach is solely based on one packet. postambles or based on the new speed estimate for onlinegsing.

difference between the LFM pre- and postamble. The |engtﬂgrfqrmance of the proposed_method on Doppler scale estima-
of the transmitted packets in this experiment were fairlyglo tion is comparable to a previous method based on the LFM
[7]. For example, with< = 1024, a total of 32 OFDM blocks Préamble and postamble. The key advantage of the proposed
are inside one packet, which lasts lasts ab®f8 seconds method is that it avoids the need to buffer the whole packet

since each OFDM block haB = 85.3 ms andT, = 25 ms before data demodulation. Hence, it is very appealing fer th

in this case. development of online receivers for multicarrier undemvat
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