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Abstract

In this paper, we propose a novel method for detection, swmiration and Doppler scale estimation for
underwater acoustic communication using orthogonal feaqu division multiplex (OFDM) waveforms. This new
method involves transmitting two identical OFDM symbolgéther with a cyclic prefix, while the receiver uses a
bank of parallel self-correlators. Each correlator is rattto a different Doppler scaling factor with respect to the
waveform dilation or compression. We characterize theiveceperating characteristic in terms of probability of
false alarm and probability of detection. We also analyze ithpact of Doppler scale estimation accuracy on the
data transmission performance. These analytical restdtdde guidelines for the selection of the detection thoégh
and Doppler scale resolution. In addition to computer-baseulations, we have tested the proposed method with
real data from an experiment at Buzzards Bay, MA, Dec. 1562Q%ing only one preamble, the proposed method
achieves similar performance on the Doppler scale estimatid the bit error rate as an existing method that uses two
linearly-frequency-modulated (LFM) waveforms, one as @apmble and the other as a postamble, around each data
burst transmission. Compared with the LFM based methodptbposed method works with a constant detection
threshold independent of the noise level and is suited tallbathe presence of dense multipath channels. More
importantly, the proposed approach avoids the need of fidfehe whole data packet before data demodulation,
which enables online receiver operation for multicarriederwater acoustic communications.

I. INTRODUCTION

Various data transmission schemes are being actively edrar underwater acoustic (UWA) communications,
including multicarrier modulation in the form of orthogdrieequency division multiplexing (OFDM) [1], [2], [3],
[4], [5], single carrier transmission with time-domain sg&channel equalization [6] or frequency-domain equal-
ization [7], and multi-input multi-output (MIMO) techniggs combined with single carrier [8], [9] or multicarrier
[10] transmissions. These transmission schemes are afmieed viaoffline data processing based on recorded
experimental data. Towards the development odalime underwater acoustic receiver, detection and synchraaizat
are important, yet often overlooked tasks.

Typically, synchronization entails a known preamble, vhhig easily detected by the receiver, being transmitted
prior to the data. Existing preambles used in underwatentetry are almost exclusively based on linearly frequency
modulated (LFM) signals, also known as Chirp signals [11isTis due to the fact that LFM signals have a
desirable ambiguity function in both time and frequencyjoilmatches well to the underwater channel, which is
characterized by its large Doppler spread. However, theivecalgorithms are usually matched-filter based, which
try to synchronize a known template to the signal coming faoma strong path, while suppressing other interfering
paths. This approach suffers from the following two deficien: first, the noise level at the receiver has to be
constantly estimated to achieve a constant false alarm(€fAR), usually accomplished using order statistics;
second, its performance will degrade in the presence ofedand unknown multipath channels.

Due to the slow propagation speed of acoustic waves, the mssipn or dilation effect on the time domain
waveform needs to be considered explicitly. Once a Doppiatesestimate is obtained, a resampling procedure
is usually applied before data demodulation [12]. One netttioestimate the Doppler scale is to use an LFM

preamble and an LFM postamble around each data burst [12hatdhe receiver can estimate the change of the
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waveform duration. However, with this method, the wholeadadrst has to be buffered before data demodulation,
which prevents real time receiver processing.

In this paper, we propose the use of multicarrier waveforsngraamble for underwater acoustic communications.
A preamble that consists of two identical OFDM symbols pdeceby a cyclic prefix (CP) is used. This training
pattern has been studied extensively in wireless OFDM syster radio channels, see e.g., [13], [14], and has been
included as part of the training preamble in the IEEE 802d $tandards [15]. The receiver effectively correlates
the received signal with a delayed version of itself, sirtbanks to the CP structure, the repetition pattern persists
even in the presence of unknown multipath channels [13]. édew the synchronization algorithms that work in
wireless radio channels will not perform well in dynamic endater acoustic channels due to the large waveform
expansion or compression, which changes the repetitiolng& some unknown value.

We develop a novel method that utilizes multicarrier wawef® for detection, synchronization and Doppler scale
estimation. We use a bank of parallel branches, with eachchraising a self-correlator matched to a different
repetition period. Detection of a data transmission brsteiclared when any of the branches leads to a correlation
metric larger than a threshold value. The branch with thgelsirmetric also yields the Doppler scale estimate and
coarse synchronization point. We characterize the recejverating characteristic (ROC) by developing an anadytic
expression for the probability of false alarm and a Gausagproximation for the probability of detection. We also
analyze the impact of Doppler scale estimation accuracyherndata demodulation performance. These analytical
results provide guidelines for selecting the detectiorshold and Doppler scale resolution. Compared with the
LFM-preamble based approach, the proposed method has ltbeifg advantages: (1) the detection threshold is
between 0 and 1, and doesn’t depend on the channel or oge&MiR; (2) it has a very good detection performance,
which is based on the signal energy fraih paths rather than only a single path; (3) it leads to accubaiepler
scale estimation; (4) after coarse timing and resamplingllows the use of fine timing algorithms developed for
radio channels, such as [16], [17].

In addition to computer-based simulations, we have testeghtoposed method with real data from an experiment
at Buzzards Bay, MA, Dec. 15, 2006. Using only one preambie proposed method achieves similar performance
on the Doppler scale estimation accuracy and the bit errer aa those methods presented in [5], which are
based on the LFM preamble and postamble. However, the pedpogthod avoids the need of using a postamble
and buffering the whole data packet before demodulatioiis €hables online receiver operation for multicarrier
underwater acoustic communications.

The rest of this paper is as follows. The system model is de=trin Section Il, and the proposed receiver
algorithm is presented in Section Ill. Detection perforimis determined in Section 1V, and analysis of the impact
of Doppler scale mismatch on the data demodulation perfoce#s investigated in Section V. Section VI contains

numerical results, both from simulation and from real d&tection VII contains the conclusion.
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preamble data transmission

CP x X guard | b OEDM | —eme e 7P OFDM
Zeros

Fig. 1. A preamble, consisting of two identical OFDM symbalsd a cyclic prefix (CP), precedes the data transmissionhmnées zero
padding.

Il. SYSTEM MODEL

To avoid power consumption in the guard interval between BMFEYmbols, zero-padded (ZP) OFDM is preferred
for data transmission [3], [4], [5]. For synchronizationrposes, the preamble consists of two identical OFDM
symbols together with a cyclic prefix. The overall transmoisstructure is shown in Fig. 1. The OFDM parameters
can be selected independently for the preamble and the @atsntissions.

Suppose thaf{, subcarriers have been used in the preamble, and one OFDMosysnbf duration7y. The
subcarrier spacing is theh/T;, and the bandwidth i8B = K,/T;. Let f. denote the carrier frequency, and
fx = fe+k/T, denote the frequency for theh subcarrier in passband, whetee S = {—K/2,..., Ko/2 — 1}.

Let T, denote the length of the CP, and define a rectangular winddength 7., + 27, as

1 te[-Tep,2T0),

q(t) = 1)
0 otherwise
The preamble in baseband can be written as
2(t) = Y skl q(t) )
kes

and the corresponding passband signal is

( ) Re{eﬂwfct Z JQ?TTO q )} _ Re{z S[k]ejQﬂ'fktq(t)} ’ (3)

keS keS
wheres[k] is the transmitted symbol on thigh subcarrier.

The channel impulse response for a time-varying multipaitienwater acoustic channel can be described by
ZA (T = 7(1)), @)

where A, (¢) is the path amplitude and,(¢) is the time-varying path delay. As in [5], [18], we assumet tak
paths have a similar Doppler rate,

Tp(t) = 1p — at, (5)

and that the path gaind,, the transmission delay, and the Doppler rate are constant over the duration of the
preamble. When these assumptions do not hold true, parteofiskful signal is treated as additive noise, which

increases the overall noise variance, as pointed out in18],
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When the passband signal in (3) goes through the channeliltkeddn (4) and (5), we receive:

g(t) = Re{z s[k]es2mfr(1Fa)t Z Apg((1+ a)t — Tp)ejQ’Tf”P} + n(t), (6)

kes p

wheren(t) is the additive noise. Defing,.x = max, 7,, which is usually less than the CP lendth,. Using the

definition of ¢(¢) in (1), we obtain

; Tep — Tme 2T,
j(t) = Re Hyps[k]e? R 0H0N S L a(t),  t € Toyoic = {_ b max 20 ] : 7
y(t) {]; Ks[kle 7i(t) cyclic 1+a T+ a (7

where we define the channel transfer function
C(f) =Y Ape™2mIm ®)
p
and the frequency response on #th subcarrier as
Hy = C(fr)- )

Converting the passband signak) to baseband, such thgtt) = Re{y(t)e/?™/<'}, we have:

y(t) = 3 Heslge (7)) (10)
keS
= P27t N Hys[k)e?T T Y (), t € Toyoie, (11)
kesS

wheren(t) is the noise at baseband.

As expected for CP-OFDM, we observe a cyclic convolutiomigetn the signal and the channel in the specified
interval, where each subcarrier is only multiplied by theresponding frequency response. Due to the wideband
nature of the underwater channel, the frequency of eachastibcat baseband has been shifted differently by an

amount ofaf, = af. + ak/Tp.

IIl. THE PROPOSEDALGORITHM

The transmitter sends a baseband waveform embedding atipetattern as
z(t) =x(t +To), —Tep <t<Tp. (12)

Such a repetition pattern persists in the received sigfialeven after time-varying multipath propagation as

TO 7 _Tcp_Tmax <t < TO 7
1+a l1+a — 7 14a

as can be verified from (11). However, the receiver knowsheeitheperiod nor thewaveformdue to the unknown

y(t) = e 92Tl Toy (t + (13)

multipath channel. The problem is then to detect a pattéen(li3) from the incoming signal, and infer the repetition
period to find the Doppler scale.

Our proposed approach is to use a bank of self-correlatess,Fgy 2, with each one matched to a different
periodicity. Detection, synchronization, and Dopplerlscastimation are accomplished based on the correlation

metrics from the bank of self-correlators.
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parallel self-correlators

window [ | el
length N, "
conversion to window Ll max(x) H > T
| M =1t
baseband | length N,
window [ | Il
length N, "

Fig. 2. To account for the time compression/dilation, nplétiparallel branches are used, each tuned to a certaindp®fio

We now present the proposed receiver processing, basecemathpled baseband signal. The baseband signal

is usually oversampled at a multiple of the system bandwigta 1/(\B):

yln] = y(t)|t=nt, - (14)
The receiver processing includes the following steps:

1) Each of theL branches calculates a correlation metric with one canelidalue of the window sizév;, for
each delay, N1
0 = Yita ' ylilyli+ N
VSN i) Ny NP
The window sizeN; shall be close to\ K, which is the number of samples of one OFDM symbol when no

M(N,, . l=1,...L. (15)

Doppler scaling occurs.

2) A detection is declared if the correlation metric of anarrh exceeds a preset threshblg:
Hy if: max |M (N, d)| > T (16)

Since the norm of the metric in (15) is between 0 and 1, thestulel 'y, takes a value from [0,1].
3) The branch with the largest correlation metric is viewsdhaving the best match on the repetition length.
Since Doppler scaling changes the peridto 7y/(1 + a), the Doppler scale factor can be estimated as

Ko— N .
a= /\OiA, whereN = arg?lj\%)}qM(Nl,dﬂ a7)
l
The speed estimate follows as

b = ca, (18)

wherec is the speed of sound in water. Additional processing carskd to refine the Doppler scale estimate,
as will be shown later on in Section VI.
4) Synchronization is performed on the branch that yielégsntaximum correlation metric. After the maximum

is determined, the start of transmission can be selectedgagested in [13]; starting from the peak the 80%
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“shoulders” are found (first sample of this correlator btabefore and after the peak that is less than 80% of
the peak) and the middle is chosen as synchronization poig. is beneficial, since due to the CP structure
the correlation metric has a plateau around the peak [13].

Remark 1:Since the window sizéV, is an integer, the minimum step size on the Doppler scale/ (8 K). To
improve the Doppler scale resolution, the receiver opsratethe oversampled baseband signal. The oversampling
factor depends on the needed Doppler scale resolution angattameters.

Remark 2:With the estimated Doppler scale the receiver can resample the preamble. This way, the “wide
band” channel effect of frequency-dependent Doppler stdéin be reduced to the “narrowband” channel effect
of frequency-independent Doppler shifts [5]. The fine-timalgorithms developed for narrowband radio channels,
such as those in [16], [17] can be applied on the resampleniske. This way, the “first” path can be synchronized
[17], instead of the “strongest” path in case of the LFM basezhod.

So far, we have described the general procedure of the pedpiestection, synchronization, and Doppler scale

estimation algorithm, while some parameters are left togeeified. Important questions include:
« How to set the detection threshold?
« How many parallel branches are needed? What is the desirqepl@o scale resolution?
We next address these questions by analyzing the detedaidormance in Section 1V, and the data demodulation

performance under Doppler scale mismatch in Section V.

IV. RECEIVER OPERATING CHARACTERISTICS

The output of each correlator is a random variable due to dadétiae noise. The probabilities of false alatfy,
and detectionP; are the probabilities of the correlator output exceedingrasholdl’y;, under the “no signal” and
“signal” hypotheses, respectively. We now analyze theefalarm and detection probabilities of a single branch, as
a function of the thresholfl;, and the Doppler scake. This will give us an understanding of the necessary Doppler
scale spacing in the parallel self-correlator structuredietection purposes. Due to over-sampling, the summations

in the metric given in (15) of théth branch can be well approximated with continuous timegraks:

t+T " S
M (T t) _ jt y(T) y(T+T) dr (19)
) ~ N R 2 )
\/J;M y() dr- 77 y(r+ D) dr
where
. To
T=Npty=1—"2, t=d-t. (20)
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A. Probability of False Alarm

When no signal is present(t) = n(t). Since BI' ~ K, we can find a set of orthonormal basis functions
{f:(t)}97, such that

Kop—1

n(r)= Y neifi(r), T€tt+T] (21)
1=0
Kop—1
n(r+1)= Z Nyp i Ji(r), TELt+T). (22)

Assume thatn(t) is a Gaussian noise process, then, andn, ; , are independent and identically distributed
Gaussian random variables. Defing; = [n:, ..., x,-1]" andn, ;= [n, 50,7 5, _4]", and their
normalized versions; = n;/|n|| andn, ; =n, ;/[n,, ;| The correlator output (19) can be simplified to the

inner product between two unit length vectors as

t+1 (23)

M (T t) — al'a

Finding the probability of false alarm can now be linked te@ @Brassmannian line packing problem in [19].
Specifically,n, can be viewed as coordinates of a point on the surface of arépfpere with unit radius, centered
around the origin. This point dictates a straight line in anptex spaceC’° that passes through the origin. The

two lines generated bi; andn, ; have a distance defined as:

d(ng, 0, ;) = sin(6y) = /1 — [afta, 5, (24)

whered, denotes the angle between these two lines. The dist&igen, , +) is known as “chordal distance” [19].

t+T
Sincen(t) is additive white and Gaussiaf; andn,  ;» are uniformly distributed on the surface of the hypersphere
Without loss of generality, we can assume that ; is fixed a priori anda, is uniformly distributed, to evaluate the
distribution of the chordal distance. Based on [20, eq.](@hich was derived based on the geometrical framework
in [21]), we infer

Pr{d*(f;,n, ;) <z} =2""" 0<z<1 (25)

Hence, the probability of false alarm is

Ppo = Pr{|M(T,t)| > T} (26a)
= Pr{ (i, By, 7) <1 - T3} (26b)
= (1 T3 )1, (26¢)

Note thatP;, does not depend on the power of the additive noise. Once thshibldI'y, is chosen, a constant

false alarm rate (CFAR) is achieved independent of the reissl.

1Bold upper case and lower case letters denote matrices amarcovectors, respectively(-)”, (-)*, and(-)™ denote transpose, conjugate,
and Hermitian transpose, respectively] and|| - || stand for for the absolute value of a complex number and thi b a vector, respectively.
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B. Probability of Detection

Assume that the signal is present, we rewrite (11) as

y(t) = xc(t) + n(t)7 (27)
where the signal is
zo(t) = 279 ST Hys[k]e?™ T Tt e Topge. (28)
kes
Treating the signal as deterministic unknown, we define titecorrelation function of:.(¢) as
1 t+T
GualT,AT) = / 2o(r)ae(T + AT)dr. (29)
t

The noise is viewed as wide sense stationary, and we defimgtitgorrelation function ag,,,, (7). Assuming that

the integration is done in a proper window whergt) is well defined as in (28), we can easily obtain:

o N s [ Tep—7max  2To(a—a)
E{/t 9(7) y(T+T)dT} —T¢mm(TaT)7 te%lateau-— |:_ i—i—a s (l—l-a)(l—i—&) (30)
t+T t+T . . .
E{/t [y(r)dr} = E{/t [y(r + T)Pdr} = Tl6ws(T,0) + 6un(O)]. ¢ € Tpateas  (31)

In [13], the absolute value of the correlation metric hasnbapproximated as a Gaussian random variable to
derive some approximate results. We would like to follow Hzeme principle here. To this end, we propose to

approximate the mean of the correlator output as:

E{‘M (T7 t) ’} ~ T¢Ij(—‘f|zji?)(i7;ﬂ¢ln(o) = ’ycj—yl’ t € Tplateau (32)

wherey = ¢M(T7 0)/¢.x(0) is the signal-to-noise-ratio (SNR) at the receiver, anid the correlation coefficient
The variance can be approximated as

. 293 + 592 +3y+1
Vor (| (Po) |}~ =y ¢ € T 2

The variance in (34) was derived in the radio channel caseowitDoppler scaling whergy| = 1. We argue that

it can still be used in the case with Doppler scaling, sin@ariation of the correlation output is mainly due to
additive noise.
We now specify the correlation coefficieat Based on (28), we have fére Zpjateau

G (T, ) = % /t o [e2(aelr +T)] dr (35a)

_ il d §O§ Hks[k]Hl*s[l]*% /t " <j27r(1 +a) [ﬁr L T)D dr,  (35b)

T T
kes les 0 0

which lead to

(36)

)

60 (T, = | 3237 Huslh)Hy sli)e=72m 491940 sing(1 + €) (k — )]
keS leS
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where sin€z) = sin(wx)/(mz) and (1 +¢) = (1 + a)/(1 + a). Therefore,c ~ a — a. Assume that is tiny, we

approximate sin¢1 + ¢)(k — 1)] ~ 6[k — []. For constant amplitude modulati¢sii]|?> = o2, we have

|0 (T, T)| = 0

Z |Hk|2€fj27rk(a7{z) ) (37)
kes
Similar approximation can be done f¢ym(T, 0). We thus have
H,.|? —j2nk(a—a)
o ~ [Enes Hile - | (38)
Zkes |Hk|

In summary, witha approximated in (38), the mean, approximated in (32), and the variangg approximated

in (34), an approximate expression for the probability ofedéon in Zpjateau iS

Pd:Pr{’M (Tt)‘ zrth} ~Q <M) (39)

Oa

whereQ(z) = (1/v2r) [ e~ t/2dt.

C. Numerical Validation

To confirm the theoretical analysis, we use numerical sitrarlausing the following steps:

1) Generate the baseband signal via (11) and sample it agt)n (1

2) Compare the statistics of the correlator output at sigteatt¢ = 0 on a branch withV, = AKj.

For the non-dispersive channel with a single path, the méaheocorrelator can be simplified to
A ! . .
E{’M (T, o)‘} - 7—31 — [sinc[K (a — )| # (40)
The simulation results for the non-dispersive channel hosva in Fig. 3(a); we observe that the loss of correlation
due to the unknown speed is modelled well by the sinc functidrile the approximation of the standard deviation
is fairly exact for the low SNR case but only of the right magde for the high SNR case.

For dispersive channels we average over different charagfations, where we choose an exponentially decaying
channel profile that loses about 20 dB within 10 ms. For eaelmeél realization, we evaluate the mean and variance
of the Gaussian approximation, then average these by aippatirg them via a single Gaussian distribution with
matched moments. Since this is basically a Gaussian mixiigtgbution, the resulting mean is the average mean,
while the variance is increased: it consists of the averagmnce and the additional “spread” of the means.

The results are in Fig. 3(b); we see an identical behaviorifés — @) < 1 (inside the main lobe of the sinc
function). This is because fer~ a —a = 0, « is fixed as unity (c.f. (38)), while foe # 0, « is a random variable
depending on the specific channel realization. Accordirthly additional variation im leads to an increased
variance for largek and the sinc shape is distorted depending on the channististat Still, for a small speed
mismatch the behavior can be well approximated by the nepedsive channel.

To assess the effect of Doppler scale mismatch, i.e., unkrspeed, on the detection performance, we plot the
receiver operating characteristic (ROC) in Fig. 4. The exaobability of false alarm (26c¢) is plotted against the

Gaussian approximation as well as Monte-Carlo simulatesults for both AWGN and dispersive channels. For
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clg: speed mismatch in m/s clg: speed mismatch in m/s
(a) non-dispersive (b) dispersive

Fig. 3. Statistics of the correlator output, including theany and standard deviation as a function of the unknown speed for two different

levels of SNR~; (a) non-dispersive channel with a single path, (b) digpershannel with an exponential decay profile.

the non-dispersive case we see that the simulation resdtshnthe Gaussian approximation reasonably for the
chosen speeds and SNR. Comparing to Fig. 3, the detectiforpance is superb as long as the mean, of the
correlator output under the signal hypothesis and the mederuhe noise hypothesis are separated by more than
six times the standard deviation,,.

In case of the dispersive channel, we had seen in Fig. 3 teat#anu, of the correlator was always higher
for large Doppler scales, but at the cost of an increasecavegi This results in the ROC’s having less steep
slopes, intersecting the curves for the AWGN channel — atiogly performing better for detection probabilities
around one half, but worse towards one (that are the regibimavest). This detrimental effect is negligible when
the Doppler scale mismatch is less than, ec(u,— @) =~ 1.5 m/s, which are also the regions of generally good
performance. Therefore for a limited Doppler scale misimathe detection performance is not changed much by

the dispersive nature of the channel.

V. IMPACT OF DOPPLERSCALE ESTIMATION ACCURACY

In this section, we analyze the performance degradatiorate tdansmission due to the Doppler scale mismatch.
This will help to specify the needed Doppler scale resofufiom a data communication perspective.

For data transmission, we use ZP-OFDM. Since block by bladcessing is used, let us focus on one ZP-
OFDM block. LetT denote the OFDM symbol duration afif) the guard interval. The total OFDM block duration

isT' =T + T, and the subcarrier spacing ig7". The kth subcarrier is at frequency

fo=fo+k/T, k=-K/2,...,K/2—1, (41)
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09r

o
oY

o
o

Av=20m/s

probability of detection
o
~

co X AWGN
051 approx.
% - dispersive
— — —approx.2 |/
0.4 : . -
10%° 10*° 10%° 10° 10°

probability of false alarm

Fig. 4. Receiver operating characteristic (ROC) of the at&ir scheme forky = 512 OFDM carriers;y = 0 dB and varying speeds; plotted
are the Gaussian approximation of the probability of daacand simulated probability of detection for differentacimels against the exact
analytic probability of false alarm.

wheref, is the carrier frequency anll subcarriers are used so that the bandwidtB is K/T. Let s[k] denote the
information symbol to be transmitted on tkéh subcarrier. The non-overlapping sets of active subeaf 4 and
null subcarriersSy satisfySas USy = {—K/2,...,K/2 — 1}, the null subcarriers are used to facilitate Doppler
compensation at the receiver [5], [18]. The transmitteaha@ign passband is then given by

z(t) = Re{ lz s[k]e?2 Tt (t)

keESA

ej27rfct} , te[0,T+T,, (42)

where g(t) describes the zero-padding operation, igt) = 1,¢ € [0,7] and g(t) = 0 otherwise. Due to the

adopted channel model, the received passband signal is

gt) = Re{ZAp

wheren(t) is the additive noise.

Z S[k]ejQﬂ-%(tJrathp)g(t +at — Tp)] ejQﬂ-fc(tJratTp)} + ’ﬁ(t), (43)
keSa

A two-step approach to mitigating the channel Doppler ¢ffgas proposed in [5], [18]. The first step is to
resampley(t) in the passband with a resampling factowhich represents our estimate afleading to
N N t
A(t) = y(1—+b) (44)

Converting to baseband, we obtai(y)

1t+a k
Tt

z(t) = 12T I fet Z s[/€]ej27r TF0
keSa

+n(t), (45)

— 527 fr T, 1+a’
ZAPe J2mf rg (—1+bt—7'p)

p
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The second step is to perform fine Doppler shift compensation(t) to obtain z(t)e=727<, wheree is the

estimated residual Doppler shift. Performing ZP-OFDM ddmiation, the output;,,, on themth subchannel is

1T —j2met ,—j2m Bt
Zm = = z(t)e I T eTIT T L, (46)
Plugging in thez(t) and carrying out the integration, we simplify,, to
1+5b
= (g Unt ) T stlems + v @

wherew,, is the additive noise(’(f) is defined in (8), and

1+0 ' sin(7 B 1 T) I T
1+a WﬁmJgT

o = (k—my L 4 (@7 OIn = (L+b)e

(48)

Om.k =

+

)T 14+a (49)

Defining the symbol energy ag = E[|s[k]|* and the noise variance a$, we find the effective SNR on the:th

subcarrier to be:
B |Om,m[*02
Y = p (50)

Z |ka|

IC(iiZ(fere ) ktm

The first term in the denominator is due to additive noise,levthe second term is due to the self-interference

aroused by the Doppler scale mismatch. Even when the aglditiise diminishes, the effective SNR is bounded by
_ |0m,m|?
Ym S Vm == 3 (51)
T Tt ol
due to self-interference induced by Doppler scale mismatch

We now evaluate the SNR uppperbound for two cases:

o Case 1: No Doppler shift compensation by setting 0.
o Case 2: Ideal Doppler shift compensation where

a—>b

mfc, (52)

€opt =
such that
1 a—b m

ﬁm,k:(k_m)f‘f'l-i_af

(53)

For the first case, the leading tertd — m)/T in (B, is the frequency distance between thh and the
mth subcarriers, while the second te@%fm is the extra frequency shift. For the second case, the Igadim
(k —m)/T in B, is the frequency distance between thl and themth subcarriers, while the second term
‘11; 7 Is the extra frequency shift. Singg, is much larger tharz, we can see that Doppler shift compensation
will improve the performance. Consider an examplefpf= 27 kHz and B/2 = 6 kHz, we havef,, € [21, 33]
kHz andmax,, 7 = 6 kHz. Hence, the accuracy ¢f — b) can be relaxed at least by four times to reach similar
performance. CFO compensation is one crucial step in thevwercdesign, which was the key in the success of the

receivers in [5], [18].
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Fig. 5. The SNR upperboungl, for e = eopt (thick, full lines) ande = 0 (thin, dashed lines) as a function &fv, wherea — b = Av/c.

We now numerically evaluate the upperboupgd for e = 0 and eqp. We setf, = 27 kHz, B = 12 kHz, and
K =1024. Fig. 5 shows the bounds for these two cases respectivghpdse that we want to limit the self noise
to be below at leas20 dB below the signal power. In case of= 0, we needAwv to be less thai®.06 m/s. While
in case ofeqyy, the Av can be as large a3 m/s.

Fig. 5 provides guidelines on the selection of the Dopplatesspacing of the parallel correlators. For example,
assuming that the correlator branch closest to the truedspileyield the maximum metric, then with fine Doppler
shift compensatiol = eopt We can set the Doppler scale spacing to be 0.4 m/s (where vie/e¢o be less than
0.2 m/s) to achieve an SNR upperbound of at least 25 dB. Onttlex band, if an SNR upperbound of 15 dB is

sufficient, the Doppler scale spacing could be as large asmis0

VI. IMPLEMENTATION AND PERFORMANCETESTING

In Section IV, it was shown that foK, = 512 OFDM carriers in the preamble, a speed mismatch of up to
1.5 m/s did not degrade the detection performance conilyer@n the other hand, the SNR analysis for data
reception usingk’ = 1024 OFDM subcarriers in Section V indicated that the speed ntisimshould not exceed
0.3-0.5 m/s to limit ICI. This suggests a multi-grid apprbdor the implementation:

1) Coarse-grid search for detectio®nly a few parallel self-correlators are used to monit@r ithcoming data.

This helps to reduce the receiver complexity.

2) Fine-grid search for data demodulatioifter a detection is declared, a set of parallel self-datogs with
better Doppler scale resolution are used only on the capfpreamble. Fine-grid search is centered around
the Doppler scale estimate from the coarse-grid search.

Instead of multi-grid search, one may also use an interjpoléiased approach to improve the estimation accuracy

beyond the limit set by the step size. We borrow a techniqam ff22], which is usually used in spectral peak
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location estimation based on a limited amount of DFT sampM®r coarse or fine-grid search, IeX;| denote
the amplitude from the branch with the largest correlatiatpat, and| X 1| and|Xj1| are the amplitudes from
the left and right neighbors. Leka denote the grid spacing. The formula

_ [ X1 | — [ Xe]
A X | = 2[Xp—1] = 2| Xi41]

can be used to estimate an offgebf the Doppler scale deviating from the strongest branclratde the second

5 Aa (54)

strongest branch.

A. Simulations for Velocity Estimation

coarse
multi—-grid
—&— interpolation | |

RMSE(v)

speed in m/s

Fig. 6. Average velocity estimation error using varying amis of correlators and a simple interpolation between tleasured points; thin,

dashed lines are = 0 dB and thick full lines arey = 10 dB.

We useK, = 512 subcarriers and an oversampling factonof 8 and set the coarse grid spacing/ss = Av/c,
where Av is 1.46 m/s. Fig. 6 depicts the root mean square error of teedspstimates = ca, at two SNRs of
0 dB and 10 dB. We observe a “saw-tooth” shape for the coatseates, and the SNR decrease has little impact
on this shape. This suggests that the probability of notfigdihe closest branch is negligible and the dominating
error is the quantization to the coarse grid.

After detection of the coarse-grid search, we use anotlxesedi-correlators with spacing ahv = 0.366 m/s
to search around the estimated Doppler scale from the pre\stage. Much improved estimates are obtained, as
shown in Fig. 6. The achieved accuracy exceeds the mismptdifisation we set earlier of 0.3-0.5 m/s. We can
see more degradation of the saw-tooth shape for low SNR.i§héasonable. As the separation in tentative Doppler
scales between correlators diminishes, neighboring kedors will have very similar outputs.

Also, Fig. 6 shows the RMSE for velocity estimation with irelation applied after the coarse grid search with

A, = 1.46 m/s. We observe that the interpolation approach is veryctifie
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B. Results with Experimental Data
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(a) LFM matched filter (b) OFDM self-correlator

Fig. 7. Comparison of the matched filter output for one LFMapnble and the “plateau” output of the proposed synchraoizanetric.

When the transmitter and the receiver are stationary, Rugaale estimation is not needed, and only one self-
correlation branch is necessary at the receiver. The dateahd coarse synchronization algorithms based on one
branch have been used in the PC- and DSP-based multicawigemmprototypes [23], [24].

We now work on the data from an experiment performed at Bulsz&ay, Dec. 15, 2006 with a fast-moving
transmitter. The same data set was used previously in [Sptoothstrate the capability of OFDM reception in a
dynamic setup. The used packet structure is shown in Fig. 8.

Doppler scale estimation is done in [5] based on the meastimel difference between the LFM pre- and
postamble. This scheme showed good performance, as affgpl@cscale compensation via resampling the data
could be decoded with reasonable BER. The drawback is tleatvtiole packet needs to be buffered before data
processing.

First we plot a comparison of the timing metrics for a matcfiker using the LFM waveform with our proposed
scheme in Fig. 7. We observe that the channel energy is faistrained within the first 2-3 ms — accordingly
the plateau observed at the self-correlator output is almbkength T, which in this case is 25.6 ms.

We compare the Doppler scale/relative speed estimatiouracg between the two schemes. In Fig. 9(a) we plot
the relative velocity estimates between the sender andvegcas also an OFDM preamble and postamble were
available we include both estimates. Even though thesedumatl both be used for decoding purposes, as real-time
operation is the goal, they give intuition about the resudisce no ground truth is available. Fig. 9(b) zooms in
on the transmissions were the Doppler scale changes dyaliynithis was caused by the transmitter passing by
closely at the receiver’s location around transmission A9 the Doppler scale is assumed constant during each

transmission this will also be the most challenging traissions to decode.
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Fig. 8. The structure of the data packet used in the BuzzaeyseRBperiment, Dec. 15, 2006.
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Fig. 9. Comparison of velocity estimation techniques; thevipus method calculated the time difference between LF& pnd post-ambles,
while the new approach is solely based on either preamblestamble at one particular time.

Generally the speed estimates are close, when looking atefadéls (see zoom), it is interesting to consider that
the previous method uses the duration of a complete trasemisvhile our new approach is a point estimate. Since
the experiment used a large number of OFDM blocks per trasssam (32 blocks for the case of 1024 subcatrriers),
the time-varying nature of the actual Doppler speed is reftedifferently in the two approaches. Inspecting the
estimates for transmission 14, 16 or 20, the LFM-based trésuiot the average between the OFDM pre- and
postamble point estimates. We observe that this new prdposthod differs from the previous method by no more
than1 knot (0.5 m/s) for any transmission.

We next carry out a comparison on the BER performance, whé&8KQmodulation and a 16-state rate 2/3
convolutional code was used in the data set [5]. Demoduladiod decoding were done twice for each packet
transmission; once using the Doppler scale estimate autadiom the LFM method and once using the estimate
based orthe OFDM preamble onlyFig. 10 shows that similar uncoded and coded BER result®lsianed. The
proposed method, however, avoids the need of using the mpbktaand buffering the whole packet before data
demodulation.

The instances where differences in BERs are observed ate twihsmissions 9 and 18. There are several

environmental factors which could have contributed to #nismaly, including ship noise and a more rapid rate of
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BER
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Fig. 10. Comparison of the uncoded and coded bit error raespding after resampling with either the offline speedrests based on the

LFM pre- and post-ambles or based on the new speed estimatmifoe processing.

change in velocity than experienced by some blocks, whietdacussed in [18]. Perhaps since the original method
for velocity estimation uses the average compressiotiilaver the entire transmission, this new method, which
only relies on one preamble sequence, is more susceptibbbpid changes in velocity during a transmission.
Generally the length of the transmitted packets in this Brpent was fairly long, e.g, 32 blocks fd¥ = 1024
OFDM carriers. This means that due to the dynamic nature @ftenario the Doppler scale has to be estimated
more frequently. As the estimation error needs to be bel@&0® m/s, comparing Fig. 9, if the speed change
between preamble and postamble is on this order or abov&dppler scale estimation error is not limited by the

accuracy of the algorithm, but by the frequency of its update

VIl. CONCLUSION

In this paper we proposed a new method for detection, synctation, and Doppler scale estimation for
underwater communications based on multicarrier waveft¥n characterized the receiver operating characteristic
and analyzed the impact of Doppler scale mismatch on themyperformance. Compared to existing LFM-based
approaches, the proposed method works with a constanttidetebreshold independent of the noise level and is
suited to handle the presence of dense multipath channelse Mhportantly, the proposed approach avoids the
need of buffering the whole data packet before data demtidajavhich is very appealing for the development of

online receivers for multicarrier underwater acoustic ommication.
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