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Abstract— Underwater acoustic (UWA) channels are wideband [7], while experimental results are extremely scarce [BX
in nature due to the small ratio of the carrier frequency to  Recent investigations on underwater OFDM communication
the signal bandwidth, which introduces frequency-dependet include [13] on non-coherent OFDM based on on-off-keying,

Doppler shifts. In this paper, we treat the channel as having . . .
a common Doppler scaling factor on all propagation paths, ad L1141 On @ low-complexity adaptive OFDM receiver, and [15]

propose a two-step approach to mitigating the Doppler effec (1)  On @ pilot-tone based block-by-block receiver.

non-uniform Doppler compensation via resampling that conerts In this paper, we investigate the use of zero-padded OFDM

a “wideband” problem into a “narrowband” problem; and (2) L . -
high-resolution uniform compensation of the residual Dopper. [2]: [16] for UWA communications. Zero-padding is used

We focus on zero-padded OFDM to minimize the transmission instead of cyclic pre x to save the transmission power spent
power. Null subcarriers are used to facilitate Doppler comgnsa- on the guard interval. The performance of a conventional ZP-
tion, and pilot subcarriers are used for channel estimation The  OFDM receiver is severely limited by the intercarrier inter
receiver is based on block-by-block processing, and doesn@ly  ¢orance (1CI) induced by fast channel variations withinfeac

on channel dependence across OFDM blocks; thus, it is suitéd . .
for fast-varying UWA channels. The data from two shallow watr OFDM symbol. Furthermore, the UWA channel is wideband

experiments near Woods Hole, MA, are used to demonstrate the in nature due to the small ratio of the carrier frequency ® th
receiver performance. Excellent performance results areltained ~ signal bandwidth. The resulting frequency-dependent Depp
even when the transmitter and the receiver are moving at a ghifts render existing ICI reduction techniques ineffeetiwVe
relative speed of up to 10 knots, at which the Doppler shifts@ .ot the channel as having a common Doppler scaling factor

greater than the OFDM subcarrier spacing. These results sugest .
that OFDM is a viable option for high-rate communications on all propagation paths, and propose a two-step approach to

over wideband underwater acoustic channels with nonunifom  Mitigating the frequency-dependent Doppler shifts: (1p-no

Doppler shifts. uniform Doppler compensation via resampling, which cotsrer
Index Terms— Underwater acoustic communication, multicar- & “Wideband” problem into a “narrowband” one; and (2) high-
rier modulation, OFDM, wideband channels. resolution uniform compensation of the residual Doppler fo

best ICI reduction.

|. INTRODUCTION The proposed practical receiver algorithms rely on the
preamble and postamble of a packet consisting of multiple
OFDM blocks to estimate the resampling factor, the null
subcarriers to facilitate high-resolution residual Dagptom-

Multicarrier modulation in the form of orthogonal frequenc
division multiplexing (OFDM) has prevailed in recent bread

banq wireless _radio applicat_ions_due to_ the IO_W complexity ?Jensation, and the pilot subcarriers for channel estimaiibe
receivers required to deal with highly dispersive chan{@jis receiver is based on block-by-block processing, and dogés no

[3]. This fact motivates the use of OFDM in underwater env;%y on channel coherence across OFDM blocks: thus, it is

ronments. EarIi.er works on OF.DM focus mostly On CONCepPtUiiapie for fast-varying underwater acoustic channeisvéfr-
system analysis and simulation based studies [4], [5], [ our approach, two experiments were conducted in shallow
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The rest of the paper is organized as follows. In Section I, The received signal in passband is then
the performance of a conventional OFDM receiver is analyzed
In Section Ill, a two-step approach to mitigating the Dopple y(tz =

shifts is proposed, and the practical receiver algorithmes a X '
speci ed. In Sections IV and V the receiver performance is Re Ap dklg2k frat ogit+at )
reported. Section VI contains the conclusions. p k2S a )

j2f c(t t .
Il. ZERO-PADDED OFDM FOR UNDERWATER ACOUSTIC g2felrat o)+ n(t); (5)

CHANNELS
Let T denote the OFDM symbol duration affg the guard Wheren(t) is the additive noise. The baseba_no: versygt)
interval. The total OFDM block duration %= T+ T4. The Of the received signal satis eg(t) = Re y(t)é 2" < , and
frequency spacing is f = 1=T. Thekth subcarrier is at the can be written as

frequency (
X j2k ft gj2af gt
fr=fc+k f; k= K=2::::K=2 1 (1) y(t) = (28 dk]e ¢ '
A
wheref; is the carrier frequency and subcarriers are used X _ )
so that the bandwidth iB = K . Ape 1ZTxorg(t+at  p)  +n(t); (6)
Let us consider one ZP-OFDM block. Ldfk] denote the p

information symbol to be transmitted on the¢h subcarrier.
The non-overlapping sets of active subcarri€gs and null
subcarriersSy satisfySp [Sny = f K=2;:::;K=2  1g.
The transmitted signal in passband is then given by

wheren(t) is the additive noise in baseband. Based on the
expression in (6), we observe two effects:

(i) the signal from each path is scaled in duration, frém

& # ) to T=1 + a);
_ _ (i) each subcarrier experiences a Doppler-induced freque
s(t) = Re dkle?* fgt) €2f <t shift 22" «t which depends on the frequency of the
k2Sa subcatrrier. Since the bandwidth of the OFDM signal is
t2 0T+ Ty, (2 comparable to the center frequency, the Doppler-induced

frequency shifts on different OFDM subcarriers differ

whereg(t) describes the zero-padding operation, igkt) = considerably; i.e., the narrowband assumption does not

1;t 2 [0; T] andg(t) =0 otherwise.

We consider a multipath underwater channel that has the hold. o _
impulse response The fre_zqu_ency-depend_ent Doppler_ shifts introduce StroRg |
X tercarrier interference if an effective Doppler compeiosat
o(t)= Ap(t) ( p(D); (3) scheme is not performed prior OFDM demodulation.
P
where Ap(t) is the path amplitude and,(t) is the time- I1l. RECEIVER DESIGN

varying path delay. To develop our receiver algorithms, we

adopt the following assumptions.

Al) All paths have a similar Doppler scaling factarsuch
that

We rst present in Section IlI-A the technical approach to
mitigating the frequency-dependent Doppler shifts, arehth
specify in Section 111-B practical receiver algorithms tivee
o) S at @ apply to the experimental data.

In general, different paths could have different Dopplalisg

factors. The method proposed in this paper is based on
assumption that all the paths have the same Doppler scalinyVe propose a two-step approach to mitigating the
factor. When this is not the case, part of useful signals dif€@quency-dependent Doppler shifts due to fast-varying un
treated as additive noise, which could increase the overd@rwater acoustic channels:

noise variance considerably. However, we nd that as long 1. Non-uniform Doppler compensation via resampling.
as the dominant Doppler shift is caused by the direct trans-  This step converts a “wideband” problem into a “nar-
mitter/receiver motion, as it is the case in our experiments  rowband” problem.

@feA Two-Step Approach to Mitigating the Doppler Effect

this assumption seems to be justi ed. 2. High-resolution uniform compensation of residual
A2) The path delays,, the gainsAp, and the Doppler scaling Doppler. This step ne-tunes the residual Doppler shift

factor a are constant over the block duratiorC. corresponding to the “narrowband” model for best ICI
The OFDM block durations ar = 42:67;85:33, 17067 ms reduction.

in our experiments when the numbers of subcarriers are 512The resampling methodology has been shown effective to
1024, 2048, respectively. Assumption A2) is reasonableiwit handle the time-scale change in underwater communications
these durations, as the channel coherence time is usuallysee e.g., [17], [18]. Resampling can be performed either in
the order of seconds. passband or in baseband. For convenience, let us preseat the
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Fig. 1. The detailed receiver diagram on one receive-elemen

steps using passband signals. In the rst step, we resaingle where the subcarriers stay orthogonal. On the output of the

received waveforny(t) using a resampling factd. demodulator in then-th subchannel, we have [2], [16].
t 1 Ty 2 j2m f
- : Zm = = el?2t z(e 12m Mt
0=y g ¢ 7) mET (t)
C(fm)dm] + Vp; (12)

Resampling has two effects: (1) it rescales the waveform, an P . . . _
(2) it introduces a frequency-dependent Doppler compeng#hereC(f):= = Aye 127 ¢ andvy is the resulting noise.

tion. With yt) from (5) andz(t) = Refz(t)é?f ctg, the Hence, ICI-free reception is approximately achieved. Resc
baseband signal(t) is ing and phase-rotation of the received signal thus restwre t

orthogonality of the subcarriers of ZP-OFDM. The correlati

X ( , " in (12) can be performed bgverlap-addingof the received
z(t)= &2 Tolet dkle2k ot signal, followed by FFT processing [2], [16].
k2S a ) In practice, the scale factdr and the CFO need to be
X , 1+a determined from the received data. They can be estimated
Ape 12tk eg 1+ bt p +V(t); (8) either separately or jointly. Note that each estimatd ol
P be associated with a resampling operation, which is coftly.

is desirable to limit the number of resampling operationado
few as possible. At the same time, high-resolution algorgh
are needed to ne-tune the CFO ternfior best ICI reduction.

wherev(t) is the additive noise. The target is to mai{% as
close to one as possible. With this in mind, we have

X ( We next specify the practical algorithms that we apply to
2(t) @2 2 Dbft dikjeg2k the experimental data.
k2S a )
X B. Practical Receiver Algorithms

Ape 12T gt p)  +v(t): (9)

o The received signal is directly sampled and all processing i

performed on discrete-time entries. Fig. 1 depicts theivece
The residual Doppler effect can be viewed as the same faocessing for each element, where BPF, LPF, and VA stand
all subcarriers. Hence, a wideband OFDM system is cofor bandpass ltering, low-pass ltering, and Viterbi algthm,
verted into a narrowband OFDM system with a frequencyespectively. Next, we discuss several key steps.

independent Doppler shift 1) Doppler scaling factor estimationCoarse estimation of

a b the Doppler scaling factor is based on the preamble and the
= mfc: (10) postamble of a data packet. (This idea was used in e.g.,§t7] f
single carrier transmissions.) The packet structure,aioimy
In radio applications, a carrier frequency offset (CFOMW®EN N, OFDM blocks, is shown in Fig. 2. By cross-correlating
the transmitter and the receiver leads to an expressioneof the received signal with the known preamble and postamble,
received signal in the form (9) [19], [20]. For this reasor® Wthe receiver estimates the time duration of a packgt, The
call the term in (10) as CFO when a narrowband model igme duration of this packet at the transmitter sidélis By

concerned. _ _ . comparingT,x with Ty, the receiver infers how the received
Compensating for the CFO i(t), we obtain signal has been compressed or dilated by the channel:
( T T
. X . T = 2 a= X L 13
e 2t z(1) dikje 2k "= 1y ) Tix (13)
k2Sa ) The receiver then resamples the packet with a resampling
X factor b = “a used in (7). We use the polyphase-interpolation

Ape 12Txrgit ) +el?tv(); (11)
p

based resampling method available in Matlab.
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Fig. 2. Packet structure.
2) CFO estimation:A CFO estimate is generated for eachwhere H (m) = C(fy) is the channel frequency response

OFDM block within a packet. We use null subcarriers tat the mth subcarrier andvy, is the additive noise. On a
facilitate estimation of the CFO. We collekt + L samples multipath channel, the coef cierd (m) can be related to the

after resampling for each OFDM block into a veétar = equivalent discrete-time baseband channel parametebyed
[2(0);:::;z(K + L 1)]", assuming that the channel had +1 complex-valued coef cient$ h g, through
L +1 taps in discrete time. The channel length can be inferred
based on the synchronization output of the preamble, and its _ x 2Im=k .
estimation does not need to be very accurate. We dene a H(m) = he : (17)
(K+L) 1vectorfy, =[1;&2MK ;::o;@2m (KL 1=K T 1=0
and a(K + L) (K + L) diagonal matrix () = To estimate the channel frequency response, weKyseilot
diagl; €27 ; ;d2Te(K*L D) whereTe = T=K is tones at subcarrier indices;:::;px,; i.e., fdplgs; are
the time interval for each sample. The energy of the nulhown to the receiver.
subcarriers is used as the cost function AslongasKk, L+1,we can nd the channel taps based
J() = X jtH H()zjZ: (14) ©Ona least-squares formulation
m2s 2 3 2 3 2 3
. . Zp, Vpy d[pl]
If the receiver compensates the data samples with the cl:orrecg . g _ 2 . g . 2 _ g
CFO, the null subcarriers will not see the IClI spilled ovemfr LY : E
neighboring data subcarriers. Hence, an estimate e#n be | Z%p Vo, | {2 d[DKp]}
found through =z =D,
"=argmin J(); (15) 2, olim oiimt 323

which can be solved via one-dimensional search fofhis 2 : : E? : E : (18)
high-resolution algorithm corresponds to the MUSIC-like a 1 e i &Pk, e i%pP,l  h
gorithm proposed in [19] for cyclic-pre xed OFDM. | {z 3z}

Instead of the one-dimensional search, one can also use the =V =h

standard gradient method as in [20] or a bi-sectional seargly minimize the complexity, we will adhere to the following
A coarse-grid search is needed to avoid local minima befogg, design rules:

the gradient method or the bi-sectional search is appliégl [2 ) i
Remark 1:The null subcarriers can also facilitate joint re- d1) TheKp pilot symbols are equally spaced withi

sampling and CFO estimation. This approach corresponds todaz) §I'uhbecairlr(i)?rss;mbols are PSK sianals with unit amplitude
two-dimensional search: when the scaling fattand the CFO P y 9 P '

are correct, the least signal spill-over into null subeagiis Since the pilots are equi-spaced, we have thatV =
observed. However, the computational complexity is high fd&<plL+1 [23], and since they are of unit-amplitude, we have

a two-dimensional search. This algorithm can be used if tikat DE'Ds = Ik, . Therefore, the LS solution for (18)
coarse estimate of the Doppler scaling factor (e.g., froe tsimpli es to
pre- and post-amble of a packet) is available. AL = iVH DsH Zy: (19)

p

3) Pilot-tone based channel estimatiowfter resampling

and CFO compensation, the ICI induced by CFO is greatishis solution does not involve matrix inversion, and can be

reduced. Due to assumption A2, we will not consider the IGhplemented by arK ,-point IFFT. With the time-domain

due to channel variations within each OFDM block. Note thahannel estimatél, s, we obtain the frequency domain es-

ICI analysis and suppression in the presence of fast-varyifimates using the expression (17).

channels have been treated extensively in the literatee, s

e.g., the references listed in [22, Ch. 19]. Ignoring ICle th 4) Multi-channel combining: Multi-channel reception

signal in themth subchannel can be represented as [c.f. (1Dleatly improves the system performance through diversity

i H _ _ see e.g., [24] on multi-channel combining for single-aarri

Zm = fn " (Mz = H(m)d[m] + vin; (16) transmissions over UWA channels. In an OFDM system,

1 _ multi-channel combining can be easily performed on each

Bold upper case and lower case letters denote matrices &ndrcoectors, b . S h h . | d
respectively( )T, () , and( )" denote transpose, conjugate, and HermitiauPcarrier. Suppose that we haMe receive elements, an
transpose, respectively. let z{,, H"(m), and v}, denote the output, the channel
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TABLE |
INPUT DATA STRUCTURE AND THE CORRESPONDING BIT RATES
# of active | # of null # of blocks bit rates bit rates
K subcarriers| subcarriers| in a packet| without coding | after rate 2/3
(K a) (Kn) (Np) W channel coding
512 484 28 64 10.52 kbps 7.0 kbps
1024 968 56 32 12.90 kbps 8.6 kbps
2048 1936 112 16 14.55 kbps 9.7 kbps
Stop  Packet Stop Packet Stop Packet Stop
| K=512 K=1024 K=2048 |

3 packets per data burst

—

Fig. 3. Each data burst consists of three packets, With 512, K = 1024,
andK =2048, respectively

|
A
L )) Receiver
Source HTI-96 Array
ITC-6137
<4———— 600 m~-110 m—mmmm >

Fig. 4. The con guration of the experiment in Buzzards Bay.

frequency response, and the additive noise observed at the

mth subcarrier of theth element. We thus have: R¥ Signal Profile as on Dec. 15, 2006

Z%a, Hl(m) Vr%”l osr 1?18 |

§.2-§ Sam+§: 8 @y sil LT
N, N, N, [ Packets 1415 |
z H r (m) / L1123 456 7 89 0111213

|2} | —z—=) | {2} vV

=Zm = A =Vm

Assuming thaw,, has independent and identically distributed
entries, the optimal maximum-ratio combining (MRC) yields

1
dml= A, Az (21) o4l

051

Doppler scaling factor, CFO, and channel estimation ar
performed independently on each receiving element acegrdi 0
to the procedure described in Sections I1I-B.1 to 11I-B.31 A
estimate of the channel vectdy, is then formed, and used
to obtain the data symbol estimates in (21).

150 200 250 300 317.78
t [second]

a0 100

Fig. 5. The received signal (amplitude) for the Buzzards Bmgeriment.

IV. PERFORMANCERESULTS FOR THEEXPERIMENT IN During the experiments, the same data burst was transmitted

BuzzARDS BAY multiple times while the transmitter was on the move.

The bandwidth of the OFDM signal B = 12 kHz, and the The WHOI acoustic communication group conducted the
carrier frequency i = 27 kHz. The transmitted signal thusexperiment on Dec. 15, 2006 in Buzzards Bay, MA. The
occupies the frequency band betwédrkHz and33 kHz. We transmitter was located at a depth of about 2.5 meters and the
use zero-padded OFDM with a guard intervalTgf= 25 ms receiver consisted of a four-element vertical array of tartigs
per OFDM block. The respective number of subcarriers usgisubmerged at a depth of about 6 meters. The transmitter was
in the experiment ik =512, 1024 and2048 The subcarrier mounted on the arm of the vessel Mytilus, and the receiver
spacing is f = 23:44 Hz, 11:72 Hz, and5:86 Hz, and the array was mounted on the arm of the vessel Tioga. OFDM
OFDM block duration isT = 1= f = 42:67 ms, 8533 Signals were transmitted while Mytilus was moving towards
ms, and17067 ms. We use rate 2/3 convolutional codingJioga, starting at 600 m away, passing by Tioga, and ending
obtained by puncturing a rate 1/2 code with the generaf®y@bout 100 m away. The experiment con guration is shown
polynomial (23,35). Coding is applied within the data stnea!n Fig. 4.
for each OFDM block. QPSK modulation is used. For= The received signal was directly A/D converted. The signal
5121024 2048 each packet contain$, = 64; 32,16 OFDM received on one element is shown in Fig. 5, which contains 7
blocks, respectively. The total number of information ies data bursts or 21 packets. The following observations can be
packet is30976 The signal parameters and the correspondirgade from Fig. 5.
data rates are summarized in Table |, where the overhead ol) The received power is increasing before packet 19, and
null subcarriers an& , = K=4 pilot subcarriers is accounted decreasing thereafter.
for. This observation is consistent with the fact that Mytilus

Fig. 3 depicts one data burst that consists of three packets passed Tioga around that time.
with K = 512, K = 1024, and K = 2048, respectively. 2) A sudden increase in noise shows up around packet 19.



IEEE JOURNAL OF OCEANIC ENGINEERING (TO APPEAR, 2008) 6

10 100 6
at |
5 50 %
— 2 g
0 ~
= b
3 = w Of 1
2 0 0o I Z
(%) = o
[ = L
= = O 2L 4
g ? 2
[7] <@
['4 [=%
Q.
5 450 8 -4+ 1
6 —8— Packet 5 R i
Packet 17
-10 : : : ; -100
0 5 10 15 20 25 8 i i i i i i
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Fig. 6. Coarse estimation of the relative speed and the BRopgiift at Fig. 7. The estimated residual Doppler (CFO) for packet $h(\an estimated
fc =27 kHz for element 1. speed of 4.25 knots) and packet 17 (with an estimated spe8d26fknots).
The CFO uctuates rapidlv from one block to another.

1

This noise comes from the Mytilus when it was very
close to Tioga.

3) The second packet was severely distorted. The reason 08r
unclear. o7l

Simple data processing reveals the following:

4) The signals prior to packet 19 were compressed, whic
agrees with the fact that the transmitter was movin
towards the receiver. The signals after that were dilates 04r
con rming the fact that the transmitter was moving away 03f 1
from the receiver.

We next present numerical results based on the sequence
the receiver processing shown in Fig. 1. We present a sdlect .l i
set of results and comparisons. i sl OE S SAEE 6 St ekt s eRiak ik i mifnite ik el
0.42 % L1125 2.08 2.92 375 458
45 ms

8.26knots
=== 425 knots

0.9

0.6

0.5

Ih(®)!l

1.3 ms

0.2F i

A. Doppler scaling factor estimation

For each of the 21 packets transmitted, the algorithm b%- 8. Channel estimates for two example cases. One is f@se with
an estimated speed of 4.25 knots (packet 5), the other is t@sa with an

Section I1I-B.1 was used to estimate the Doppler scalintpfac estimated speed of 8.26 knots (packet 17). The channel dpfead is about
Based on each Doppler scaling factr the relative speed 4.5 ms. There is a strong direct path between the transnaitééithe receiver.
between the transmitter and the receiver was estimat@d=as The channel energy in the 8.26 knots case is higher thanrtliaei4.25 knots
. . case, as the transmitter is closer. The second peak is targdcto be from

&4 c, using a nominal sound speed of= 1500 m/s. The i1e pottom bounce.
relative speed and the resulting Doppler shift at the carrie
frequency,af ., are shown in Fig. 6, which summarizes the
results for element 1. continuously but cannot be regarded as constant. The CFO

We see from Fig. 6 that the Doppler shifts are much largestimate is on the order of half of the subcarrier spacing.
than the OFDM subcarrier spacing. For example} # 8:30 Without the CFO ne tuning, the receiver performance would
knots (packet 15), which indicates that Mytilus was movingeteriorate considerably.
toward Tioga at such a speed, the Doppler shift is 76.98 HzZWe have also examined joint Doppler scaling factor and
atf. = 27 kHz, while the subcarrier spacing is onlyf = CFO ne tuning on each OFDM block based on null subcar-
2344 Hz, 11.72 Hz, anc:86 Hz for K = 512;1024 2048 riers, which requires a two-dimensional search for theesial
respectively. Hence, re-scaling the waveform (even chgrseand the CFO . The performance improvement is marginal in
is necessary to mitigate the Doppler effaonuniformlyin the this experiment, so we skip the results on the joint approach
frequency domain.

C. Channel estimation

B. High-resolution residual Doppler estimation Channel estimation is based on equi-spaced pilots, as de-
The high-resolution CFO estimation was performed ontailed in Section [1I-B.3. Here we us&, = K=4 pilot
block-by-block basis, as detailed in Section 11I-B.2. Fiyj. subcarriers. Fig. 8 depicts the estimated channel impulse
shows the CFO estimates for packets 5 and 1Kfor 1024. responses for two cases. In one case Mytilus was moving
We observe that the CFO changes from block to block roughiyward Tioga at an estimated speed of 4.25 knots (packet 5),
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Fig. 9. The BERs averaged over each packet, element 1. BabBetnd 19 Fig. 10. The BERSs averaged over each OFDM block, packeK18,512,
(with K = 512) have decoding errors. Packets 2, 14, and 20 (itk 1024) element 1.
have decoding errors. Packet 9 (wkh = 2048) has decoding errors.

block (K = 1024) in error each, after decoding. Except

and in the other case at an estimated speed of 8.26 knots packet 20 having four consecutive blocks in error at the
(packet 17). The channel duration is about 4.5 ms. There is end, the error blocks for other packets are sporadic.
a strong direct path between the transmitter and the receive It is interesting to look at packet 19, which has 17 out
The energy in the 8.26 knots case is higher than that in the of 64 blocks in error after decoding. The BERs on the
4.25 knots case. This observation matches the power prole block level are shown in Fig. 10. The major portion
shown in Fig. 5. of the error blocks occurred when the transmitter was

A second path is also observed in Fig. 8. We conjecture passing by the receiver. As we observe from Fig. 5,
that this path is from the bottom bounce. This conjecture the Doppler frequencies were changing from positive to
is supported by a rough computation based on the channel negative values around packet 19, and the noise level
geometry: increased considerably during the passing.

Case 1: suppose that the distance is 400m, the depth is We emphasize that with block-by-block processing, de-
12 m, then the dslay between the bottom bounce and the coding errors in previous blocks have no impact on future
direct path is(2 =~ 2002 + 122 400)=1500 = 0:48 ms. blocks, as con rmed by Fig. 10.

Case 2: suppose that the transmitter is now 150m from theWe now report on the BER performance witkio receivers
receiver, and the depth is 12m. Then tBe delay betwe@rsing elements 1 and 2). In total, there are four packets in
the bottom bounce and the direct patifds 752 + 122 error as follows. Packet 2 has 17 out of 32 blocks in error,
1501500 = 1:3 ms. packet 9 has 1 out of 16 blocks in error, packet 19 has 14

These numbers roughly correspond to the inter-arrivalgim@Ut of 64 blocks in error, and packet 20 has 4 out of 32

marked in Fig. 8. The arrival corresponding to the second pealOcks in error. The sporadic block errors with single-reee
can thus be assumed to be from a bottom bounce. processing are mostly corrected with two-receiver prangss
The BER plots are omitted due to space limitations.
For a real system, the block errors could be corrected via

D. BER performance auto-repeat request (ARQ) procedures, or via coding siieste
We now report the BER performance without coding anglich as rateless coding [25, Chapter 50] that can effegtivel
with coding. The Viterbi algorithm was used for channdhandle lost blocks.
decoding.
We rst plot the BER averaged over each packet in Fig. 9, V. PERFORMANCERESULTS FOR THEEXPERIMENT IN
for one receiverelement 1). In total, 6 out of 21 packets have WOODSHOLE HARBOR
errors after channel decoding. We now look into the BERs for Thjs experiment was conducted on Dec. 1, 2006. The same
each OFDM block inside the packets with decoding errorgigna| set as described in Section IV was used. The signal was
The results are as follows. transmitted from a depth of about 2.5 meters and received by
Packet 2 has 22 out of 32 blocks in error after decoding. four-element vertical array with inter-element spacing 0
This received packet was badly distorted, as can be saansubmerged at a depth of about 6 meters. The transmitter
in Fig. 5. was mounted on the arm of the Mytilus, and the receiver array
Packet 9 has 4 out of 16 blocki€ (= 2048) in error after was attached to a buoy close to the dock. OFDM signals were
decoding. Packet 10 has 2 out of 64 blocks£ 512) in transmitted while Mytilus was moving away from the dock
error after decoding. Packets 14 and 20 have 5 out of 8farting from a distance of 50 m and ending at about 800 m.
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Fig. 11. The con guration for the experiment in Woods Holeba.

LFM correlation results for the Woods Hole Harbor experiment

30
OFDM block

Fig. 13. The estimated residual Doppler shift of packeK1= 512 and
each packet has 64 OFDM blocks.

ms
LFM correlation results for the Buzzards Bay experiment

very large for both cases. In the low-speed case, the Doppler
shift is on the order of the OFDM subcarrier spacing (23.44
Hz whenK =512). In the high-speed case, the Doppler shift

is

B.

much greater than the subcarrier spacing.

High-resolution Residual Doppler estimation
Figs. 13, 14, and 15 show the CFO estimates for packets 1,

2 and 3 of element 1, respectively. The following observetio

Fig. 12. The channel response estimates obtained by ther Ifrequency-
modulated (LFM) preamble matching. The channel in the Wadtale Harbor
experiment has strong returns even after the guard intafv@5ms. As a
result, inter-block interference exists. Unlike this atfan, the channel in the
Buzzards Bay experiment has delay spread much less thamugnd gpterval.

Then Mytilus moved towards the dock. The con guration is
shown in Fig. 11.

The channel condition was very dif cult with strong multi-
path after the guard interval of 25 ms. The last strong path is
evident at about 80 ms, as shown in Fig. 12. This long delay
spread is likely due to the re ections off the pilings neae th
dock.

inter-block interference (IBl) emerges. We have not tried t
channel shortening approach to reduce the IBI before OFDM
demodulation (e.g., using methods from [26]-[28]). Indtea
we treated all multipath returns after the guard interval as
additive noise; hence, the system is operating at low sitpal
noise ratio (SNR). Nevertheless, with channel coding and mu
tichannel reception, reasonable performance is still e,

. . C.
which speaks for the robustness of the receiver.

To illustrate the performance, we present results of two

With the channel delay spread longer than the guard interval )

are made:

1) The CFO changes from block to block smoothly, but
cannot be regarded as constant.

The residual CFO effect cannot be neglected.

The CFO estimates are on the order of half of the
subcarrier spacings for the low speed case.

In the low-speed case, the CFO changes periodically
over time. The period is the same for all three settings.
In the high-speed case, this phenomenon is not present.
A possible explanation for this effect is that Mytilus
rises and falls due to waves, which is more pronounced
at low speed than at high speed.

Note that fewer null subcarriers are available inkhe

512 case than th& =1024 andK = 2048 cases, and
hence the CFO estimation is more affected by the noise
realizations. WherK increases, more null subcarriers
lead to better noise averaging, and the corresponding
curves look smoother. This trend is clearly shown in
Figs. 13, 14, and 15.

2)
3)

4)

5

Channel estimation
Figs. 16 and 17 depict the channel estimates for the 3-knot

data bursts. One data burst was transmitted when Mytil@8d the 10-knot cases, respectively. We observe sevebi sta
was moving away from the dock at a low speed of about RAths whose delays_ do not depend on the.locatmn and the
knots. The other data burst was transmitted when Mytilus waBeed of the transmitter. For example, there is one stalthe pa
moving towards the dock at a high speed of about 10 knotdround3 ms. This path could be best interpreted as the rst

re

ected path from the dock. The receiver is about 2 meters

from the dock. Hence, the dock-re ected path will be delayed

A. Doppler scaling factor estimation

by 2 2=1500 = 2:6 ms relative to the direct path. This is a

Table Il shows the estimated speeds, which re ect theonstant delay, which does not depend on the distance betwee
experimental settings. The Doppler shiftsfat=27 kHz are the transmitter and the receiver.
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TABLE Il
COARSE ESTIMATION OFDOPPLER SHIFT AND RELATIVE SPEED FOR ELEMENT.
The low speed cas¢ The high speed caség
Packet Doppler shift due to| Relative speed| Packet Doppler shift due to| Relative speed|
scaling atf¢ (Hz) (knots) scaling atf ¢ (Hz) (knots)
1 (K=512) -23.84 -2.56 1 (K=512) 91.49 9.86
2 (K=1024) -21.30 -2.29 2 (K=1024) 87.88 9.47
3 (K=2048) -24.06 -2.60 3 (K=2048) 96.03 10.36
15 T T T T
@ Packet 2, element 1, low-speed case
—#— Packet 2, element 1, high-speed case
o
¥
o
3
3 7 E Qe Paéket 3, element 1, low-speed case
»4(; —0— I?ackel 3, element 1, high-speed case
15 i i i ; ; i oy B ; [ 00 ; ‘ ;
5 10 15 20 25 30 2 4 6 8 10 12 14 16
OFDM block OFDM block

Fig. 14. The estimated residual Doppler of packeK2= 1024 and each Fig. 15. The estimated residual Doppler of packeK3= 2048 and each
packet has 32 OFDM blocks. packet has 16 OFDM blocks.

Fig. 16. The e_stimated channel impulse responses (maghifad packets Fig. 17. The estimated channel impulse responses (maghifad packets
1-3; element 1 in the low speed case. 1-3; element 1 in the high speed case.

D. BER performance coding, the BERs averaged over the packetlaée 10 2 and

. 3 ; ;
Since the channel condition was particularly severe in tf‘\l%i (1)836:\% ttr;leel?(\),:llosvsﬁledf?(?ri Egzsggegngaigs’ respectively.
test, both coding (rate 2/3) and multi-channel combining 9 gs. '

were necessary to improve the BER performance. The fol-1) The uncoded BER is large, on the order 1 * for
lowing performance results are obtained with three rengivi single-element reception antio ? for multi-channel
elements. reception.

For packet 3 withk = 2048, Figs. 18 and 19 compare 2) For_single-element reception with large u_ncoded BER,
the uncoded performance and the coded performance on ceding does not help. However, for multi-channel re-
the OFDM block level, with single channel or multichannel ~ Ception, the BER performance is much improved when
reception, in different settings. With MRC, the uncoded BER coding is used.
averaged over the packet a2e 10 2 and1:7 10 2 for the With K = 1024, the BERs averaged over the packet (packet
low speed and high speed cases, respectively. After rate 22 after MRC and coding i$:1 10 2 and6:5 10 2 for the
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Fig. 18. The BERSs for each OFDM block, the low speed cise; 2048. Fig. 19. The BERs for each OFDM block, the high speed ddse, 2048.

low and high speed cases, respectively. With= 512, the even when the transmitter and the receiver were moving at a
BER averaged over the packet (packet #1) after MRC anelative speed of up to 10 knots, where the Doppler shifts
coding is3 10 2 for the low speed case, while the receiveare greater than the OFDM subcarrier spacing. Experimental
does not work well for the high speed case. These resulesults suggest that OFDM is a viable candidate for higl-rat
show that the setting with largd¢ has better performancetransmission over underwater acoustic channels.
in this experiment. Whelk increases, the effect of channel Future research will address several topics, includingtsho
variation within one OFDM block becomes more severe, whilening methods for channels whose delay spread is longer
on the other hand, the receiver has more null subcarrigh&n the guard interval, extension of resampling to geireml
and pilot subcarriers for better CFO and channel estimatitime-varying ltering for channels with different Doppler
against noise [c.f. Table I]. Note that the sampling rate &taling factors on different paths, and multi-input molgtput
xed for all three cases, and, hence, the discrete-time obln (MIMO) techniques [29]-[31].
has approximately the same number of taps. The noise effect
outweighs the channel-variation effect in this data setcesi
the receiver operates at a noise-limited region, due toaige|
noise contributed by the arrivals after the guard interval. We thank the reviewers for their thoughtful comments.
Although the results for the Woods Hole harbor experiment
are worse than those for the Buzzards Bay experiment, they
demonstrate the robustness of the proposed receiver in the
presence of a dif cult channel with a delay spread much largel1] B. Li, S. Zhou, M. Stojanovic, L. Freitag, and P. Willettyon-uniform
than the OFDM guard interval. Note that a 16-state rate 213 D2ppr omberiaien i ce ostoed OFDM over e mcer
code is used here. A much stronger channel code (e.g. the aperdeen, Scotland, June 18-21, 2007.
nonbinary low-density-parity-check (LDPC) code used i9]}J2 [2] Z. Wang and G. B. Giannakis, “Wireless multicarrier commitations:

; i Where Fourier meets ShannonEEE Signal Processing Magazine
would considerably improve the BER performance. Vol 17, o, 3, pp. 20.48, May 2000,
[3] R. PrasadDFDM for Wireless Communications Systenfrtech House
V1. CONCLUSIONS Publishers, 2004.
. . . . . [4] E. Bejjani and J. C. Bel ore, “Multicarrier coherent canunications for
In this paper we investigated the application of OFDM" "~ the underwater acoustic channel,” fitoc. of OCEANS1996.

in wideband underwater acoustic channels with nonuniforrfs] W.K.Lam and R. F. Ormondroyd, “A coherent COFDM modutatisys-

; LN tem for a time-varying frequency-selective underwatetuatio channel,”
Doppler shifts. To compensate for the non-uniform Doppler in Proc. of the 7th International Conference on Electronic Eegring

distortion, a two-step approach was used: resampling fol- in oceanographyJune 1997, pp. 198-203.
lowed by high-resolution uniform compensation of the raaid [6] W. K. Lam, R. F. Ormondroyd, and J. J. Davies, “A frequemiymain

; i ; adaptive coded decision feedback equalizer for a broadddvid\
Doppler. Null subcarriers facilitate Doppler compensatio COFDM system” inProc, of OCEANS1098,

and pilot subcarriers are used for channel estimation. Tt‘m Y. V. Zakharov and V. P. Kodanev, “Multipath-Doppler eéfsity of
receiver is based on block-by-block processing, and, hence OFDM signals in an underwater acoustic channelf/EEE International

it is suitable for fast-varying channels. Cherence o fyeoustis, Speech, and Signal Procesaiigs, June
The method proposed was tested in two shallow Watq@] S. Coatelan and A. Glavieux, “Design and test of a code®RBystem

experiments. Over a bandwidth of 12 kHz, the data rates on the shallow water acoustic channel,Aroc. of OCEANSSept. 1994.
are 7.0, 8.6, 9.7 kbps with QPSK modulation and rate 2/8] B. Kim and I. Lu, “Sea trial results of a robust and speegfkcient

. . . OFDM underwater communication system (Abstraci)tie Journal of
convolutional coding, when the number of subcarriers a& 51 ¢ Acoustical Society of Americeol. 109, no. 5, pp. 24772477, May

1024, and 2048, respectively. Good performance was aahieve 1, 2001.
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