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Abstract—Although time-domain oversampling of the received
baseband signal is common for single-carrier transmissiog the
counterpart of frequency-domain oversampling is rarely usd
for multicarrier transmissions. This is because frequencydomain

oversampling cannot be taken advantage of, when using the

commonly used low-complexity receiver that assumes orthagal
subcarriers. In this paper, we explore frequency-domain oer-

sampling to improve the system performance of zero-padded

orthogonal frequency division multiplexing transmissiors over
underwater acoustic channels with large Doppler spread. Irthese
channels intercarrier interference has to be addressed eXipitly
via frequency-domain equalization, which enables inclusin of
additional frequency samples at little increased complexy. We
use a signal design that enables separate sparse channelirest
tion and data detection, reducing equalization complexityBased
on both simulation and experimental results, we observe thahe
receiver with frequency-domain oversampling outperformsthe
conventional one considerably, where the gain increases dke
Doppler spread increases.

Index Terms—OFDM, zero-padding, intercarrier interference,
Doppler spread, frequency-domain oversampling.

|I. INTRODUCTION

and the channel, into ahorter block that corresponds to a
circular convolution of the input with the channel. This tfac
has been recognized in [5], and alternative receivers hega b
developed to improve system performance.

In spite of its known suboptimality, the overlap-add oper-
ation is used in most ZP-OFDM receivers. This is because
on channels that are linear, time-invariant, or can be appro
imated as such after proper processing [2], [3], the overlap
add operation preserves the orthogonality among subcsrrie
which enables low-complexity equalization and demodafati
This is no longer the case on strongly time-varying channels
[4], where intercarrier interference (ICl) impairs subgar
orthogonality, thus requiring adjacent subcarriers todetly
demodulated.

To avoid information loss incurred by the overlap-add
operation, in this paper, we investigate the use of frequenc
domain oversampling, hence a larger size FFT, for ZP-OFDM
to improve system performance over underwater acoustic
channels with large Doppler spread. The system performance
is validated using real data collected from field experirment

Recently, zero-padded (ZP) orthogonal frequency division W& consider the same ZP-OFDM signal design as in [12],

multiplexing (OFDM) has been extensively investigated fdi-3] that separates data subcarriers from pilot subcarusing
high data rate underwater acoustic communications [2]-[4]t€rspersed null subcarriers. This way, channel estonatnd
Following Doppler shift compensation and an overlap-a ta detection can be carried out separately at the receiver
operation, fast Fourier transform (FFT) is performed on tf€n in channels with large Doppler spread. We further de-
received block to obtain frequency-domain samples, that #€0P a frequency-domain oversampling receiver, thaésedn
used for subsequent channel estimation and data detec§8f'Pressed sensing techniques for sparse channel estimati
[2]-[4]. However, overlap-adding incurs information logs @nd minimum mean-square error (MMSE) equalization for
folds a received block that is a linear convolution of theinp dat@ detection. The receiver complexity is only increased

This work is supported by the ONR grants N00014-07-1-080%P)Y
N00014-09-1-0704 (PECASE), and the NSF grant CNS-0721&34vas
presented in part at the IEEE/GLOBECOM 2010 ConferencejddpUSA,
December 2010 [1].

Associate Editor: U. Mitra.

Z.-H. Wang, and S. Zhou are with the Department of Electriaatl
Computer Engineering, University of Connecticut, 371 feld Way U-2157,
Storrs, CT 06269, USA (emaifzhwang, sheng}i@engr.uconn.edu).

G. B. Giannakis is with the Department of Electrical and Catep
Engineering, University of Minnesota, 200 Union Street $fnneapolis,
MN 55455, USA (email: georgios@ece.umn.edu).

C. R. Berger was with the Department of Electrical and Comp&n-
gineering, Carnegie Mellon University, 5000 Forbes AverRittsburgh, PA
15213, USA. He is now with the Wireless System R&D Group, Mdrv
Semiconductor, Santa Clara, CA 95054, USA (email: crbé@gearvell.com)

J. Huang was with the Department of Electrical and Computeirteering,
University of Connecticut, 371 Fairfield Way U-2157, Stoe§ 06269, USA.
He is now with the Wireless System R&D Group, Marvell Semihactor,
Santa Clara, CA 95054, USA (email: jie.huang.thyme@guait)

Publisher Item Identifier

marginally by the frequency-domain oversampling: the FFT
size increases proportionally and the equalizers process m
inputs — but the equalizer complexity is dominated by the
matrix inversion which scales with the number of data syrabol
— not the observations. In addition to the rectangular pulse
shaping window, we also consider raised-cosine windows in
the signal design to further alleviate the ICI.

We evaluate the performance of the proposed receiver using
both simulated and real data collected from the SPACE08
experiment, conducted off the coast of Martha’'s Vineyard,
Massachusetts, October 2008, and the WHOI09 experiment,
conducted in the Buzzards Bay, Massachusetts, December
2009. Simulation results demonstrate that frequency-doma
oversampling improves the system performance considgrabl
where the performance gain increases as the channel Doppler
spread increases. Experimental results verify the benefits
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frequency-domain oversampling in achieving similar perfo - 4
mance with fewer phones than the receiver without over- 1X@)] | \
sampling. Interestingly, although a raised-cosine pals#ping ‘ T
window improves performance relative to a rectangular win- F
dow, the performance gain is less pronounced when using - > - ¢ >
frequency-domain oversampling. a+ /T T,
In contrast to th(_e time—domain_ oversamp_ling which has been (a) One transmitted ZP-OFDM block
well investigated in single-carrier transmissions [6]yoa
few studies on its dual, the frequency-domain oversampling path1 path2 ath3
in multicarrier transmissions are available in the litarat In ..} / / P
. 150 | ¥« .
[7], the frequency-domain oversampled measurements ack us , ———2 - 3
via nonlinear operations to achieve blind carrier-frequyen / / \ |
offset (CFO) recovery for OFDM systems. In [8], frequency- )/ /’ ‘\ \\ §
domain oversampling is introduced to capture the struatfire » < >
multiuser signals for the multiple-access interferenceA(M a+pT T, ot

suppression in an uplink multicarrier (MC)-CDMA system. In
[9], three single-user MMSE detectors with frequency-doma
oversampling for downlink MC-CDMA system are developeﬂig. 1. lllustration of the transmitted and received sigrialthe time domain.
to suppress the MALL In [10], an adaptive equalization sahem

is proposed for OFDM systems based on the oversampled

frequency measurements to Compensate the CFO effect_S]/IﬁnbOI duration, an;d? denoting the roll-off faCtor, the raised-
[11], an MMSE equalization approach with frequency-domafPsine window is [6]

oversampling for OFDM is investigated. It shows that the

(b) One received ZP-OFDM block

channel frequency diversity can be collected through the L te [%T, T}
frequency—domain.oversampllin.g. - . 1 {1 +cos(ﬁlT (’t _ #T’ _ %T))} ’

At the outset, this paper distinguishes itself from the @bov g(t) = 5 (1)
works in the following aspects: (i) The receivers in [5],47] te {0, §T) U (T, (14 B)T]
[11] are based on the narrowband system, while this paper 0, otherwise
considers a wideband system with large Doppler spreads; (ii . )
The receivers in those works assume perfect channel knoWose Fourier transform is
edge, whiIe_this paper deals with both channel_ estimatiah an (f) = sin(rfT) cognBfT) IO ()
data detection; (iii) The performance results in those work TfT 1 — 4B2f272 :

are based on simulations only, where the FFT block sizes are _ _
considerably smaller than those used in practical systems."Wnen s = 0, g(t) in (1) reduces to the rectangular window
The contribution of this paper lies in providing concreté'sec_I in [2]-{4]. . ) .
evidence to demonstrate the benefit of frequency-domain//ith symbol durationT’, the subcarrier spacing & f =
oversampling in practical systems. This study could mmival/T’ and the subcarriers are located at frequencies
further_research on frequengy-dqmain ove_rsa_lmpling inrothe fr=fo+k/T, k=-K/2,... K/2—1, ©)
scenarios. In addition to multicarrier transmissionsgfrency-
domain oversampling could also be useful for single-carrizhere f. is the center frequency, anfl’ is the total num-
transmissions with frequency-domain equalization, seg, eber of subcarriers, leading to the bandwidth = K/T*.
[14]. Define S4 and Sy as the non-overlapping sets of active
The rest of the paper is organized as follows. The systeand null subcarriers respectively, which satisfy U Sy =
model is introduced in Section Il. The proposed transmittg¢rK/2, ..., K/2—1}. Let s[k] denote the information symbol
and receiver designs are presented in Section Ill. Nureriea thekth subcarrier. The transmitted passband signal is

simulations are given in Section IV, and experimental rssul
are collected in Sections V and VI. We conclude in Sec- i(t) = 2Re< Z s[kle2m gt | | te0, T, (4)
tion VII. r )

Notation: Bold upper-case and lower-case letters denote , . .
matrices and column vectors, respectively)”, (-)*, and WhereT = (1+ )T + T, is the ZP-OFDM block duration
() denote transpose, conjugate, and Hermitian transpoggcounting for a zero guard time of lengil; see Fig. 1 for

respectivelyIy stands for an identity matrix with siza. an illustration. The Fourier transform af(z) for f > 0 is
X(f) =Y MG~ fu), (5)
II. SYSTEM MODEL AND MOTIVATION keSa

Zero-padded OFDM with rectangular pulse-shaping win-
P 9 P ping LAlthough G(f) is not exactly band-limited, the bandwidth of OFDM in

dO_WS has peen used in [2_]_[4]- .ln this paper, we al_so ConSiq)%ctical systems is treated &S/7T', by turning off a number of subcarriers
raised-cosine pulse-shaping windows. With denoting the on the edges of the signal band.



IEEE JOURNAL OF OCEANIC ENGINEERING (TO APPEAR) 3

group S, group s
pilot data i pilot data

g+l

which occupies the frequency bapfl — B/2, f.+ B/2] with
some null subcarriers inserted at the edges of the frequency
band.

Assume that the channel consists/gf discrete paths

nulls nulls

N,
L 01 2 3 4 5 6 70 s 70 f
h(r;t) = Ap(t)d (T —7p(t 6
(73%) ; (DI (7 = 7p(1)), () () Subcarrier index
where A,(t) and 7,(t) are the amplitude and delay of the group s, groups, |

pth path. Within one OFDM block, we assume that (i) the
amplitude does not changé,(t) ~ A,, and (ii) the path
delay can be approximated as

pilot data i pilot data

p(t) = Tp — apt,

where p IS the initial delay andap is the Doppler rate of (b) solid lines are samples on the subcarriers, while dashed are
the pth path. The parameter, can be expressed ag, = samples mid-way between consecutive subcarriers.

vp/c, Wherew,, is the relative speed of the transmitter and the

receiver projected on theth path ande is the sound speed Fig. 2. The subcarrier index and illustration of oversamgplivith o« = 2.
in water. As such, the received passbhand signal is

3 Ny } } performed after overlap-adding. The FFT output on thie
J(t) =D ApE((1+ ap)t — 7)) + (1), (7)  subcarrier can be expressed as
p=1
2kl =Z (k)T +¢€) = Z(fr +€) (11)

wheren(t) is the additive noise. .
As described in [2], [4], the receiver first performs a re- =Y ((1+a)(fut+e), k=-K/2,... . K/2-1
sampling operation on the received passband signal to remov _

the dominant Doppler effect, leading f8t) = § (/(1 + &) where Z(f), Z(f), andY (f) are the Fourier transforms of

where (1 + a) is the resampling factor; The resampling(!): Z(t). and g(t), respectively. Channel estimation and

factor a can be estimated based on the packet length charfyg"Po! detection in [2], [4] areK%e_rIormed based on fie
through the use of preamble and postamble [15], or byftgaquency-domain samples[k]}, 2~ , -

synchronization algorithm based on a cyclic-prefixed OFDM Clearly, the receivers in [2], [4] do not utilize all the in-
preamble [16]. Then the baseband sigmél) is obtained formation available per ZP-OFDM block: onli frequently-

with the passband to baseband downshifting and the lowp&&nain samples are retained while there Afe> K time-

filtering, leading to domain sa_mple_s. !n this_paper, _the benefit of frequency-itoma
oversampling is investigated in the context of underwater
Np o acoustic communication systems, and is confirmed using data
2(t) =) Apel® et =) collected from real experiments.
p=1
Qg m b )t—
x Y sklePmE ORI (1 4 by)t = 7). (8) Il. THE PROPOSEDTRANSCEIVERDESIGN
keSa

We rely on the signal design in [12], [13], where the data
subcarriers are separated from the pilot subcarriers byaat |
1+ap, ) two null subcarrierg.Specifically, subcarriers are divided into
14+a° Ng £ K/8 groups, with each group containing 8 subcarriers

The baseband signal(t) is often sampled at the baseband’ the following pattern:

rate KAf, and hence the sampling interval &/ K. Since [O P O0OO0OD D D O], (12)

null subcarriers are placed at the edges of the signal band,

this sampling rate does not incur any information loss. F@jhere P and D denote a pilot symbol and a data symbol,

each ZP-OFDM block, a total of respectively; see also Fig. 2. For thth group, the index for

s the pilot subcarrier i», = (—K/2) +8g+ 1, and the indexes

K= (L+ B)K + (T,/T)K (10) for the data subcarriers afg — 1,4, + 1, wherei, =

time-domain samples are obtained, which contain all usefulf/2) +8g+ 4. Some subcarrier groups on the edge of the

information about the current block. signal band are turned off.

The receivers in [2], [4] first estimate the mean Doppler

shift based on the minimization of the energy spilled to null 2|n this paper, we consider only this specific design. Thestigation of
optimal subcarrier distribution is out of the scope of thiaper. Ref. [18]

Subcarriers [17]’ [19]' After compensating the mean Do'_pplﬁ_as started to look into this topic with the conventionalgrency-domain
shift (saye Hz) on the baseband sequence, FFT operationsisnpling.

whereb, represents the residual Doppler rate, with

1+ by =
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A. Receiver Model B. Sparse Channel Estimation

We next present the channel input-output relationshipifert  With the development of compressive sensing techniques,
signal design in Fig. 2. Using frequency-domain oversamgpli recent publications on the sparse channel estimation tend
with an oversampling factorx > 1, an aK-point FFT to be abundant, see, e.g. [21]-[25] and reference therein.
operation is performed after paddifg X — K’} zeros to the However, most of them are limited to narrowband systems,
baseband signal after Doppler shift compensation. Thezefowhich address multipath channels with different Doppléitsh
a total of K frequency-domain samples are obtained. Obwiather than with different Doppler scales. We next exterad th
ously, whena = 1, this operation reduces to the overlap-addhannel estimator from our previous work in [4] to incorgera
receiver. Define the frequency-domain oversampling.

3 m/ Based on (21), the receiver draws the followigg + 1

fmr = fe+ T’ m' = —aK/2,...,aK/2—-1, (13) frequency-domain samples for each pilot symbol transthitte

as
wherem’ andk index of the oversampled measurements an
the physical subcarriers, respectively. The measurenier zla(pg — 1) Ha(py~1),p nle(pg — 1)
on the frequency,,. can be related ta(t) as [4] : : :
1 [OU+BT+T, ) N z[ap,] = Hap,.pg spg|+ nlop,]
z[m'] = T/ 2(t)e IAmetem 2T ST gL, (14) : :
0 : : :
zla(p, + 1 H, a(p, +1
Substituting (4) and (7) into (14) yields, lopy 1)} bs+1).o nlelpy )(]23
N, ) The _channel’s frequency response at frequefigy can be
z[m’]zz [A;)efj%r(fm/+e)7;( Z Qm’k(bp)s[k])}‘i‘ﬁ[m/], obtained as
—1 ~
P FeSa (15) Hm'.,pg = Z[m/]/s[pg]a m/ = O‘(pg - 1)5 L) O‘(pg + 1)5
wherefj[m/'] is the additive noise and, . . ) . ) (24)
in which, corresponding tdVs pilot subcarriers, a total of
A — Ap o _Tp b= G~ a (16) N¢(2a.+ 1) channel measurements can be collected.
P 140, P 1+4b, P 1+a With the limited number of observations, there are much
, € — by fmr more channel coefficient§H,,,, ,} to estimate. Using com-
o fm h I fficient§H,,, i Using
om' k(bp) =G (fm' —fr+ W) (17)  pressed sensing techniques, the receiver exploits thesespar
i nature of underwater acoustic channels and jointly esti-
We can rewrite (15) as mates the complex gain, Doppler scale, and delay triplets
, _ -, {4, bp,T;,};Vﬁl corresponding tav, discrete paths. However,
2m'] = Z Hypr s (k] +m[m’], (18)  this is anonlinearestimation problem, as evidenced by (19).

keSa To render the nonlinear estimation problem intbnear one,

wherek € {—K/2,...,K/2—1} is the subcarrier indexy’ € the delay and Doppler scale will be searched over an over-
{—aK/2,...,aK/2 — 1} is the index for the FFT outputs, Parameterized dictionary, as described next.

and Specifically, the sparse channel estimator searches fer pos
Ny 5 sible paths on a two dimensional dictionary (f ') of size
Hyp o=y Ape P2 Um0 0, 4 (by). (19) N, x N,, with each dimension uniformly discretized as,
p=1
. . ) be {—bmaXa —bmax+ A, . .., bmax} s (25)
To separate channel estimation from data detection, we T or
assume that the ICI beyond the direct subcarrier neighbors 7’ {0, N )\—K,...,Tg}, (26)
can be neglected [20]. Specifically, define
_ , where Ab and T'//(AK) denote the uniform sampling steps
Hpr g = Hyy o |m' /e - kI <1 ) (20) along the delay axis and the Doppler rate axis, respectively
0 otherwise with A an integer to control the time-domain resolution. Hence,

there areN, N, tentative paths to be searched.

Eq. (18) can then be rewritten as: The channel measurements of all the groups can be stacked

2[m'] = Z Hywr s[k] + n[m’]. 1) into an Ng(2a+ 1) x 1 vector,
keSa fl [ﬁ I:I
. . . P = [e% —1),po> """ v +1),p0> """ >
Clearly, the effective noise is (oo (pot):po T
Hot(pzvc—l)mzvcv T 7Ha(pNG+1)aPNG] , (27)

nim'] = Z (Hy ) — How ) s[k] +7[m]. (22)

55 which shall contain the contributions from all possiblehsat
A

Let & ; denote the complex amplitude corresponding to the
which consists of the ambient noise and the residual ICI. path on the(b;, 7;) grid. Based on (27), (19), (20), one can
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compactly expreshp as frequency-domain noise samples than the time-domain noise
Ny N. samples due to oversampling, the ambient noise is coloced to
hp = Z Zfi.jAjI‘i tp (28) Hencen, is cqlored. However., the block-t_)y-block receiver is
= not able to estimate the covariancergf, as it only focuses on
¢ one block, and the covariance of the residual ICI component
>1.1 could change drastically from block to block in fast-vaxyin
=[ATy, .. AN Ty, ] : +np, (29)  channels. For simplicity, we assume thgt has zero mean
—A ENp.N, and covariance matri®yI4, 11, and obtain the noise variance
s estimateN, as the average energy on the null subcarders.
=€ With the approximated noise covariance matrix, the MMSE
with 7, denoting the channel measurement noise, and  equalizer’s output is
_ diag(e—i27(Fur o] ) . 0\
A] dlag (6 ) d;}nmsc _ <H§IH9 + %(:IS> Hfzga (32)

o1 Jewa) mfa—il<1
Cil s = 0 otherwise ’ where E; is the symbol energy. At high signal-to-noise ratio
(SNR), the MMSE equalizer reduces to the zero-forcing (ZF)

where,o,,,/ ;(b;) is defined as in (17), € {pg}flvjo’1 andm’ € equalizer given by

{a(pg —1),a(pg — 1) +1,...,a(py + 1)}55071, the sizes of &;f _ (Hng)A Hfzg. (33)

Aj andIl’; areNg (2a+1) x Ng(2a+1) andNg (2a+1) x Ng,

respectively. Other equalizers such as those based on decision feedback

Noticing that most elements gfare zero, the sparse channe(DFE) [6] or Markov Chain Monte Carlo (MCMC) [28], [29]
parameters are found through the optimization problem, could also be considered. However, since strong nonbinary
. LDPC channel coding [30] will be used to evaluate the coded
min  |[hp — A2 + (€)1, (30) block error rate performance, we focus on linear equalizers
€ this paper.
where the constarg controls the sparsity of the solution. In - When multiple receiving hydrophones are available at the
this paper, we use the SpaRSA algorithm from [26] to solweceiver, one can stack the measurement vecfars of

(30). all the hydrophones and the corresponding channel matrices
{H,} into a tall vector and a tall matrix, respectively. The
C. MMSE Channel Equalization equalization schemes in (32) and (33) can be then applied,

o . . which only involve inversion of matrices of sizex 3.
Channel equalization is applied on each group

separately. For thegth group with three data symbols

: : . V. NUMERICAL SIMULATION
slig—1], s[ig], s[ig+1], the related channel outputs are

The sparse channel consists &}, = 10 discrete paths,
zla(iy — 2)] nla(iy — 2)] where the inter-arrival time follows an exponential distition
: : with mean 0.5 ms. The amplitudes are Rayleigh distributed
with the average power decreasing exponentially with the
delay, where the difference between the beginning and ttie en
: : of the guard time ofl3.1 ms is6 dB. The Doppler rates,
z[a(ig + 2)] nla(ig + 2)] of each path is drawn from a zero mean Gaussian distribution
- with standard deviation, f./c, whereo, denotes the standard
29 =N, deviation of the platform velocity, and is the sound speed
Hai,—2),(i,—1) 0 0 in water being set td500 m/s. Hence, the maximum possible
sliy — 1] Doppler is about\/gcrvfc/c. A total of 2000 Monte Carlo runs
o . I o o - 9[. ] are used for simulation. In each run, a channel instantidso
aig;(ig=1) torto aig,(ig+1) Sl generated according to the channel statistics specifiedeabo
: : : slig + 1] The ZP-OFDM signal parameters are tailored according to
0 0 Ho iy 42),(10+1) L4, the setting of the SPACEOQ8 experiment in Table I, with the
only exception ofT;, = 13.1 ms. The subcarrier allocation
£H, in Fig. 2 is adopted. Out of th&/¢ = K/8 = 128 groups,
The vectorz, is of length4a + 1. With o = 1 in the 8 groups on each edge of the signal band are turned off for
conventional receiver; measurements are used to decode tBe band protection, while the pilot subcarriers theregsiill
symbols, while an oversampling factor of = 2 leads to 9 Used to carry pilot symbols. Hence, there g¥g| = 128 pilot
available measurements to decode 3 symbols. subcarriers anlSp| = 384 data subcarriers in total. The data
Given (22), one can find that the equivalent noigg W _ N
. . . . e have tried to pagaK — K’) noise samples rather than zeros for the
consists of both the residual ICI and the ambient noise. TQ?&’-point FFT to make the ambient white, however, the decoderfppmance
residual ICl is colored. Due to the fact that there are mot®es not improve, or even slightly degrades due to the extisersamples.

daig) | =| nlei] |+ (31)




IEEE JOURNAL OF OCEANIC ENGINEERING (TO APPEAR) 6

Without

—e—7F
—e— MMSE

71 oversampling
10t Without oversampling
107t
&
@ i
& With oversampling z
10 "F With oversampling
—a— UVZO [m/s] 102
—— UVZO.lO [m/s]
—— Uv:0.25 [m/s]
—_— Uv:O'S [m/s]
10°= : : : : : : : : 2 i
8 10 12 14 16 18 20 22 24 107 s s 10 1 12 13 s
SNR [dB] SNR [dB]
Fig. 3.  Uncoded BER bound with full channel knowledge, negtdar . . . .
window Fig. 5. BLER performance with estimated channels, rectamgwindow,
oy = 0.25 m/s
10° , ; ‘ ‘ ‘
\ 10° g
N Without
oversampling
Without oversampling
107}
5 107} With oversampling
i with \ a4
m oversamplin @ Rect \ rectangular window
102 - T @ —e— RC (3=1/16)
—a— O'V—O [m/s] , —&6— RC (B=1/8)
—6—0,=0.10 [m/s] 10 °F ]
0,70.25 [m/s] With oversampling
—+— 0 =0.5 [m/s] a=2
107 - : :
7 8 9 10 11 12 13 14 15 107 ‘ ‘ ‘ ‘ ‘ ‘ ‘
SNR [dB] 7 8 9 10 11 12 13 14 15
SNR [dB]
Fig. 4. BLER bound with full channel knowledge, rectangulindow (@) o0 = 0.10 m/s
) ) 10° g
symbols are encodeq via a rat¢é2 nonbinary LDPC encoder Without oversampling
over GK16) [30] , with each coded symbol mapped to one
16-QAM constellation point, leading to a data rate: _ _
10tk With 0vers4amp||ng |
a =4,
— EM bits/second (34) ¢ rectangular window
2(1+B)T +1T, i —=—Rect.
. . . . @ —e—RC(B=1/16)
For raised-cosine windows with= 0, 1/16, 1/8, the overall LIl ——Rc(@=19)
data rates ar® = 6.5, 6.2, 5.9 kb/s, respectively. 10 ]
The dictionary for the sparse channel estimation are con- _ '
structed withAb = Av/c, Av = 0.06 m/s Np = 15 and With oversampling
A = 2 in (25) and (26), respectively. The MMSE equalizer 107 ‘ ‘ ‘ ‘ ‘ ‘ N
of Section IlI-C is adopted for data symbol detection. The o8 9 10 SNél[dB] 21’ 11

block-error-rate (BLER) after channel decoding is used for
the performance comparison.
With full channel knowledge, FIgS 3 and 4 demonstrate thﬁi} 6. BLER performance with estimated channels
uncoded bit-error-rate (BER) and BLER performance bounds
with different standard deviations of the Doppler rate. Gom
paring the performance of conventional and the frequendfe performance of the receiver with frequency-domain-over
oversampling receivers, we observe that the performaniteeof sampling does not decrease much, as shown in Fig. 4. Hence,
latter remains almost the same as the Doppler spread ieseathe advantage of frequency-domain oversampling gets pro-
while the performance decreases considerably for thevaceinounced as the Doppler spread increases.
without oversampling. Fig. 5 shows the BLER curves with estimated channel
As the channel Doppler spread increases, we can find tkabwledge where both MMSE and zero-forcing (ZF) equalizer
the decoding performance of the receiver without frequenaye adopted. One can find that the frequency oversampling
oversampling degrades gradually due to severer ICl, wBereaceiver outperforms the conventional sampling receiver b

(b) o0y = 0.25 m/s
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[N
N

10° »

i
[

. :

-8 -casel
RN —+— case 2
-9 -case3
—%*— case 4

=
o

10+

BLER
delay [ms]

10}

PN W A O O N 0 ©

10°

7 8 9 10 11 12 13 14 15
SNR [dB] -0.5 0 0.5 1 1.5

Doppler speed [m/s]

Fig. 7. BLER performance with estimated channels, rectiangwindow, Fig. 9. Sample of sparse channel estimates in the SPACEO&imnt,
ov = 0.10 m/s receiver S3 (1000 m), Julian Data 299.
, TABLE |
10°4 ~-a. ' ' ' OFDM PARAMETERS IN SIMULATION AND SPACEOQ8 EXPERIMENT.
RN
N T e 13 kHz
N = B 9.77 kHz
il R\ RN K 1024
\ ~& T 104.86 ms
. AN Af:=1/T | 9.54 Hz
g &3 T, 24.6 ms
\\
A Y
107 o,
-8 -casel (22) decreases with a larger oversampling factor.
Tocase2 R To understand how much frequency-oversampling helps on
¢ -case3 . . . . .
Lol A cese s L different receiver modules, we plot in Figs. 7 and 8 the BLER
7 8 oo él[ds] 12 13 14 15 performance of receivers of four different cases:
« Case 1): conventional sampling for channel estimation
Fig. 8. BLER performance with estimated channels, rectangwindow, and oversampling for data detection;
oy =0.25 m/s « Case 2): conventional sampling for both channel estima-

tion and data detection;
_ _ e Case 3): oversampling for channel estimation and con-
about 1.5 dB, while the |mpr0Vement of MMSE equa“zer ventional Samp"ng for data detection;

relative to the ZF equalizer is slight. . Case 4): oversampling for both channel estimation and
Figs. 6(a) and 6(b) depict the block-error-rate (BLER) data detection.

performance of two receivers using different windows andng can find the receiver performance degrades significantly
different standard deviations of the Doppler rate. For the frequency-domain oversampling is only applied for data
conventional sampling receiver, the BLER performance Qfyho| detection (case 1), since the channel information at
raised-cosine window is better than that of the rectangulglyce additional frequency sampling points is not expjicit

window, and the performance gap improves as the roll-off gjjaple. The performance of the receiver in case 3 is #igh
factor increases. However, for the frequency oversampBRg ey than that of the receiver in case 2. Hence, data itetect

ceiver, the performance gap betwe_en the tV_VO typ_es of Wind_OW/ﬁh conventional sampling cannot effectively benefit frira
becomes very small. Compared with the windowing operatiog, ,oyed channel information due to frequency oversangplin
the performance gain of the frequency-domain oversampligg,nigerable performance improvement s achieved onlywhe
receiver is more pronounced, especially in the scenarib W'ftrequency-domain oversampling is used for both channel es-

large velocity deviation. _ timation and data detection.
Moreover, Figs. 6(a) and 6(b) also include the BLER perfor-

mance of the proposed receiver with an oversampling factor
of 4 using the rectangular window. One would expect that V. SPACEO8 EXPERIMENTAL RESULTS

employing a larger oversampling factor does not bring obsio  This experiment was held off the coast of Martha’s Vine-
performance improvement, as an oversampling faotes 2 yard, Massachusetts, from Oct. 14 to Nov. 1, 2008. The water
has already retained all the information of the time-domatepth was about 15 meters. Among all the six receivers, we
samples. In fact, the performance of the receiver with- 4 only consider the data collected by three receivers, labele
is slightly worse than that witle = 2, as the approximation as S1, S3, S5, which were 60 m, 200 m, and 1000 m away
accuracy on the covariance matrix of the effective noise from the transmitter. Each receiver array consists of teelv
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Fig. 11. Sample of sparse channel estimates in the SPACH&iment,
moving receiver. 10° , , ,
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. . . \
hydrophones. During the experiment, there are two periods,
. . _ 60
one around Julian date 297 and the other around Julian date 107 \

300 [4], when the wave height and wind speed were larger ' \
than those in the rest of days. The later period was more
severe. We only consider the data recorded from Julian dates R
299-301, the days around the second period. For each day, 10
there are ten recorded files, each consisting of twenty OFDM

blocks. Parameter settings of this experiment are sumsthriz

in Table I. 104

BLER

phones

A. BLER Performance with Stationary Receivers (b) with resampling

Due to the mild Doppler effect, resampling operation is not
performed. One example of the estimated paths on the del5894 12.
Doppler plane on Julian date 299 is shown in Fig. 9. The
average SNR measured in the_ frequency dpmaln as the r th% S5 in Fig. 10 (c)) is mainly due to limited experimental
of the received power on the pilot subcacarriers to that en t ata sets, as some data blocks could be challenging enough
null subcarrers, is mainly distributed from 8 dB to 16 dB. Th uch that’ no method is effective. Overall, Fig. 10 clearly
BLER performance of the received signal on Julian dates 29 jows that more frequency-domain observa’tions lead terett
301 by combining an increasing number of phones is Sho"\"‘ldﬂannel estimation and symbol detection performance.

Fig. 10. Compared with the conventional sampling, freqyenc

domain oversampling helps to achieve similar performance ) ) )

with less number of phones. Note that multiple factors coufdt BLER Performance with Moving Receivers

affect the experimental decoding results. Similar deagpdin With the same transmitter, additional data were collected b
performance of the receivers with and without frequencgn 8-element array, towed by a vehicle moving at the speed of
domain oversampling for some settings (e.g., S1 in Fig. 0 (&Bbout 1 m/s. Four runs of data were collected, each with tvent

BLER performance with moving receivers.
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Fig. 13. Sample of sparse channel estimates in the WHOIO®riempnt.  Fig- 14. BLER with conventional sampling, WHOI09 experirel6QAM.
The received signals are artificially scaled.

TABLE Il

OFDM blocks. The estimated resampling factor for each run THE NUMBER OF DECODED BLOCKS IN ERROR OUT OR5 BLOCKS;
is [1.0006, 0.9991, 0.99913, 1.0001], which corresponds to WITHOUT DOPPLER SHIFT COMPENSATION

a moving speed 0f0.85, 1.3, 1.35, 0.15] m/s, respectively. # of Phones| Rect. | RC (i/16) | RC (i/9)
The average SNRs measured in the frequency domain before™ Without 1 10 11 6

and after the resampling operation are around 7 dB and 12 dB, ©versampling ;2>, (1) 8 (1)
respectively. Ope examp_le of the estimated paths on thg-dela With 1 o o o
Doppler plane is shown in Fig. 11. One can see that the paths$ oversampling 2 0 0 0

are associated with large Doppler rates due to the platfoom m 3 0 0 0

tion. Fig. 12 shows the BLER performance of the conventional

sampling method and the frequency oversampling method o
with and without resampling operation. Due to the motioHe decoded with just one phone, hence, the performance

of the receiving array, the frequency measurements withdlifference between different settings is hard to tell. Ttagge
resampling operation suffer from very large Doppler shiftéhe dlﬁerence, the rece|_ved signal is decoded W|th0ut_the
Hence, one can see a considerable performance gap betwg@RpPler shift compensation step [2]. We here only consider
the receiver with resampling operation and that withouamnes the S|g_nal received at the bugpo0 meters away from the
pling operation. For the receiver without resampling ofiera transmitter. The number of deched blocks in error out of
the performance gain of frequency oversampling is significal® otal 45 blocks are shown in Table II, with 16-QAM
due to the large Doppler scaling effect. After removing thgPnstellation and rate-1/2 nonbinary LDPC coding [30]. The
main Doppler effect by resampling the received signal, tRENefit of frequency-domain oversampling can be seen.
performance gap between the conventional sampling method © highlight the performance difference between the win-

and the frequency oversampling method gets decreased) WP‘HQW tlypes,h_tfr:e received s!gnal 'i art|f|C||z_:\IIy sfcaled gft(mr:m
agrees very well with the simulation results. Dopp er shi compensation. T € scaling f':lCtOI’.IS chosen
according to a zero mean Gaussian distribution with stahdar

deviationo, /c. With 50 Monte Carlo runs, the average BLER
curves over the three transmissions (each consisting 8fl5
This experiment was carried out in the Buzzards Bay, Maklocks) versus different standard deviation of the vejoaite
sachusetts, from Dec. 07 to Dec. 08, 2009. The water depgtted. Fig. 14 shows the average BLER performance over
was about 15 meters. Two buoy-based receivers were deploffeige transmissions of the scaled version of the receiggthbi
at 1000 meters and 2000 meters away from the transmiti@fth scaling factor ofv/c. Comparing the BLER performance
each with 4 hydrophones. Due to the malfunction of the secog@rresponding to different windows, one can find that the
hydrophone during the experiment, we only consider the ddgrformance using the raised-cosine window is similar & th
recorded by the first, third, and fourth phones. There wefé rectangular window.
three transmissions in total, where each transmissioristeds
of 15 OFDM blocks using the rectangular window, 15 blocks VII. CONCLUSIONS
using a raised-cosine window with = 1/16, and the other  In this paper, we presented a zero-padded OFDM transceiver
15 blocks using a raised-cosine window wijth= 1/8. The design with rectangular and raised-cosine pulse-shaping w
ZP-OFDM parameters are as followf; = 31 kHz, B = 10 dows for underwater acoustic communications. Numerical
kHz, K = 1024, T = 102.4 ms, andT, = 24 ms. and experimental results demonstrated that frequencyattom
One example of the estimated paths on the delay-Dopptarersampling improves the system performance considgrabl
plane is shown in Fig. 13. Due to the calm environmemind the gain becomes larger as the channel Doppler spread
and large SNRs around 30 dB, most received blocks cantreases.

VI. WHOI09 EXPERIMENTAL RESULTS
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