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Abstract— Although time-domain oversampling of the received the block sizes are much smaller than typical values used in
baseband signal is common for single-carrier transmissios the practical systems. This paper validates the system pesgiocs
counterpart of frequency-domain oversampling is rarely ugd for using real data collected from field experiments

multicarrier transmissions. In this paper, we explore frequency- . . -
domain oversampling to improve the system performance of We use the OFDM signals in [5] designed for underwater

zero-padded OFDM transmissions over underwater acoustic channels with large Doppler spread. In addition to the rect-
channels with large Doppler spread. We use a signal designah angular pulse-shaping window, we also include raisedrensi
enables separate sparse channel estimation and data detect, windows in our transmitter design. We develop a receiveln wit
rendering a low complexity receiver. Based on both simulatin frequency-domain oversampling, using compressive sgnsin
and experimental results, we observe that the receiver with techni f h | ' timai d MMSE I
frequency-domain oversampling outperforms the conventinal _ec_nlques or sparse_ channel estmation an equa
one considerably in channels with moderate and large Doppte 1Zation for data detection. We evaluate the performancaef t
spreads, and the gain increases as the Doppler spread incess. proposed receiver using both simulation and real dataatelie
Although a raised-cosine pulse-shaping window can be use# t from the SPACE08 experiment , held off the coast of Martha’s
improve the system performance relative to a rectangular widow Vineyard, Massachusetts, 2008, and the WHOI09 experiment,

at the expense of data rate reduction, the performance gainsi . - .
much less than that brought by frequency-domain oversampig held in the Buzzards Bay, Massachusetts, 2009. Simulation

in the considered OFDM system for Doppler spread channels. esults show that frequency-domain oversampling improves
the system performance considerably, and the performance

gain increases as the channel Doppler spread increases-Exp
imental results verify the benefits of frequency-domainreve
sampling, achieving similar performance with fewer phones

~_than the receiver without oversampling. Interestinglthaligh
Recently, zero-padded (ZP) orthogonal frequency divisigQgjsed-cosine pulse-shaping window can improve the syste

multiplexing (OFDM) has been extensively investigated fQ5erformance relative to a rectangular window, the perforcea
high dgta rate underyvater acoustic communications [1.]—_[ ain is much less than that brought by frequency-domain
Following Doppler shift compensation and an overlap-agddinyyersampling in the considered OFDM system, despite the fac
operation, fast-Fourier transform (FFT) is performed oe thpat 5 raised-cosine pulse-shaping incurs a data ratetieduc
received block to obtain frequency-domain samples, that ar Note that the time-domain oversampling is commonly used
used for subsequent channel estimation and data detec?&nsingle-carrier transmissions [6]. Its dual, the freqoe
[1]-{3]. However, overlap-adding operation incurs infa@tn  gomain oversampling, is rarely used for multicarrrier fan
loss: it folds a received block that is a linear convolutibth®  mjssions. So far, we are only aware of [7], where it is used
ian_Jt and the chan_nel, intosﬂnprter block that correspond_s 0 for blind carrier-frequency-offset recovery, and [8], wdet
a circular convolution of the input and the channel. Thig fags sed to exploit the multipath diversity of time-invariamd
has been recognized in [4], and other forms of receivers haygrowband channels in wireless communications.
been developed to improve the system performance. _ The rest of the paper is as follows. The system model is
In this paper, we investigate the use of frequency-domairoduced in Section Il. The proposed transmitter andivece
oversampling for ZP-OFDM to improve the system perfofgesigns are presented in Section IIl. Numerical simulatiane
mance over underwater acoustic channels with large Doppiien in Section IV and experimental results are collected i
spread. At the outset, this paper distinguishes itself ff8in sections v and VI. We conclude in Section VII.
in the following aspects: (i) The receivers in [4] are based Notation: Bold upper-case and lower-case letters denote
on a time-invariant channel, while this paper considereiimmatrices and column vectors, respectively)”, (-)*, and
varying channels with large Doppler spread; (ii) The reesv ()7 denote transpose, conjugate, and Hermitian transpose,

in [4] assume perfect channel knowledge, while this papgsspectivelyI, stands for an identity matrix with siza.
deals with both channel estimation and data detectiohT{iie

performance results in [4] are based on simulations onlgreh Il. SYSTEM MODEL AND MOTIVATION

This work is supported by the ONR grants N00014-07-1-0805P)Y Zero-padded OFDM with a reCtangmar pulse-shaping win-
N00014-09-1-0704 (PECASE), and the NSF grant CNS-0721834. dow has been used in [1]-[3]. In this paper, we extend the

Index Terms— OFDM, zero-padding, inter-carrier interfer-
ence, Doppler spread, frequency-domain oversampling.

I. INTRODUCTION



1%(0) IA ‘ | where A,(t) and 7,(t) are the amplitude and delay of the
| § pth path. Within one OFDM block, we assume that (i) the
;4 T ! amplitude does not changé,(t) ~ A,, and (ii) the path
| . delay can be approximated as
-t > —»‘: t
1+ AT Tg Tp(t) = T — apt,
(&) One transmitted ZP-OFDM block wherer, is the initial delay and:, is the Doppler rate of the
path1 path2 pth path. As such, the received passband signal is
A path3
15() K _;_/\ } Ny
/// /’ T _V\_ N\ y(t) = Z ApZ((1+ap)t — ) + 0(t), (7)
/ / \ \ 3 p=1
T/ : A
- > — wheren(t) is the additive noise.
a+pT1 T, 1 As described in [1], [3], the receiver first performs a re-
(b) One received ZP-OFDM block sampling operation on the received passband signal to remov

the dominant Doppler effect, leading &t) = ¢ (¢t/(1 + a))
where (1 + a) is the resampling factor. After downshifting,
the baseband signalt) is often sampled at the baseband rate

. . : : KAf, and hence the sampling interval ¥ K. Since null
system formulation to include a raised-cosine pulse-sttppi o . .
y P psubcarrlers are placed at the edges of the signal band, this

window. WithT" denoting the symbol duration, amddenoting . : : )
g . . ; sampling rate does not incur any information loss. For each
the roll-off factor, the raised-cosine window is [6]
ZP-OFDM block, a total of

Fig. 1. lllustration of the transmitted and received sigrialthe time domain.

B
L te [aTa T} K':=(1+B)K + (T,/T)K (8)
1 ™ 148 1-8
gt) =42 {1 + Cos(ﬂ_T (’t_ TT‘ B TT))} ’ (1) time-domain samples are obtained, which contain all useful
te [0, §T) U (T, (14 B)T) information about the current block.
0 otherwise The receivers in [1], [3] first compensate a mean Doppler
’ shift (saye Hz) on the baseband sequence, and then perform
whose Fourier transform is the FFT operation after overlap-adding. The FFT output on
sin(rfT) cowBfT) _. , the kth subcarrier can be expressed as
G(f) = ( é ).1 Sf; 2f2722e i f(14+8)T 2) }
mf — 45 2k = Z (/T +€) = Z(fi + ) ©
When g =0, ¢(¢) in (1) reduces to the rectangular window. =Y (1+a)(fx+e), k=-K/2,....K/2—1

With the symbol duration ofl’, the subcarrier spacing is _ _ _
1/T, and the subcarriers are located at the frequencies ~ where Z(f), Z(f), andY (f) are the Fourier transforms of
z(t), z(t), and g(¢t), respectively. Channel estimation and

fe="Jfe+k/T, k=-K/2,....K/2—-1,  (3) symbol detection in [1], [3] are performed based on fkie
: K/2—1
where f, is the center frequency ankl is the total number fréguency-domain sample(k|}, 1~

5
of subcarriers. Defin§4 andSy as the non-overlapping sets Obviously, the receivers in [1], [é] have not ut|I|Z(.ad all
of active and null subcarriers respectively, which satigfyu  the information available for each ZP-OFDM block: only

Sy = {~K/2,...,K/2—1}. Let s[k] denote the information K frequently-domain samples are retained while there are
symbol on thekth subcarrier. The transmitted passband sign&i’ > [ time-domain samples. In this paper, we investigate
is the benefit of frequency-domain oversampling in the context
of underwater acoustic communication systems, and verify i
#(t) = 2Re< Z S[k]ej%rfktg(t)> tel0,T], (4 using data collected from real experiments.
keSa

, . . Ill. THE PROPOSEDTRANSCEIVERDESIGN
whereT = (1 + 8)T + T, is the ZP-OFDM block duration

accounting for a zero guard time of length; see Fig. 1 for We rely on the signal design in [5], where the data subcarri-

an illustration. The Fourier transform af(¢) for f > 0 is ers are separated from the pilot subcarriers by at least alo n
} subcarriers. This way, the inter-carrier interferencd)(fm
X(f)= Z SK)G(f — fr)- (5) direct neighbors can be explicitly considered at the rezeso
kESA that good system performance can be achieved in underwater

channels with large Doppler spread.
Specifically, subcarriers are divided inf6/8 groups, with
each group containing 8 subcarriers in the following patter

Assume that the channel consists/gf discrete paths

Np
h(t;t) = Ap(t)6 (1 —1p(t)) s 6
(15t) 1;1 ()0 ( (1) (6) [O PO0OO0ODD D O], (10)



9roup S IO S ¢ wherek € {—K/2,...,K/2—1} is the subcarrier indexy’ €

pilot data{ pilot data | {—aK/2,...,aK/2 — 1} is the index for the FFT outputs,
nulls | nulls :
T and
T T T Np
_ —j2m (s ! (p)
oL oo Hop e = ZA;e s +€)Tpgn€’,k‘ (15)
01 2 3 4 5 6 70 ~mmmmmiioonoees 7 f =
(&) Subcarrier index B. Sparse Channel Estimation
group s, groups Based on the assumption that the ICI beyond the direct
pilot data i pilot data ; subcarrier neighbors can be neglected, the receiver dizavs t

following 2« + 1 frequency-domain samples for each pilot
symbol transmitted:

Z[m/] = Hm/-,pys[pg] + U[m/]a (16)
[ _ ’
(b) solid lines are samples on the subcarriers, while dashed wherem’ = oz.(pg 1)’ T oz(pgji-l).. The channel SAfrequenCy
are samples in the middle of the subcarriers. response estimate at frequenty: is measured asf,, ,, =

z[m']/s[pg]. Corresponding td</8 pilot subcarriers, a total
Fig. 2. The subcarrier index and illustration of oversamplivith o = 2. Of (2a + 1) K//8 channel measurements can be collected.
Using compressive sensing techniques, the receiver eglor
the sparse nature of the underwater acoustic channel and
where P and D denote a pilot symbol and a data symbojointly estimate the complex gain, the Doppler scale, ard th
respectively. The illustration is shown in Fig. 2. For thh delay {4}, b,,7,} corresponding toN, discrete paths; see
group, the index for the pilot subcarrieris = —K/2+8g+1, [3] for more details. The channel coefficients needed foadat
and the indexes for the data subcarriersigre 1,i,,i, + 1 detection are then reconstructed using (15).
wherei, = —K/2 + 8¢ + 4. Some subcarrier groups on the o
edge of the signal band are turned off. C. MMSE Channel Equalization
Channel equalization is applied on each group
. separately. For thegth group with three data symbols
A. Receiver Model slig—1], s[ig], s[ig+1], the related channel outputs are:
We next present the channel input-output relationshiptfer t . ,
. A . . - [ zladig = 2)] vla(iy —2)]
gnal design in Fig. 2. Using frequency-domain oversangpli
with an oversampling factat, an K -point FFT operation is : :
performed after paddinga K — K’} zeros to the baseband z[avig] = v[aig) + 17)
signal after Doppler shift compensation. Therefore, al tota :

aK frequency measurements are obtained. Define z[a(ig. +2)] v[a(ig: +2)]

/
Fo=for o = —aK/2,...,aK/2— 1. (11) =2, e
ol
s Heiy—2),66,-1) 0 0
The measurement{m’] on the frequencyf,,, can be related i 1
to z(t) as Sltg =
=) syt Haig (ig-1) Has, i, Heig (ig+1) s[ig)
g . o m! . . . sliy, + 1
z[m] = T/ 2(t)e 2Tt eI mart gy, (12) : [ig + 1]
0 0 0 Ha(ig+2).(iy+1) =dg
Substituting (4) and (7) into (12) yields, e
TG

Np The vectorz, is of length 4a + 1. With o = 1 in the
z[m/] = Z Ale =327 (fyr )7, Z g(p,) #8k] | | +v[m'],  conventional receiver; measurements are used to decode 3
p=1 kESa symbols, while an oversampling factor of = 2 leads to 9
" . i (13)  available measurements to decode 3 symbols.
wherewv[m’] is the additive noise and, The output of the MMSE equalizer is
A T, a, —a -1
g e — =2 3 H No H
AP 1 + bp’ TP 1+ bp’ bp 1 4 a ’ dq = (Hq Hg + EI?,) Hq Zg, (18)
g( ) = (f et M) _ where E; is the symbol energy and/, is the noise covari-
m'ok = " 1+by, ance in the frequency-domain. Note that in (18), we have

approximated the noise to be white. The noise color can be

incorporated in our future work. Alternatively, one can pad

m'] = Z H, ps[k] + v[m/], (14) oK — K’ noise samples rather than zeros for th&-point
keSa FFT operation, so that the noise is white.

We can rewrite (13) as
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IV. NUMERICAL SIMULATION V. SPACEO8 KXPERIMENTAL RESULTS

The sparse channel consistslofdiscrete paths, where the This experiment was held off the coast of Martha’s Vine-
inter-arrival time follows an exponential distribution tivia yard, Massachusetts, from Oct. 14 to Nov. 1, 2008. The water
mean of 0.5 ms. The amplitudes are Rayleigh distributed wittepth was about 15 meters. Among all the six receivers, we
the average power decreasing exponentially with the delayly consider the data collected by three receivers, labele
where the difference between the beginning and the endasf S1, S3, S5, which were 60 m, 200 m, and 1000 m away
the guard time ofi3.1 ms is20 dB. The Doppler rate of eachfrom the transmitter. Each receiver array consists of tevelv
path is drawn from a zero mean Gaussian distribution with tisgdrophones. During the experiment, two storm cycles skhdowe
standard deviation of, f./c, whereo, denotes the standardup, one around Julian date 297 and the other around Julian dat
deviation of the platform velocity, and is the sound speed 300. The latter storm was more severe. We only consider the
in water being set ta500 m/s. Hence, the maximum possibledata recorded from Julian dates 299-301, the days around the
Doppler is about/3c, f./c. second storm cycle. For each day, there are ten recorded files

The ZP-OFDM signal parameters are tailored according ¢@ch consisting of twenty OFDM blocks. Parameter settings
the setting of the SPACEOQ8 experiment in Table |, with thef this experiment are summarized in Table I.
only exception ofT, = 13.1 ms. The subcarrier allocation
in Fig. 2 is adopted. Out of thd/ = K/8 = 128 groups,

8 groups on each edge of the signal band are turned off for

TABLE |
OFDM PARAMETERS IN SIMULATION AND SPACEO8 EXPERIMENT.

the band protection, while the pilot subcarriers thereesill 7. 13 KAz
used to carry pilot symbols. Hence, there gp| = 128 pilot B 9.77 kHz
subcarriers andSp | = 384 data subcarriers in total. The data X Los 2t
symbols are encoded with a ratg2 nonbinary LDPC code Af:=1/T | 954 Hz
[9] and modulated with a 16-QAM constellation, which leads Ty 24.6 ms
to a data rater as:

1 |Sp|-log,16

T 2(1+8)T + T, (19 A BLER performance with stationary receivers

. - : - Due to the mild Doppler effect, the resampling operation is

For raised-cosine windows with = 0, 1/16, 1/8, the overall . :

data rates ar® — 6.5. 6.2. 5 gﬁkb/s’ re/spe’zctK/er not performed. With a 16-QAM constellation and a rate-1/2
AT ' ) nonbinary LDPC code, the BLER performance averaged over

Fig. 3 and Fig. 4 depict the block-error-rate (BLER) peln . S : .
formance of the receivers with or without frequency-domai plian dates 299-301 by combining an increasing number of

oversampling using different windows, with, — 0.10 m/s phones is shown in Fig. 5. Compared with the conventional

and o, = 0.25 mls, respectively. A total of 2000 Ivlomesampling, frequency-domain oversampling helps to achieve

Carlo runs are used. With the conventional sampling methosdmIIar performance with less number of phones. Obviously,

the BLER performance of the raised-cosine window is bettg}b_re fr_equency—domain obse_rvations leads to better channe
than that of the rectangular window, and the pen‘ormance,g"m";‘t'on and symbol detection performance.

gap improves as the roll-off factor increases. Howeverhwit . . .

frequency-domain oversampling, the performance gap lestwe3- BLER performance with moving receivers

the two types of windows becomes very small. ComparedWith the same transmitter, additional data were recorded by
with the windowing operation, the performance gain of than 8-element array, towed by a vehicle moving at the speed
frequency-domain oversampling receiver is more pronodncef about 1 m/s. Four runs of data were collected, each with
especially in the scenario with large velocity deviation. twenty OFDM blocks. The estimated resampling factor for
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TABLE Il
THE NUMBER OF DECODED BLOCKS IN ERROR OUT OA5BLOCKS;
WITHOUT DOPPLER SHIFT COMPENSATION

each run ig1.0006, 0.9991, 0.99913, 1.0001], corresponding

to a moving speed0.85, 1.3, 1.35, 0.15] m/s, respectively.
The BLER performance of the conventional sampling method
and the frequency oversampling method are shown in Fig. 6, # of Phones| Rect. | RC (1/16) | RC (1/8)
where the resmapling operation was not applied for the datg  Without 1 10 11 6
pre-processing as we would like to compare these two methods oversampling
in a scenario with large Doppler spreads. In such a scenario With
the performance improvement due to frequency oversampling oversampling
is more significant.
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VI WHOIO09 EXPERIMENTAL RESULTS performance gain is much less than that brought by frequency

This experiment was carried out in the Buzzards Bay, Magymain oversampling in the considered OFDM system dealing

sachusetts, from Dec. 07 to Dec. 08, 2009_). The water degiin underwater channels with large Doppler spread.
was about 15 meters. Two buoy-based receivers were deployed

at 1000 m and 2000 m away from the transmitter, each with ACKNOWLEDGEMENT

4 hydrophones. There were three transmissions in totah eac L .

consisting of 15 OFDM blocks using the rectangular window, W& thank Dr. J. Preisig for the SPACEO8 experiment, and

15 blocks using a raised-cosine window with = 1/16, M- L. Freitag for the WHOIO9 experiment.

and the other 15 blocks using a raised-cosine window with

B = 1/8. The ZP-OFDM parameters ar¢. = 31 kHz, REFERENCES

B =10 kHz, K = 1024, T = 102.4 ms, andl, = 24 ms. [1] B. Li, S. Zhou, M. Stojanovic, L. Freitag, and P. WillettMulticar-
Due to the calm environment and large input SNR, most g%f C?e”pf:m?tis‘:ﬂtgglzojfeégegﬂefé\:]afefv;C03U3S“rC]OChZan£e:SZm(fgéunifmm

received blocks Ca,n be decoded with _JUSt one phone,- henﬁ?’M. pSptojanovic,’ “Low c.omplex.ity g.l’:DM. det’ect(;r for%ﬁdeme.r chan-

the performance difference between different settingsaisih =~ nels;” in Proc. of OCEANS Conf., Boston, MA, Sept. 18-21, 2006.

to tell. To enlarge the difference, the received signal oded [3] ﬁéan'o??rr]%%l: ;.r ii'ﬁﬂﬁa i'r Vlj;iiesrig,ciﬂcsiﬁlz. :g:lrﬁtunf:g?ahn%mguisstm;e

Wlthqm the Doppler shift (_:ompensatlon step [1]. We herg/onl methods to compressed sensintFEE Trans. Signal Processing, F[))p.

consider the signal received at the bu2§00 meters away 1708-1721, Mar. 2010.

from the transmitter. The number of decoded blocks in errpn B. Muquet, Z. Wang, G. B. Giannakis, M. de Courville, andD®hamel,

out of the total 45 blocks are shown in Table II, with 16 QAM “Cyclic-prefixing or zero-padding for wireless multicari transmis-

- - . sions?”|EEE Trans. Commun., pp. 2136—-2148, Dec. 2002.
constellation and rate-1/2 nonbinary LDPC coding [9]. Ths] S. Mason, C. R. Berger, S. Zhou, K. Ball, L. Freitag, andARlett, “An

benefit of frequency-domain oversampling is evident. OFDM design for underwater acoustic channels with Dopgieead,” in
Proc. of the 2009 DSP & SPE Workshop, Marco Island, FL, Jan. 2009.
VIl. CONCLUSION [6] J. G. ProakisDigital Communications, 4th ed. McGraw-Hill, 2001.

) [7] M. Luise, M. Marselli, and R. Reggiannini, “Low-compliéx blind carrier
In this paper, we presented a zero-padded OFDM transceiverfrequency recovery for OFDM signals over frequency-selecradio

design with rectangular and raised-cosine pulse-shaping w__ channelsIEEE Trans. Commun., vol. 50, no. 7, pp. 11821188, 2002.

. g . Q. Shi and Y. Karasawa, “Frequency-domain oversampfimgOFDM
dows for underwater acoustic communications. Numerlc[gi systems: exploiting inter-carrier interference and rpaltn diversity,” in

and experimental results demonstrated that frequencyafom  proc. of IEEE Intl. Symp. on Communications and Information Technol-
oversampling improves the system performance considerabl ogy, 2009, pp. 1097-1101.

; . Huang, S. Zhou, and P. Willett, “Nonbinary LDPC codifay mul-
.a”d the gain b_ecomes_larger as the _Channel Dopple_r spr@é icarrier underwater acoustic communicationEEE J. Select. Areas
increases. A raised-cosine pulse-shaping window can M@ro  commun,, vol. 26, no. 9, pp. 16841696, Dec. 2008.

the performance relative to a rectangular window, howeter,



