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We propose a simple method based on the null subcarriers
inserted in every OFDM symbol [5]. We approximate the spec-
trum of the ICI plus noise as a straight line in the logaritmi
scale. The offset and the slope of the line are estimated on a
block-by-block basis, by fitting the measurements on thé nul
subcarriers. The receiver then prewhitens the current OFDM
block before channel estimation and data demodulation.

Abstract—Underwater acoustic OFDM enables simple fre-
guency domain equalization, but its performance is often linited
by intercarrier interference (ICl) that is induced by channel
variation, in addition to the ambient noise. As the signal iself, the
variance of the ICI is frequency dependent as i) the transmier
often has a non-ideal transmit voltage response (TVR), andi)i
underwater acoustic propagation introduces frequency depndent
attenuation. In this paper, we propose a simple method to acunt
for the frequency-dependent spectrum of the ICI plus noise.
Specifically, we approximate the power spectrum of the ICI
plus noise by a straight line in the log-domain, by fitting the
measurements on the null subcarriers embedded in each OFDM
block. Prewhitening is then applied to each OFDM block befoe
channel estimation and data demodulation. We test the prosed
method using experimental data collected from the SPACE08xe
periment, where we compare signals with and without transnter
precompensation side by side. The proposed method effeatly
improves the performance of the uncompensated transmissio
making it comparable to that of the compensated transmissio N
at short distances. At a longer distance, the performance dfoth
transmissions is improved by noise-whitening, with an impessive
gain on the uncompensated signals.

We test the proposed method using data recorded from
the SPACEO8 experiment, which was conducted off the coast
of Martha’s Vineyard, MA, U.S., during October 2008. We
conduct side-by-side performance comparisons on two $ets o
signals, where one signal set does not apply a digital filter
to compensate the non-ideal transmitter voltage respamsk,
the other does. We have the following observations:

The uncompensated signals have 3-6 dB more power

relative to the compensated signals. The compensation

filter increases the peak-to-average-power ratio (PAPR)

of the uncompensated signals. Hence, the transmitter

attenuated the compensated signals more to meet the peak
voltage constraint.

|I. INTRODUCTION

Underwater acoustic (UWA) channels are wideband in na-,
ture due to the large bandwidth to carrier frequency ratio.
Frequency dependency is one unique feature that distingsiis
wideband from narrowband channels. Specifically, for under
water acoustic communication systems, the following facts
well known:

« The transmitter has a non-flat transmit voltage response
(TVR), as perfect circuit matching to the transducer is
difficult to achieve across the whole signal band.

« Signal attenuation depends on both the distance and the
frequency [1]-[3]. In general, high frequency acoustic
signals are absorbed more than low frequency signals. «

« The noise spectrum is not white [1]-[3].

These effects, however, have rarely been incorporated into
practical receiver designs.

Multicarrier modulation in the form of orthogonal frequenc
division multiplexing (OFDM) has been extensively investi
gated recently [4]-[13]. We in this paper consider the block
by-block receiver in [5], which treats the residual ICI ortlea
subcarrier as additive noise. We aim to improve the syste
performance by accounting for the frequency dependent sp

At the distances of 60 m and 200 m, the spectrum of
the compensated signals is approximately white, while
that of the uncompensated signals is heavily colored.
The performance of the uncompensated signals is worse
than that of the compensated signals, when the colored
noise is neglected. When the proposed method is applied,
considerable performance improvement is observed on
the uncompensated signals, leading to a comparable per-
formance with that of the compensated signals. These
results show that the receiver is operating at an ICI-
limited scenario.

At the distance of 1,000 m, both uncompensated and
compensated signals show strong attenuation at high
frequencies. The proposed method effectively improves
the performance for both sets of signals. The uncom-
pensated signals now have better performance than the
compensated signals do, due to the higher transmit power,
indicating that the noise effect shows up in addition to
the ICI effect.

rTll’he rest of this paper is organized as follows. Section Il

trum of the ICI plus noise.
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ggscribes the system model and Section Ill presents the
proposed noise-whitening method. Performance evaluaion
carried out in Section IV based on experimental data and
concluding remarks are collected in Section V.



Il. SYSTEM MODEL B. Frequency-dependent propagation and noise

When describing the system model, we highlight the fre- First, consider a static UWA channel. One can represent the
quency dependency at the transmitter, the channel, and fltiPath channel in the time-domain as
receiver. Ny

h(T) =Y Apyp(r — 1), (7)

A. Transmitter voltage response p=1

We consider zero-padded (ZP) OFDM as in [4], [5]. et and in the frequency domain as
denote the signal duration arig, the zero padding interval, N,
leading to a total OFDM block duration @' = 7'+ T,. The H(f) = ZApe_jQFprFp(f), (8)
subcarriers are located at frequencies =1

fo=fo+k/T k=—K/2, .., K/2—1 1) where N, is the number of paths4, is the path amplitude
¢ ’ T ’ for the pth path,T',,(f) is the frequency-dependent attenuation

where f. is the center frequencyy is the total number of pattern for thepth path and,(¢) is the inverse Fourier
subcarriers. The subcarrier spacind j&" and the bandwidth transform of",(f). Detailed discussions and illustrations of

is B=K/T. I',(f) and~,(t) can be found in [2], [3].
and null subcarriers, respectively, that satisfy U Sy = Symbol, we assume that,, remains constant, and that the

{=K/2,...,K/2 — 1}. Let s[k] denote the symbol to be delay on thepth path can be approximated by
transmitted on théth subcarrier. The designed OFDM signal o 9
Tp(t) = T — apt, 9)

in the passband is:
whereaq, is the Doppler scale factor on tiph path [11]. The

- o time-varying channel within one OFDM symbol can then be
3(t) = 2Re{ Z s[k]e?? f"tg(t)} , tel[0,T]. (2) describe):j l:?y y

keSa
NT—’
where ¢(t) is the pulse shaping filter. In ZP-OFDM with h(r;t) = ZApr(T—Tp(t)) (10)
rectangular pulse shaping, we have =1
1, tel0,T]; with 7,,(¢) defined in (9).
91 =93 0 otherwise. (3 Ppassing through the time-varying channel in (10), the re-

ceived signal in the passband is
Other pulse shaping filters such as raised cosine filters ean b

considered as well. The Fourier transformsgf) is y(t) = z(7) x h(7;t) + n(t) (11)
NT—’
5= Y sHG( - o) @ =Y, [+ @)t - 7 = m)dr 4 (),
keSa =1

p
for all positive frequencies > 0; we ignore the negative Wheren(t) stands for the ambient noise, Whi_Ch may have a
frequency part in our presentation because for any reahkigRolored spectrum. The Fourier transformygf) is

S(—f) = S*(f). G(f) is the Fourier transform of(t). For N,
g(t) in (3), we have v =Y Ay —srm iy ( f )X ( f )
. = l+ta P\1+a, 1+a,
G(f) _ blIl(ﬂ';T) efﬂfT' (5) + N(f),
™ (12)

Define V(f) as the transmitter voltage response (TVRMhereN(f)
V(f) is not a constant due to imperfect circuit matching to
the transducer across the whole signal band. In practiceCaReceiver intercarrier interference
precompensation filter could be applied to rentigif) to be  For simplicity, assume that no resampling operation is
close to a constant. Due to a nonideal TVR, the sigr@) necessary. The receiver in [5] will shift the passband digna
emitted from the transmitter has a Fourier transform of 5 paseband, compensate the Doppler shift by multiplying
e 727¢t to the baseband signal, and then perform the FFT

X(f)=V(NS(F) = V() kXS: s[K]G(f = fr)- () operation. The FFT output,, at themth subcarrier is simply
€Sa

is the Fourier transform ofi(t).

. =Y (fm , =-K/2,--- ,K/2—1. 13
Therefore, frequency dependent attenuation occurs alread : (fm +€)s m / / (13)

before the signal enters the water medium. Substituting (12) and (6) into (13), we obtain equation (14)



Zm = Z—AP e_j%m:;TpF fmte 1% Jmte G €~ apJm s[m]
" — 1+a, P\ 1+a, 1+a, 1+ap,

p=1
desired signal
Np
A —jogdmter f7n‘|’6 fm"’6 €E—a fm 14
F e () (i) 5 o (e s 00
p=1 P P P/ keSa k#tm P
intercarrier interference
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intercarrier interference
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Assume that (iY',(f) is the same for all paths, i.&,(f) = subcarriers. We assume that the spectrum can be approgimate

L(f), (i) V(f) andI'(f) are smooth, and (jiii, < 1, e < by a straight line in the logarithmic scale, which is an
fm- We can then approximats,, in (14) by the expression in exponential curve in the linear scale. Specifically, we assu
(15). Clearly, the signal power is frequency dependent,sand wm /1
is the ICI. In fact, the ICI spectrum follows a similar freaquoy ®yum] = No10 e (17)
dependency pattern as the desired signal. in the linear domain, or

In short, the ICI plus noise at the FFT output is non-white.
A receiver that ignores this fact might incur considerable 101ogyq (Puu[m]) = 101og;q (No) + Km. (18)

performance loss. in the log domain, wheren = —K/2,...,K/2 — 1. The
Il. THE PROPOSEDNOISE-WHITENING APPROACH parameter Ny represents the noise variance at the center
frequency, whiles is the energy difference in dB between two

The recever from [5] treats pOth th?. ICI term -and thﬁeighboring subcarriers. The white noise model is incluated
noise term in (14) as the effective additive Gaussian no'stf*s,pecial case with — 0

It operates on an equivalent model as: To estimate the model parameters, we use the measurements

Zm = Hyps[m] + v, (16) on the null subcarriers, which are inserted for each OFDM

block for Doppler shift compensation [5]. We here propose
where H,,, is the frequency response on theh subcarrier Wo methodspp P [5] prop

of the composite channel that includes the TVR and the
frequency-dependent propagation effects, apdncorporates 1) Linear Regression (LR) in Log-Domain: A simple linear
both the additive noise and the ICI. It was assumed in [5] theggression model in the log-domain can be formulated as
vy 1S White. CN
A fraction of the data symbolglk], k € Sp C S, are pilot {NO’ K}LR - (19)

symbols, which are used to estimate the channel’s frequency
response,,,. Once the channel estimate is available, one-tap
data demodulation is done per subcarrier.

2

arg min Z ‘1010g10 |2m|? — [101ogyo (No) + Km]
No,ﬁ
meSN

o . This method is of very low complexity. However, fitting
A. Estimating the |CI-plus-noise spectrum in the log-domain tends to lead to negative bias &

In this paper, we propose a simple method to estimate tfie., underestimating the noise variance), as small gahue
variance®,,,[m] = E{|v,,|?} of the ICI-plus-noise across all amplified in the log-domain. A simple remedy is to apply some
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environment; we consider Julian dates 292 and 293 markeldeirfigure.

smoothing on the observations,,|> before transforming to
the log domain.

Power Spectrum(dB)

2) ML Variance Estimator: By the central limit theorem,
v, can be viewed to have a Gaussian distribution. Hence, ‘ ‘ ‘ ‘ ‘
lvm|? is exponentially distributed. The maximum likelihood 10 12 14 16 18
(ML) solution for the model parameters can be formulated as Frequency(kHz)

{]\707 ,%} = (20) Fig. 3. Measured signal spectrum at the receiver SO, fronthwhie can
ML infer the transmit voltage response. The output power cantwaup to 15 dB
|2m|2 ] across the used frequency band if TVR is not compensated.

arg max Z - [1og10 (Nol()mn/lo) T Mo 10w

Noyw meSn
To keep the complexity low, a multi-grid search can be applid’€ combined to increase effective SNR. An additional resreiv
or a final solution can be improved via simple interpolatioB0 was positioned at 1 m from the transmitter.
techniques, see e.g., [14] A. Estimates of Signal Power Spectrum
To estimate the signal power spectrum, we use the FFT out-
Once the variance of the ICI-plus-noise has been estimatgdts on data and pilot subcarriers and evaluaféz,, |*] ,m €
the data can be easily whitened as S4, where the expectation is carried out by averaging over a
- Zm . - large number of received OFDM blocks. For a time-varying
Zn = —=== = Hps[m] + On. (21) multipath channel, the channel effects could be averaged ou
Dy [m] and hence the systematic effects such as the non-ideal TVR
Channel estimation and data demodulation can then be paid frequency-dependent attenuation can be seen.
formed onz,,, wherem € Sj. The signal spectrum for both the uncompensated and com-
pensated signals on the receiver SO is shown Fig. 3, from
which we can infer the transmit voltage response. Precom-
To study the signal and noise power spectrum, we upensation can reduce the signal power variation across the
experimental data from the SPACE08 experiment, which waignal band. However, it leads to a smaller power output in
held off the coast of Martha’s Vineyard, Massachusetts, ,U.®ur setting, as the peak-to-average-power control [15peas
during October 2008. We will focus on two days of thepplied on the uncompensated signals only; the precompensa
experiment, namely Julian dates 292 and 293. Fig. 1 shotian filter was not considered during the signal design phase
the wind speed and wave height data for the duration of theFig. 4 plots the signal spectrum averaged over received
experiment, which is helpful for understanding perforn@ndalata files from Julian Date 292. At receivers S1 and S3, we
differences. We will consider three receivers used in thetice that the compensated signal is approximately white,
experiment, as shown in Fig. 2, where receiver S1 was at 60varying by at most 10 dB across the spectrum. In sharp
from the transmitter, receiver S3 was at 200 m, and receler &ntrast the uncompensated signal varies by easily 20 dB.
was at 1,000 m. Each receiver has multiple phones, which cBine difference matches our estimate of the non-ideal TVR

B. Whitening in the Frequency Domain

IV. EXPERIMENTAL RESULTS
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Fig. 4. Experimentally measured signal spectrum at threeivers, Julian Date 292. One can notice the non-ideal TV&Rénuncompensated signal. Also
the higher frequencies are attenuated more for a long distan

in Fig. 3. The uncompensated signal has always higher sigaithough the received signal power decreases from S1 to S3,
power, especially at the lower end of the signal bandwidtthe effective SNR does not. This again points to the fact that
For the receiver S5 at a long distance, the spectrum tbe effective SNR at short range is not limited by noise, but

the compensated and uncompensated signals have mordyolCl.

less similar overall shapes. Hence, the frequency depénden

attenuation has a visible effect at S5. C. BLER Performance
_ . . As a further comparison, we look at receiver performance
B. Estimates of Noise Spectrum and Effective SNR in terms of block-error-rate (BLER). Each OFDM packet has

We estimate the ICI-plus-noise spectrum using the proposéd= 1024 subcarriers, consisting ¢&x| = 96 null subcarri-
linear regression and ML approaches on Julian dates 292 &g and|Sp| = 256 pilot subcarriers, leavingSa| — |Sp| =
293. Comparing the simple linear regression with the Mmp72 for data transm|s§|0n.We Con3|Qer 16-QAM constellation,
estimates, we find that the linear regression shows a -3 88d the ratel /2 non-binary low density parity check (LDPC)
bias in the paramete¥, as predicted. However, the estimate§de as in [15]. The symbol duration & = 104.86 ms,
of the slope parameter closely match the ML estimates, aghe guard time isT;, = 24.6 ms, leading to a bandwidth of
shown in Fig. 5. We observe that the compensated signalsbtat= &/ = 9.77 kHz. This leads to the following spectral
the two closer receivers S1 and S3 have an average slop&f§fiency and data rate:

k = 0, while the the uncompensated signals have a significant T 672 1 .

slope leading to a total difference between the bandwidth ¢ = T+1T, 1024 2 log,(16) = 1.06 bits/s/Hz  (22)
edges of Kk =~ 12_dB. A!though the amplent noise sh_ould R—aB = 10.4 kbls 23)
be the same for either signal, the ICI will follow the signal
spectrum — in case of the uncompensated signals leadinglte types of channel estimators are used: least-squarés (LS
a significantly colored noise plus ICI spectrum. This poin{®] and basis-pursuit (BP) [11].

toward the fact that at a close distance from the transmitter It is important to note that the min-sum channel decoder
the ICI is dominating the ambient noise. At receiver S5, botlsed for non-binary LDPC codes [15] does not require a noise
signal spectrums are increasingly affected by the frequengariance estimate. Although the linear regression metinod i
dependent attenuation, leading to a colored ICI spectrtith. S (19) does not give a reliable estimate 6, it leads to the

the slope of the uncompensated signals is always about 6 stBne BLER performance as the ML method in (20), as both
more pronounced than that of the compensated signals. can estimate the slopewell and prewhiten the signals in the

We plot the average received power in Fig. 6, where tteame fashion; different scalings on the signals do not &affec
x-axis is time, as we average across one receive file athe decoding performance.
time, for Julian Dates 292 and 293 to show temporal variationThe BLER results are plotted in Figs. 8 and 9. We notice
(twenty-four files total), c.f. also Fig. 1. Similar to ourgwious that at receivers S1 and S3 — for the compensated signal — the
observations of the signal spectrum, the compensatedIsigrgerformance assuming white noise is basically identicéthab
have always about 6 dB less average signal power than tiging the ML noise estimates. This is in sharp contrast to the
uncompensated signals. uncompensated signal, which suffers significant perfogaan

Based on the noise estimates, we plot the estimated effectilegradation when not accounting for the colored noise.

SNR in Fig. 7, which is the energy ratio of the pilot subcagie As we had seen in Fig. 7, although the uncompensated
to the null subcarriers. An interesting observation is thatgnal has higher signal power, the effective SNR for the
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compensated and uncompensated signal was virtually the sam
at S1 and S3. When the colored noise spectrum is accounted
for, both signals have approximately the same performance.
At the farthest receiver S5, both signals show improved per-
formance when using the colored noise model. This matches
the observation that also the compensated signal has signif

BLER

BLER
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signals. The performance for the uncompensated signals
is much worse than that of the compensated ones if
noise whitening is not applied, but catches up when noise
whitening is applied.

At a long distance (1,000 m), both the compensated
and the uncompensated signals have significantly colored

icant noise variation at S5 (c.f. Fig. 5(c)). Furthermote t

uncompensated signals outperform the compensated signals

significantly after addressing the colored noise correchlye
to higher transmit power.

V. CONCLUSION

We proposed a simple method to prewhiten the residual

inter-carrier-interference (ICI) plus the ambient noise &

block-by-block OFDM receiver, where the noise spectrum

is estimated based on observations on the null subcarriers,

We tested the performance using two signal sets from tHbfuture work, we would like to investigate the noise whiten

noise. After noise whitening, the uncompensated signals
perform even better than the compensated ones due to a
higher transmit power level.

In general the ICI-plus-noise spectrum follows largely
the signal spectrum, indicating that ICI is the dominant
source of noise compared to ambient noise. This is
also reflected in the measured received power versus the
effective SNR: while the received power continuously
decreases with distance, the effective SNR changes only
slightly.

SPACEO8 experiment, with or without precompensation dA9 €ffect on OFDM receivers that explicitly deal with ICI,

the nonideal transmit voltage response. We find the follgwin
« At a short transmission distance (60 m, 200 m), the

e.g., [11]-[13].
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