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ABSTRACT

Signal scaling due to Doppler in underwater acoustic com-
munications results in inter-carrier interference (ICI) and
severely degraded detection performance in OFDM based
systems in the absence of interference mitigation. Using a
recently proposed partial FFT demodulation technique [5],
where several FFT demodulators operate over parallel non-
overlapping segments, two efficient algorithms which reduce
ICI and error probability significantly are proposed. Numer-
ical simulations demonstrate an improvement of several dB
over conventional OFDM detection techniques at the cost of
a small increase in complexity.

Categories and Subject Descriptors

H.4 [Information Systems Applications]: Communica-
tion Applications; C.3 [Special-purpose and Applica-
tion Based Systems]|: Signal Processing Systems

General Terms

Algorithms, Receiver Design, Underwater Communications

Keywords

OFDM, Doppler, Low complexity receivers, Partial FFT

1. INTRODUCTION

Orthogonal Frequency Division Multiplexing (OFDM) is
the primary signaling scheme for several wireless radio com-
munication systems and is being considered as the modu-
lation of choice for underwater acoustic (UWA) communi-
cations (see [3] and the references therein). The latter are
of special interest as they exemplify severely Doppler dis-
torted channels. Interest in OFDM stems from the fact that
it decomposes a static frequency selective channel into sev-
eral flat channels, enabling low complexity equalization and
symbol-by-symbol detection. However, OFDM is very sen-
sitive to Doppler distortion (Doppler scaling in particular)
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which destroys subcarrier orthogonality and introduces se-
vere inter-carrier interference (ICI).

Recent work has focused on two major approaches for
demonstrating the viability of OFDM in UWA channels.
The first is a pilot based, block oriented detection scheme
[1] and assumes that the Doppler scaling can be estimated
to a high degree of accuracy and compensated. The second
approach considers the scenario where the Doppler scaling
parameter is of the order of 1075 and models the distortion
as a progressively increasing phase shift across subcarriers
in the frequency domain. Decision directed, adaptive block
processing based algorithms to estimate and compensate for
the modeled residual phase shift were proposed in [2](and
the references therein). Another recently proposed tech-
nique does not take into account the signal structure due to
Doppler scaling [4] and proposes both minimum mean square
error and adaptive decision-feedback equalizers to compen-
sate for the Doppler distortion. In this paper, we investigate
data detection schemes using the pilot based approach.

We consider UWA communication links with Doppler scal-
ing of the order of 10~*. This may either be the result of
residual error in estimating the resampling parameter [1] or
slowly drifting transceivers in a stationary environment. In
such scenarios, the effect of Doppler scaling cannot be mod-
eled as a phase shift without a severe loss in detection per-
formance. In our recent work on partial FFT demodulation
[5], an algorithm which operates on partial OFDM inter-
vals and combines the outputs was proposed and shown to
achieve significant improvement in detection performance.
The key challenge for the proposed technique was to appro-
priately design the combiner weights to reduce ICI.

In this paper, we propose two algorithms to compute the
combiner weights for the partial FFT technique: recursive
weight estimation across subcarriers and model based weight
estimation. While the recursive estimator does not presume
any knowledge of the channel variation and is in general ap-
plicable in a variety of scenarios, the model based weight
estimator relies on a model of the distortion process. Nu-
merical results show that partial FFT demodulation followed
by weighted combining is effective in compensating Doppler
shifts one order of magnitude larger than that by model-
ing it as a phase distortion. This approach allows us to
achieve low symbol error rates in underwater environments
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demonstrates the performance improvement that can be ob-
tained for underwater acoustic channels. Section 5 concludes
this paper.

2. SIGNAL MODEL

The transmitted OFDM signal in passband can be com-
pactly written as

s(t) =Re
=1

K
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where dji are the data symbols modulated onto the K sub-
carriers, fx = fo + (k — 1)Af is the frequency of the k™
subcarrier, fo is the frequency of the first subcarrier, T, and
T are the cyclic prefix and the OFDM symbol duration re-
spectively and Af = 1/T. The cyclic extension is assumed
to be long enough to capture the effects of channel multi-
path and Doppler spreading. Assuming constant channel
gains hp, p = 1,2,--- , P and linearly varying path delays
Tp(t) = Tp — at over one OFDM symbol duration, the com-
plex valued received signal can be expressed as

K
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where Hy, = 25:1 hpe~92"fke is the channel frequency re-
sponse on the k'™ carrier and n(t) is additive white Gaussian
noise (AWGN). The Doppler distortion due to time scaling
is modeled with the parameter a = v/c, where v is the rel-
ative velocity between the transceivers and ¢ = 1500m/sec
is the speed of sound in water. Typical values of a are of
the order of 1072 for objects moving at a few meters per
second (e.g., at v = 1.5m/sec = a = 1073). The signal is
first resampled at the receiver to compensate for the time
scaling due to Doppler. However, inaccuracies in Doppler
estimation result in residual time scaling. In this paper, the
Doppler distortion parameter a is the residual signal scaling
factor after resampling at the receiver and is typically on
the order of 107%.

2.1 Partial FFT demodulation

The idea of partial FFT demodulation is illustrated in [5]
(see this paper for a detailed discussion on this technique
and some notation used below). At the receiver, the cyclic
prefix is first discarded and the m‘" partial FFT output at
the k" subcarrier is computed as

mT/M
yk(m) = /
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where, Ii(m) = (Zi/l])v;/M e I2mATE models the effect of

partial integration. Let us define y, = [yx(1), -, yx(M)]"
as the vector of partial FFT outputs and px, = [px(1), - -
as the vector of weighting coefficients for the k** subcarrier.
After combining the M partial FFT outputs, data on the
k" subcarrier is

7pk(M)]T

When the distortion due to the Doppler scaling is perfectly
compensated at the receiver using resampling, i.e. a = 0,
the output received on the k" subcarrier can be modeled
as rr = Hpdr + wi as in a conventional OFDM system L
However, in the presence of residual Doppler, standard FFT
processing at the receiver introduces considerable ICI. Par-
tial FFT demodulation in this scenario allows for a consid-
erable reduction in ICI by a judicious choice of the combiner
weights pr(m) and allows the output of the k" carrier to be
approximated as xp ~ Hidy + ng.

In practice, the partial FFT is implemented using zero-
padded inputs to conventional FFTs. Each FFT block is
of size K, the same used at the transmitter, but operates
on a windowed version of the signal samples. For example,
the second FFT for an M = 4 system operates on the re-
ceived signal vector for samples corresponding to the interval
[T'/4,T/2]; all others set to zero.

3. ALGORITHMSFORDATA DETECTION

In this section, two new algorithms for computing the
combiner weights are presented. The first algorithm is based
on recursive weight estimation across subcarriers and does
not presume any knowledge of the channel distortion. The
second is a model based weight estimator which imposes a
structure on the weights to compensate for the Doppler dis-
tortion and hence needs to be tailored to suit the distortion
process. Both the algorithms are based on the assumption
that the output after partial FF'T combining can be modeled
as

g & Hydg + wy, (5)

where H}, is the channel frequency response and wy contains
the noise and residual ICI.

3.1 Recursive Weight Estimator

The recursive weight estimator is based on the assumption
that the combiner weights px and the channel frequency re-
sponse Hj are slowly varying with the subcarrier index k
and typically true for OFDM systems having larger number
of carriers for a fixed bandwidth. The algorithm operates
in several steps. In the first step, the partial FFT outputs
are combined to yield the signal z, = pyx. Next, using a
estimate of the frequency response on the previous subcar-
rier, I:[k,l, the signal is equalized to form an estimate of the
data symbol

Tk

dAk = —= ; d~k = deC(dAk). (6)

k-1

The channel frequency response for the current carrier is
then computed as

A~ A~ Tk
Hi = nHy—1 + ==, (7)
dx
Assuming correct symbol decisions, or using pilots when

available, the error at the combiner output can be evaluated
as

€L :I’Afk(ik — Tk. (8)

This error is then used to drive an adaptive algorithm for the
combiner weights, for example the Recursive Least Squares
(RLS) algorithm:

Pr+1 = Pr + RLS [yk, ex, A, 4] . (9)

'For a conventional FFT, a = 0 and px(m) = 1, Vk,m




Pilot insertion beyond those necessary for initial convergence
is required for channels that exhibit spectral nulls. On such
channels, a subcarrier near a deep fade will experience sym-
bol errors, which will propagate across subcarriers unless
corrected [5]. To overcome the loss of detection performance
due to error propagation, pilot symbols are inserted peri-
odically throughout the OFDM symbol. Now, using the
knowledge of the inserted periodic pilot symbols and the
distortion compensated demodulator outputs xj the chan-
nel is re-estimated as in a conventional OFDM system. This
channel frequency response (as opposed to the one in (7)) is
used to equalize and detect the data symbols from the com-
puted demodulator outputs zx. It has been observed that
re-estimating the channel using already available pilots elim-
inates error propagation while recursively combining across
subcarriers. The algorithm is summarized in Table 1.

3.2 Mode Based Weight Estimator

The combiner weights are first parametrically modeled,
the partial FFT outputs combined and the relevant param-
eters are then estimated when using the model based esti-
mator. Let us define [k1, k2, - , kp] to be the set of subcar-
riers carrying pilot symbols. The combiner weights are de-
signed to compensate the phase distortion due to the resid-
ual Doppler scaling for each partial FFT demodulator. Let
us define the diagonal matrix

. ~2m—1 - ~2m—1
. 727 fr, a T 727 fr G T
Ds(m) = diag [e Y o ,

as containing the phase due to the Doppler distortion on
the pilot subcarriers in the m‘® partial FFT interval. For
a candidate value of the distortion parameter a, the partial
FFT outputs for the pilot subcarriers are first combined:

xt = 3 D (m)y”(m), (10)

where the vector y?(m) = [ygl (M), Y5, (m)] Now as-

suming that the x% is free of Doppler distortion, it can be
expressed as

x! = S’Fh + w?, F,,; =2 km!/K (11)

where, SP = diag [dk,,dk,,  * ,dkp]. The channel impulse
response for the candidate value of the Doppler scaling can
be obtained as

h; = F(S7)"'x2. (12)

The Doppler scaling can then be estimated using determin-
istic maximum likelihood method and is given as

P P
x:—S

G = argmin (13)
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a
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@
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This minimization problem can be solved in a computation-
ally efficient manner as it involves the projection of a vec-
tor over a pre-determined subspace. Using the estimated
Doppler distortion parameter, the channel impulse response
can be estimated as

h=Fi(S")"'x. (15)

The data symbol detection is then carried out as in a con-
ventional OFDM system which estimates the time-domain

channel impulse response.

L1
dy = dec(xk/flk), Hy, = Z hye I2mRUE, (16)
=0

Algorithm 1 Recursive Weight Estimation

1: INITIALIZATION:

2: Weights: po = [1,1,- -, 1]3x1

3: covariance matrix: § << 1, Go = 6 s
4: Control parameters: A = 0.99, n = 0.2

5: Channel estimates: ]EIO =1

6: for k=1to K do

7:  COMPUTE SIGNALS:

8: Y = [yl (k)7 co 7y1‘/f(k)]T

9. zk=PL Yk

10: dk:]:k/Hk,1

11: DATA DETECTION/PILOTS:

12: if kE{kl,kz,”' ,kp} then

13: J}c = dk

14:  else .

15: di = dec(dy), dec(-) maps the point to the nearest
constellation symbol.

16:  end if

17: UPDATE THE CHANNEI:;:
18: Hy :77ka1 +(1—7])1’k/dk
19: UPDATE THE COMBINER (RLS ALGORITHM):
20:  ex = ﬁkiék — Tk
. — N
2l: gk = syAa Ty, kakYk

22:  Pry1 =Pk + €x8k
23 Gry1 = +(Gy — gryr Gr).

24: end for
25: RE-COMPUTE FREQUENCY RESPONSE:
26: XP = [Thy, Thgy* 7mkp]

27: Sp_dlag[dkl,dkz,”' ,dkp]

28: h=FH(SP)"'xP, F,,; =2 kml/K
29:  Hy =}, e 92K

30: DATA DETECTION:

31: dk = dec(:ck/Hk)

4. RESULTSAND DISCUSSION

In this section, we present simulation results to demon-
strate the symbol error rate (SER) improvement by using
partial FFT demodulation in UWA OFDM systems. We
consider an uncoded shallow water communication link op-
erating in the 24 kHz - 36.5 kHz acoustic frequency band
with a single transmit and receive element. The ratio of the
relative velocity between the communicating elements v to
the speed of sound ¢ = 1500m/sec can reach values in excess
of 1073 in an underwater system and hence the received sig-
nal is normally resampled using a coarse estimate of the ratio
v/c. The residual Doppler scaling either due to resampling
errors or due to drifting transducers is assumed to be of the
order of 10™*. The OFDM system considered has K = 1024
subcarriers operating in a bandwidth of B = 12.5kHz. The
subcarrier spacing is thus A f = 12.2Hz and the symbol du-
ration 7" is around 82ms. The maximum delay spread is
5 ms and the guard interval is set at T, = T'/8 to ensure
no inter-symbol interference at the receiver. The first few
data symbols are designated as pilots to train the RLS algo-
rithm. Every fourth symbol is also designated as a pilot for
the recursive estimator while the model based estimator has
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Figure 1: Performance of data detection using re-
cursive weight estimation for K = 1024 subcarriers.

one in eight subcarriers as pilots. The channel is a multi-
path Rayleigh fading channel with 6 taps and random delays
and a different channel realization is used for each OFDM
symbol. Though this channel model is not an accurate rep-
resentation of an underwater acoustic channel, it serves to
demonstrate the significant performance improvements that
can be obtained by the proposed algorithms.

Fig. 1 shows the SER obtained using several values of
partial FFT intervals M as a function of the Signal to Noise
Ratio (SNR) when using the recursive weight estimation al-
gorithm. We observe that at moderate SNRs the SER shows
a significant improvement as M increases. This is due to
the fact that the demodulator outputs are properly weighed
before combining, thus compensating for the ICI and en-
abling improved channel estimation and data detection sub-
sequently. As the number of partial FFT outputs M further
increases, the number of combiner weights to be recursively
estimated also increases and results in a performance trade-
off due to increasing estimation noise. As partial FFT de-
modulation does not completely eliminate the ICI, an error
floor is also observed at high SNRs due to the residual ICI.

Fig. 2 shows the SER for several values of M as a func-
tion of SNR when the model based estimator is used to de-
termine the combiner weights at the receiver. It is observed
that the SER improves monotonically for increasing M and
for low to moderate SNR’s quickly approaches the SER for
a Rayleigh fading channel with no distortion. This can be
attributed to the fact that the model based estimator ac-
curately models the distortion process. For larger values of
M, the performance improvement saturates and results in
a tradeoff between increasing computational cost and SER
improvement. The computation of the partial FFT requires
O(M KlogK) computations and is the first step for both the
algorithms. The complexity of the remaining computations
increases linearly with K and quadratically in M. Thus,
the proposed methods perform ICI at a cost which linearly
increases with the number of OFDM subcarriers. Also, the
recursive weight estimator does not rely on any knowledge of
the distortion process and is robust, while the model based
estimator relies on a fairly accurate model of the Doppler
distortion and hence performs better than the recursive es-
timator for the scenarios considered in this paper. The con-
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Figure 2: Performance of data detection using model
based weight estimation for K = 1024 subcarriers.

sidered estimators operate under different assumptions and
are both relevant to UWA communications.

5. CONCLUSIONS

To improve coherent detection in UWA systems with motion-
induced Doppler distortion, we proposed a method in which
several FFT demodulators operate over small portions of an
OFDM block, which are then combined. Two algorithms to
compute the combiner weights are proposed: the first does
not operate with any knowledge of the distortion process and
is robust while the second assumes an accurately modeled
distortion and results in lower symbol error probabilities.
Numerical simulations show the significant performance im-
provements obtained using the proposed techniques.
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