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Abstract—Doppler effect causes loss of orthogonality in Or-
thogonal Frequency Division Multiplexing (OFDM), which in
turn may severely degrade receiver performance. In high data
rate underwater acoustic communication (UAC), the effect of
Doppler shift varies considerably over OFDM frequency band.
In the past and current UAC OFDM literature [1]- [6], the
frequency domain Doppler shift is presented in terms of path
dependent Doppler scale in time domain. This paper proposes
and presents two algorithms to estimate Doppler scale induced
by time variability of the channel. The performance of these
estimation methods is evaluated under varying sampling period,
varying number of channel taps, and varying channels.

I. PROBLEM WITH VARYING DOPPLER SHIFT IN UAC
OFDM SYSTEMS

In underwater acoustic communication (UAC) channel,
Doppler causes significant degradation in transmission. Ac-
cording to the literature [7], [8], the two Doppler effects,
shift and spread, are caused by two different sources. The
Doppler shift is a function of the relative velocity of the
transducers/hydrophones and other objects, variable acoustic
velocity, and signal frequencies. The Doppler spread on the
other hand, is primarily caused by the wind speed on the
surface waves and by the internal currents. The total Doppler
effect is a combination of Doppler shift and Doppler spread,
where the average Doppler shift is much larger compared to
overall Doppler spread [8].

In OFDM systems Doppler causes loss of orthogonality.
This in turn may severely degrade receiver performance. In
underwater OFDM, the bandpass frequency is comparable
(for example, in Hz or kHz) to the baseband subcarrier
frequencies (for example, in Hz or kHz). In such cases, the
individual subcarrier frequency variation from the bandpass
frequency is significant. Therefore, the effect of Doppler shift
on OFDM signal will vary over subcarriers. The shift on the
kth subcarrier due to the mth scatterer in baseband OFDM
can be expressed as,

Fopm = =2 frcos0,n ey
w

where fj is the kth subcarrier frequency, 6, is the scattering
angle of the mth scatterer, c,, is the sound speed in water,
and v, is the mobile velocity in water. Compared to the
narrowband terrestrial RF, Doppler shift effect in UAC is
more severe over OFDM subcarriers. This is primarily due
to, A) Very low acoustic velocity compared to RF velocity,
cq 1.€. ¢y << ¢4) giving rise to high Doppler shift effect,
B) The comparable Doppler amount to the low values of
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Fig. 1: Varying Effect of Doppler Shift over OFDM Subcar-
riers

subcarrier frequencies effect each subcarrier, and C) The vari-
able Doppler shift effect over subcarriers due to low bandpass
frequencies. Fig. 1 illustrates the varying effect of Doppler
shift over OFDM subcarriers. In this paper, two methods of
time domain estimation of Doppler scale are proposed. The
performance of these estimation methods is evaluated under
varying sampling period, varying number of channel taps, and
varying channels. The contribution of this paper are listed
below.

o Two Doppler scale estimation methods are proposed to
estimate the Doppler scale in time domain that causes
Doppler shift over OFDM subcarriers in frequency do-
main. In both methods, at the transmitter, a known
reference OFDM symbol is transmitted prior to transmit-
ing data OFDM symbols. At the receiver, the received
reference symbol, which is convolved with the channel,
is cross-correlated at different delays, with the local
known symbol, provided by the receiver that has not been
convolved with the channel. The correlation operation
determines the channel tap positions. In the first method,
channel tap positions in the absence of Doppler are
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Fig. 2: Signal Structure, Doppler Scale Estimation Methods

assumed known. The tap positions in the presence and
in the absence of Doppler are compared to estimate the
Doppler scale. In the second method, the channel tap
positions in the absence of Doppler are unknown and
a data OFDM symbol is auto-correlated at the receiver.
The tap positions within the cross correlated reference
and auto correlated data OFDM symbols are compared
to determine the Doppler scale. Fig. 2 (a) illustrates the
first method and Fig. 2 (b) illustrates the second method.

o Analysis of the two methods are derived. Simulation
results are provided.

The rest of the paper is organized as follows. In Section II, a
brief literature study is presented on Doppler effect in under-
water acoustic OFDM. In Section III, the proposed algorithms
to estimate Doppler scale are presented. In Section IV, the
analysis of Doppler effect is presented. In Section V, the
simulation results are provided for both the algorithms. In
Section VI, the concluding remarks are presented.

II. RELATED WORK ON DOPPLER SHIFT IN UAC OFDM

In [9], an iterative receiver is proposed to estimate Doppler
and channel parameters and decode in an iterative manner
where previous iteration values are used to compute future
estimations. In [10], Doppler is treated as carrier frequency
offset (CFO) and the CFO is estimated in an iterative manner.
In this paper, the proposed Doppler scale estimation methods
do not treat Doppler as CFO. Doppler scale results from time
variability of the UAC channel and therefore, is not fixed over
time. In the proposed methods, no previous estimated values
are used in future estimations.

In [11], an adaptive frequency domain equalizer is utilized
in coded OFDM. In [12], oversampling is done in frequency
domain to mitigate Doppler effect. In this paper, the proposed
estimation methods conduct the estimation, resampling, and

compensation in time domain.

In [13], two ICI mitigation techniques are proposed. In the
first method, ICI is explicitly estimated and in the second,
instead of determining ICI values detection is done by adaptive
decision feedback equalization. In [14], a factor graph based
equalization method is utilized to mitigate both ICI and inter
block interference (IBI). In this paper, the proposed Doppler
scale estimation and compensation are conducted in time
domain. No ICI values or its components are determined.

In [15], adaptive detection method is proposed in MIMO
OFDM signals to compensate non-uniform Doppler. In [16],
a multiband OFDM is utilized to tackle Doppler. In this paper,
the Doppler scale estimation methods are proposed for single
band OFDM systems.

In [2]- [5] a Doppler rate factor is determined to estimate
Doppler and is compensated in the time domain. Similar
to these publications, the two proposed Doppler estimation
methods in this paper estimate Doppler scale in time domain.
However, in the prior publications, two extra identical OFDM
symbols are transmitted prior to transmitting the data OFDM
symbols. At the receiver, these two transmitted symbols are
correlated to determine the Doppler scale. In other cases, a
preamble and a postamble are transmitted with the OFDM
block. By comparing the length of the received OFDM block
with the expected length, the Doppler scale is determined. In
this paper, in the proposed Doppler scale estimation methods,
one reference OFDM symbol is transmitted prior to data
OFDM block. This reference OFDM is used with a local
known symbol at the receiver to estimate Doppler scale in
the first method. In the second proposed method, one data
OFDM symbol is used in addition to estimate Doppler scale.

In [17], [18], the bounds of optimal resampling factor is
determined when the Doppler scale varies over taps. In this
paper two Doppler scale estimation methods are proposed to
estimate Doppler scale, when the scale is non-varying over
taps and when it is varying. No optimal resampling factor is
derived.

III. PROPOSED ESTIMATION TECHNIQUES

The proposed Doppler scale estimation algorithms operate
in time domain. Fig. 2 illustrates the signal structure for both
algorithms. In both methods a known OFDM reference symbol
is transmitted prior to transmitting the data symbols. This
reference is cross correlated with the local known symbol at
the receiver.

In the second proposed method, in addition to the reference
cross-correlation, a data OFDM symbol is autocorrelated. In
Fig. 3, the reference OFDM symbol is shown preceding the
data OFDM block at the end of the IFFT operation. Fig. 4
(a) illustrates the receiver architecture for the first algorithms
and Fig. 4 (b) for the second. The rest of this section presents
the two methods.

A. First Estimation Algorithm

The estimation algorithm is presented below.
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Fig. 4: Receiver Block Diagram

o Cross correlate received reference symbol with the local
known OFDM symbol.

o Determine the peak location/s.

e Compare each peak location with the corresponding
known peak location. The difference determines the
Doppler scale.

In the scenario, where the Doppler scale is assumed to be
same on all taps, the scale is averaged over multiple peak
differences. When the scale varies over taps, each peak will
correspond to each path dependent Doppler scale.

B. Second Estimation Algorithm

In the second estimation method, in addition to the refer-
ence symbol, an OFDM data symbol is auto correlated. The
algorithm is described below:

o Cross correlate received reference symbol with the local
known OFDM symbol.

o Determine the peak location/s.

o Auto correlate the successive data OFDM symbol. De-
terming the peak location/s.

o Compare the peak location within the reference with the
corresponding peak location within the data OFDM. The
difference in peak location pairs determines the Doppler
scale.

IV. ANALYSIS OF TIME VARYING CHANNEL IN UAC
OFDM SYSTEMS

A frequency selective and time varying channel can be
expressed as [19],

S

=0

h(t, TrEF) (t,TrREF)I(TREF — T1(1)), )

where «y(t,7) and 7;(¢) represent time varying attenuation
coefficient and time varying tap delay of the Ith delay bin
respectively. Both parameters are function of time and depend
on the scatterers arriving within the [th bin. The variable L
represents the total number of multipaths or delay bins and
0 represents the Dirac Delta function. In discrete domain (2)
can be expressed as,

T

1

h(n,nTs) = a(n,nTs)é(nTs — 7(n))
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where variable T denotes the sampling period, n7 represents
the time corresponding to the nth sample. The channel impulse
h(n) is a complex quantity. It can be assumed that the real and
imaginary components of h(n) are independent and identically
distributed (i.i.d.) and follow Gaussian distribution. Under
such condition, the modulus of h(n) or |h(n)| will follow
Rayleigh distribution [19]. Each scatterer causes a Doppler
shift while M scatterers arriving at the same instance within
the delay bin will cause Doppler spread.

The Doppler shift in frequency domain is caused by both
time varying attenuation and time varying delay of each tap
as seen in (3). In accordance to the literature in UAC, the
time varying delay in time domain is considered to be the
primary cause of Doppler shift in frequency domain. The time
variability of each delay bin can be quantified with a scale
factor known as Doppler scale.

In the rest of this section, first the general analysis is pre-
sented. Then individual analysis for each estimation method is



presented. The following assumptions are made for simplicity
of analysis,

o Each individual channel scatter within a channel tap,
ideally, is associated with an attenuation, a delay, and
a Doppler scale. It is reasonably assumed that all scatters
within a channel tap have same delay, and Doppler scale,
but different attenuation.

o It is reasonably assumed that channel tap attenuation,
time invariant part of the delay, and Doppler scale pa-
rameter remain same over a block of OFDM symbols.

o The Doppler scale is first assumed to be same over all
channel taps. This assumption is later removed.

o The tap attenuation is invariant over time, i.e. o;(n) ~ .

The time varying delay, 7;(n) can be expressed as

n(n) =
n(n) =
where a denotes the Doppler scale. In a frequency selective

and fast fading channel, the kth channel frequency sample
using (3) and (4) , can be expressed as,

T —an
T, — alTs, 4)

L—1
Hy(n) = > hy(n)e 2"/
=0
L—-1
— Z hle—ﬂ‘ﬁfk‘rz eJ2m fran 5)
=0

The OFDM signal structure is represented as follows.
After performing inverse fast Fourier transform (IFFT) on
the frequency domain OFDM symbol, the nth discrete time
sample of the transmitted OFDM symbol can be expressed as,

N-1

o nk

X =) Xpe?™®
k=0

where N is the total number of FFT points. Replacing nk/N
in (6),

0<n<N-1, (6)

N-1

X 27 Ik (nT2)

X, = 0<n<N-1,

k=0

N-1
- E eﬂz'ﬂ'fk

where the real and imaginary components of the complex
sample X, are assumed to be i.i.d. Gaussian distributed [20].
If the channel is frequency selective, an additional cyclic prefix
(CP) of length G will be added to each OFDM symbol such
that, G > M. The sample of the transmitted OFDM symbol
with CP can be expressed as (similar to [21]),

XIZ{XTL

XN +n
After the removal of the cyclic prefix, the above equation
deduces to (7).
The received OFDM signal is expressed as follows. In a
frequency selective and a fast fading channel, the received

0<n<N-1, (7

0<n<N-1
-G <n<-1

OFDM symbol can be expressed as a discrete convolution
between the transmitted symbol and the channel (similar to
[21], [22]). Then the nth time sample Y, of the recieved
symbol is,

0<n<N-1,

L—1
Z hl(n)Xn_l
— ho(n) X + 51 () X1 + ha(n) Xn_s.. (8)

where the n in hj(n) denotes the time variation of the Ith
tap or bin. After performing fast Fourier transform (FFT) on
the time domain received symbol, the fre%lency domalgk kth
sample can be expressed as, Yy =

Y, e i?"F =
L SN Y, e kn Using (8),
N-1 L-
Y= 2) [Z hi(n) X, — z}efﬂﬂf’“n- ®)

hi(n) =

When the Doppler scale varies over channel taps, i.e. each
channel tap is associated with a different Doppler scale,
eqn. (10) becomes

hi(n) = Y

where a; denotes the Doppler scale specific to [th tap delay.
The received reference symbol, after convolving with the time
varying channel, using (8) and (10) can be expressed as,

N n=0

a;6(nTs — (1 — an)). (10)

a0(nTs — (1, — ain)),

Y[n] = hOXn—n,n + thn—l—an + hQXn—Q—an + ceey (12)

where X,,_,, are known values at the receiver and the time
variation of tap delays correspond to the convolution of chan-
nel taps with samples at time variant sample locations. When
Doppler scale varies per channel taps, eqn. (12) becomes,

Yn] = hoXn—agn +hiXn1—an+heXn 2 ayn+.... (13)

In the First Estimation Method, as presented in section III,
applying the Doppler scale estimation algorithm, the correla-
tion operation at different lags between the received reference
and the local known clean OFDM symbol, can be expressed
as (using eqn. (12)),

RRplan] = E[Y[n]* X[n — an]]
= hO|Xn(17a)|2 + 0,
= PRpo+0...
RRplan—1] = E[Y[n]*X[n—an —1]
= h1|Xn(1—a)—1|2 +0
= PRp; +0... (14)
Using eqn. (14), each tap value can be determined by,
PRp;
h| = ———3, 15)
Il | Xn(1—a)—11?

Using eqn. (14), each tap location within the reference OFDM
symbol in the presence of Doppler can be determined by,

[PRrp,] = argmax RRpn| (16)



[nR,,] = argmax RRp[n|,n # PRLp;, (17)

[nRps] = argmax RRp[n),n # PRLp1,n # PRLpa,

(18)
where each peak location, in terms of sample index,
PRLp, = [nRDl]’ PRLpy = [nRD2L PRLps = [nRDS]
gives the time variant sample location after Doppler displace-
ment of each tap. This location is compared with the known
tap location in the absence of Doppler to estimate Doppler
scale. Let the peak locations in the absense of Doppler be
denoted as, PLnyp1, PLyp2, PLNps etc. Then the Doppler
scale a,. can be determined using eqn. (18) as follows,

PLyp1 — PRLp:

A, = )

NND1
4 = nNp1 —NND1 + ClrnNDl7
nND1
where nyp; denotes the sample location of the peak in the
absence of Doppler. Averaging over all taps, using eqn. (19),

the estimated Doppler scale becomes,

19)

L—-1

0 1 ar, NN D;
== E Zri PN Dy
L ~ nnp;
1=0

(20)

When Doppler scale is variable over taps, by considering mul-
tiple peaks for multiple taps and their corresponding sample
locations, the tap/path dependent Doppler scales, a,; can be
estimated.

If the actual Doppler scale is denoted by a, then the difference
between actual and estimated scale can be determined by,

L—-1

a la ZnNm

- F Wr

L “~ nnpi
1=0

:a_drﬁ

a—da, =

1)

Therefore, the estimated scale will be equal to the actual a
if  in the second term in (21) is equal to 1. From (21), the
following can be stated,

« the estimation accuracy is a function of number of taps.
More number of taps can also imply the accuracy will be
more prone to noise from each tap.

« Since the location of correlated peaks is used in estima-
tion, the higher the values of taps, the more accurate will
be the estimation.

o the estimation accuracy depends on the known code
sequence used. In other words the reference symbol must
possess strong autocorrelation property such that (14)
yields a 0 at cross correlated positions. To express
this (14) can be modified to have,

RRplan] = E[Y[n]* X[n — an]]
= Ppg +e€...
RRplan—1] = E[Y[n]*X[n—an—1]
= Pp1 +e..., (22)

then ¢ = 0. The noise present in the received reference
symbol will contribute to noise in the cross correlated
peaks.

In the Second Proposed Estimation Method, a data OFDM is
auto correlated in addition to the operations on the reference
OFDM in the first method. The auto correlated peaks within
the data OFDM, PDp;s can be expressed as,
RDp[0] = E[Y[n]*Y]n]|
= hg‘X’n(l—a) ‘2 + h%|Xn(1—a)—1‘2
+hg|)(n(1—a)—2‘2"'7

RDp[0] = PDpo+ PDp1 + PDpy + ... (23)

Using eqn. (23), each tap location within the data OFDM
symbol in the presence of Doppler can be determined by,

[np,,] = argmax RDpln) (24)
[npy,] = argmax RDpln|,n # PDLpy, (25)

[npps] = argmax RDp[n],n # PDLpi,n # PDLps,
(26)
where each peak location, PDLpy, = [npp,], PDLps =
["pp,)s, PDLps = [npp,] gives the time variant sample

location after Doppler displacement of each tap within the data
OFDM. This location is compared with the tap locations in
the cross correlated reference OFDM found in equations, (18).
Then the Doppler scale agp can be determined using eqn. (18)
and (26) as follows,

PRLpyg— PDLpy = nNRp, —MDpo

=TorpM + arpnNDO

NRpo — NDpo — LOFDM

ard =
NN DO
. NRpo — NDpo) — IV
a/'rd — ( DO DO) (27)
NN DO

Averaging over all taps, using eqn. (27), the estimated Doppler
scale becomes,

L—1
1 Z (nRDi - nDDi) -N

a;d = = (28)
NNDs

L 4
=0

The noise present in the received reference and data symbols
will contribute to noise in the cross correlated peaks and auto
correlated peaks respectively. When Doppler scale is variable
over taps, by considering multiple peaks for multiple taps and
their corresponding sample locations, the tap/path dependent
Doppler scales, a,q, can be estimated.

If the actual Doppler scale is denoted by a, then the difference
between actual and estimated scale can be determined by,

L-1

1 Z (nRDi — nDDi) -N

a—apg =a— —
NNDi

(29)
i=0
Therefore, the estimated scale will be equal to the actual a
if the second term in (29) is equal to 0. The same three
statements derived from (21) can be stated for (29) with the
addition that the data sequence in the data OFDM may need
to have good autocorrelation property as well.
In both of the proposed methods, in order to accurately



estimate Doppler scale, the sampling period needs to be
carefully chosen such that, either a, or a,q is a multiple of
the sampling period,

a. = mTs,

ard = st, (30)

where m denotes a fraction multiple.
The ICI and SIR can be expressed as follows. Using (6) in
9,

L—-1

2

-1
( Xk€j27rfk(nfl)>:|
0
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M

=0

B
I

Ay

eIk (31)

The Ay of (31) can be expanded using (5) and is expressed
as below,

L-1 N—-1
:[Z hl(n)<Xk€jzﬂfk<n—l>+ 3 Xpej%(nfl)fp)}
1=0

p=0,p#k
L—-1
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Using the value of A from (32) in( 31) and after some simple
computation, the received signal can be expressed as,

1 N-1
N Z Xka(TL)

n=0
Desired
N-1 —
MDA
n=0 p=0,p#k
ICI
1 N—
- X )

Desired

jQﬂRAf(p—k) (33)

1 N-1
+Nn2::

p=0,p

cr

where both the desired and the ICI are complex values
incorporating time varying channel, where n denotes the time
variability. The time variation of each tap is expressed as time
variation of the delays in terms of Doppler scale. Using (5)
in (33) the desired signal can be expressed as,

N-1
Dyc = Z X, Z hle—j27rfle 1+a) (34)
n=0

=5 Nz:l Xk Z hy eI RITs ¢ <1+a>

where Dy and D¢ denote the desired signal part without
and with Doppler compensation respectively. The symbol, a
is the general Doppler scale and can be estimated using either
of the two proposed methods. Using (5) in (33) the ICI part
can be expressed as,

(35)

ej2-rmAf(p—k’)

hle—jQﬂfles(l+a)7 (36)
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where ICIne and ICIo denote the ICI components in the
absense and in the presence of Doppler effect respectively.
When Doppler scale is estimated accurately, i.e. 813) ~
1 in (35) and in (37), there will be no contribution of time
varying effect into the desired signal part and into the ICI part

(32) respectively. Taking into account an additive white Gaussian

noise (AWGN) term with zero mean and variance of o,,, the
signal to interference plus noise ratio (SINR) can be expressed
as,

SINRrep Signalpower

1CIpower + noisepower
_ E|Desired|? ’ (38)
E|ICI|? + o,

V. SIMULATION RESULTS

The simulation is carried out using the parameters in Table I.
The results are provided for realistic underwater acoustic
channel responses provided in [23]. The simulation is carried
out for various SNR values. The following two sub sections
discuss the simulation results for the two estimation methods.



TABLE I: Doppler Shift Simulation Parameters

Parameters | Values
FFT Size 256
Carrier Frequency(kHz) 60
Bandwidth(kHz) 40
Number of taps 1,3
Channel(m) 100,50
Sampling rate (times) 10,50,1000
TxRx Speed(m/sec) [[01:.1:3]
Signal Velocity(m/sec) 1350
Realizations 10000
Channel Actual

A. Simulation Using First Algorithm

Fig. 5 and 6 illustrates the coarse estimated Doppler scale in
a 100m channel using the first 3 channel taps for 10 times and
50 times the original sampling rate respectively. The estimated
Doppler scale values are more scattered with sampling rate
of 10 compared to 50. Fig. 7 and 8 illustrates the coarse
estimated Doppler scale in a 100m channel using only the first
channel tap for 10 times and 50 times the original sampling
rate respectively. The estimated Doppler scale values are more
scattered with sampling rate of 10 compared to 50.

Ideally, estimation with 3 taps should provide better accu-
racy. At the same time higher number of taps inject more
noise in the estimation calculation. In the above figures it can
be seen that compared to estimation with 3 taps, estimation
with 1 tap gives less scattered values in both sampling rate
situations.

Fig. 9 and 10 illustrates the coarse estimated Doppler scale
in a 50m channel using the first 3 channel taps for 10 times and
50 times the original sampling rate respectively. The estimated
Doppler scale values are more scattered with sampling rate of
10 compared to 50.

Fig. 11 and 12 illustrates the coarse estimated Doppler
scale in a 50m channel using only the first channel tap for
10 times and 50 times the original sampling rate respectively.
The estimated Doppler scale values are more scattered with
sampling rate of 10 compared to 50.

Ideally, estimation with 3 taps should provide better accu-
racy. At the same time higher number of taps inject more
noise in the estimation calculation. In the above figures it can
be seen that compared to estimation with 3 taps, estimation
with 1 tap gives less scattered values in both sampling rate
situations.

The estimated values in 100m channel using 3 taps and
10 times sampling rate is more scattered compared to the
corresponding values in 50m channel. The estimated values
in 100m channel using 1 tap and 50 times sampling rate is
more scattered compared to the corresponding values in 50m
channel.

Fig. 15 and Fig. 16 illustrate the BER in a 100m channel,
where the Doppler scale is estimated using the first 3 channel
taps with sampling rate of 10 and the data signal is sampled
1000 times the sampling rate. Fig. 17 and 18 illustrate the BER

in a 100m channel, where the Doppler scale is estimated using
the first 3 channel taps with sampling rate of 50 and the data
signal is sampled 1000 times the sampling rate. In the above
BER figures, the estimation is done with a sampling rate of 10
and 50. But to show how Doppler compensation works, data is
sampled at 1000, so even after the rounding of sample index,
some Doppler scale values cause Doppler shift and hence
Doppler distortion. For these effective Doppler scale shifts,
when the data samples are shifted back with the exact Doppler
scale values, they show BER performance similar to the case
without Doppler. However when, the estimated Doppler scale
values are used to resample, some of the BER plots return
to no Doppler state but others are not fully compensated and
hence the BER performance is not good for those Doppler
scales.

B. Simulation Using Second Algorithm

Fig. 13 and 14 illustrates the coarse estimated Doppler scale
in a 100m channel using the first 3 channel taps for 10 times
and 50 times the original sampling rate respectively.

During estimation and data sampling, when the rate is 10
or 50, the Doppler shifted samples are not hit because of
low sampling rate and because of rounding the indexes during
simulation. So, even though there is Doppler shift, the effect
is not seen in the above BER plots, that is Doppler absence
and presence act the same way.

Fig. 19 and Fig. 20 illustrate the BER in a 100m channel,
where the Doppler scale is estimated using the first 3 channel
taps with sampling rate of 10 and the data signal is sampled
1000 times the sampling rate. Fig. 21 and 22 illustrate the BER
in a 100m channel, where the Doppler scale is estimated using
the first 3 channel taps with sampling rate of 50 and the data
signal is sampled 1000 times the sampling rate. In the above
BER figures, the estimation is done with a sampling rate of 10
and 50. But to show how Doppler compensation works, data is
sampled at 1000, so even after the rounding of sample index,
some Doppler scale values cause Doppler shift and hence
Doppler distortion. For these effective Doppler scale shifts,
when the data samples are shifted back with the exact Doppler
scale values, they show BER performance similar to the case
without Doppler. However when, the estimated Doppler scale
values are used to resample, some of the BER plots return
to no Doppler state but others are not fully compensated and
hence the BER performance is not good for those Doppler
scales.

In comparison to the first method, the second estimation
method performs worse. The estimated Doppler scale values
deviate far from the actual values compared to the first
estimation method. This is due to the fact that in the second
estimation method, noisy data symbol is autocorrelated in
addition to the cross correlation of reference OFDM symbol
leading to more noise in the calculation.

VI. CONCLUSION AND FUTURE RESEARCH

Doppler shift in frequency domain is caused by time se-
lectivity of UAC channels in time domain. This Doppler shift
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varies considerably over OFDM subcarriers in UAC OFDM
causing ICI and subsequently loss of orthogonality that may
degrade receiver performance.

The variation of Doppler shift over OFDM subcarriers can
be represented with Doppler scale in time domain. In this
paper, two Doppler scale estimation methods are proposed.
In both methods, one known reference OFDM symbol is
transmitted prior to the data symbols. The known reference is
cross correlated with the known local symbol at the receiver.
In the first method, with respect to the known tap locations
the cross correlated peak locations give a coarse estimation of
the Doppler scale. In the second method, the cross correlated
peaks of the reference are compared to the auto correlated
peaks of a data symbol to provide estimation of the Doppler
scale. Between these two methods, first one provides more
estimation accuracy since clean reference is used without
usage of noisy data symbol. In the first method, the knowledge
of the channel taps in the absence of Doppler is needed. In the
second method, although this prior knowledge is not necessary,
the noise from the auto correlated noisy data contribute to
more noise in estimation.

As a continuation of this research in the future, strong code
selection in the reference OFDM, which is robust against UAC
channels to reduce estimation error can be investigated.
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