Estimation and Compensation of Doppler Effect in UAC OFDM Systems

Sadia Ahmed
Department of Electrical Engineering
University of South Florida
Email: ahmed3 @mail.usf.edu

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 varies considerably over OFDM band. This paper will
present an algorithm to avoid and/or compensate the effect
of varying Doppler shift over OFDM subcarriers in order to
maintain orthogonality or to compensate loss of orthogonality.
To the best knowledge of the authors, the algorithm presents a
novel approach to handle varying Doppler effect in UAC OFDM
and thus provides valuable contribution in this domain.

I. INTRODUCTION

In underwater acoustic communication (UAC) channel,
Doppler causes significant degradation in transmission.
According to literature [1], [2], the two Doppler effects,
shift and spread are caused from two different sources. The
Doppler shift is a function of the relative velocity (denoted by
vy,) of the transducers/hydrophones and other objects, variable
acoustic velocity (denoted by c,), 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 than the overall Doppler spread [1].

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 sub-carrier frequency variation from the bandpass
frequency is significant. Therefore, the effect of Doppler shift
on OFDM signal will vary over sub-carriers. The shift on the
kth sub-carrier in baseband OFDM can be expressed as,

Fprm = vfwfkcosem ) (D
Cw

where fj, is the kth sub-carrier 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, Doppler in UAC is more severe. This
is primarily due to, A) Very low acoustic velocity compared
to RF velocity, ¢, i.e. ¢, << ¢,) giving rise to high Doppler
effect, B) The comparable Doppler amount to the low values
of sub-carrier frequencies, and C) The variable Doppler effect
over subcarriers due to low bandpass frequencies. Fig. 1
illustrates the varying effect of Doppler shift over OFDM
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Fig. 1. Varying Effect of Doppler Shift over OFDM Sub-carriers

sub-carriers. A detailed evaluation results of varying Doppler
effect in frequency domain for UAC OFDM systems has been
presented in [3].

This paper will propose an algorithm to estimate the
varying effects of Doppler shift over subcarriers and to
mitigate the ICI produced by such effects in the frequency
domain. The proposed algorithm will utilize the variable
sub-carrier spacing and signal to interference ratio (SIR)
over sub-carriers to maintain orthogonality by avoiding ICI
or compensate loss of orthogonality by compensating ICI.
Simulation will be carried out using simulated Rayleigh
channel and realistic channel responses. Although, due to
lack of standard channel models, the number of realizations
in actual UAC channels is limited. Acoustic velocity variation
is also considered in the UAC simulation.

The proposed algorithm improves receiver performance
when compared to the performance in the absence of
avoidance and/or compensation technique. To the best
knowledge of the authors, this type of compensation
algorithm has not been presented in UAC OFDM and thus
provides a valuable contribution.

The rest of the paper is organized as follows. In Section II,
the analysis of Doppler effect is presented. In Section III,
the algorithm to avoid and/or to compensate Doppler effect
is presented. In Section IV, the simulation result is provided



and in Section V, the concluding remarks are presented.

II. ANALYSIS

The evaluation of Doppler effect and frequency offset in
UAC OFDM systems is covered in [3]. For the convenience
of the reader a part of that analysis corresponding to Doppler
effect is presented here without going into detail.

Channel Model: A frequency selective and time varying
channel can be expressed as (according to [4]),

:Za t, T

=0

(1 —m(t)), 2)

where «y(t,7) and 7;(t) represent the attenuation coefficient
and the path delay of the [th 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 ¢ represents the Dirac
Delta function. In a flat and fast fading channel, the time
varying channel impulse corresponding to one delay bin can
be expressed as,

M-1
am (nT5)0(nTs — T (nTs))
m=0
M-1
=) hp(nT), 3)
m=0

where a,,(nTs) and 7,,(nT) are the time varying complex
gain and the delay of the mth scatterer within the bin. The
variable T denotes the sampling period, nTs represents the
time corresponding to the nth sample, h,,(nTs) represents
the discrete time based channel impulse of the mth scatterer,
and M denotes the total number of scatterers within the bin.
Throughout the rest of the analysis, n will be used in place
of nT5.

The channel impulse ~(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.) with Gaussian
distribution. Under such condition, the modulus of h(n) or
|h(n)| will follow Rayleigh distribution [4]. Each scatterer
causes a Doppler shift while M scatterers arriving at the
same instance within the delay bin will cause Doppler spread.
Considering M number of time samples corresponding to M
scatterers and using (3), the kth channel frequency sample can
be expressed as (similar to [5]),

M—-1 .
Hy(n) = > hyn(n)e 7275
m=0
M-1
Z i (n)e=72mfe(mTe) = 0,1, .., M — 1. )

Although flat fading channel is considered in the above analy-
sis, the same can be extended to frequency selective channels.

OFDM Signal Structure: After performing inverse fast
Fourier transform (IFFT) on the frequency domain OFDM

signal, the nth discrete time sample of the transmitted signal
can be expressed as,

N-—1
Xo=Y Xl F 0<=n<=N-1. (5)
k=0
Replacing nk/N in (5),
N-—1
X, = Z X2 h(Te) g c=p<=N-1, (6)
k=0

where the real and imaginary components of the complex
signal X,, are assumed to be i.i.d. Gaussian distributed [6].
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 transmitted signal with CP can be
expressed as (similar to [5]),
N-1
— Z X, ed2mfr(nTs)
k=0
where the extra prefix symbols are denoted as X, =
XNin,n = —G,...,—1. After the removal of the cyclic prefix,
the signal will deduce to (6).
Received OFDM Signal: The received OFDM signal Y,, can
be expressed as a discrete convolution between the transmitted
signal and the channel (similar to [5],[7]),

M-1
= Z hnl (Tl)Xn—m
m=0

where the n in h,,(n) denotes the time variation of the mth
scatterer. After performing fast Fourier transform (FFT) on the
time domain received signal, the frequency domain signal can
be expressed as, Y = Zg 01 Y, e I2mR il Using (7) in Yy,

—G<=n<=N-1,

0<=n<=N-1, 7

N-1 —

Y=Y [th<n>

n=0 m=0

Using (6) in (8),

Xy @)
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A
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The time variation of the mth scatterer will cause phase
variation of the received OFDM signal and in turn will result
in a frequency shift. Incorporating this frequency shift into the
channel impulse, (3) can be expressed as linear time-variant
filter with complex response of,

M-1

Z ame 7T §(n Ty — 1,,)

m= 0
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—jbm (nTs )’ (10)



where ¢,,(nTs) = 27[(fx + fem)(nTs — 7)] [6] [8]. The
variable fj,, is the Doppler shift on the kth subcarrier due to
the mth scatterer and is represented as,

Frm = (fo + kAf)Zﬂcosem, (11)

where fp is the lowest subcarrier frequency and Af is the
subcarrier spacing. Using (10) in (4) and after some simple
computation,

M—1
Hy(n) = Z Ry, e 27 (Fe T+ frm (n=m)To)

m=0

12)

The A of (9) can be expanded using (10) and is presented
in the appendix of [3]. After some simple computation, the
received signal can be expressed as,

N-1 N—-1 N-1

Yi= > XpHp(n)+ > Y X,Hy(n) /> Ve /0T,

n=0 n=0 p=0,p#k

Desired IcI

13)
where both the desired and the ICI are complex values
incorporating time varying channel.

ICI and SIR: Taking into account an additive white Gaussian
noise (AWGN) term with zero mean and variance of 0,,0;se,
the signal to interference plus noise ratio (SINR) can be
expressed as,

Signalpower

SINR
ICIDoppler I1C Ipower + noisepower

_ E|Desired|?
~ B|ICI? + 0noise’

(14)

where after some computation [3], the |[ICI|? can be expressed
as,

N—-1
ICIE = | 32 XoHg.em2r 0T
n=0
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When only signal to interference ratio (SIR) is considered
(14) becomes,

Signalpower
SIR oppler = ——————
TCIDoppl ICIpower

_ E|Desired|?

E|ICIP? (16)
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III. PROPOSED ALGORITHM

A. Proposed Signal Architecture

The proposed algorithm applies the avoidance and com-
pensation mechanism in the frequency domain. Therefore,
determining Doppler scale factor and re-sampling in the time
domain as in [9]-[11] does not apply. When A f is adjusted, the
signal structure may be represented as Fig. 2 similar to [12].
In each iteration, the subcarrier spacing may be increased or
decreased depending on the data rate threshold. When any
sub-carrier with the lowest SIR is dropped, the structure can
be illustrated in Fig. 3. After comparing the lowest SIR to
the STR threshold, the lowest STR may be dropped in each
iteration.

B. Algorithm

The proposed algorithm compensate ICI induced by
Doppler shift in the frequency domain. The Doppler shift is
assumed non-varying over each OFDM block but its effect
varies over the OFDM sub-carriers.

In the initialization phase,



o Determine carrier spacing, Af = TOFIDM (with no ICI),
where Torpys represents the OFDM symbol duration.

e Determine minimum allowable sub-carrier spacing,
A farrn, which will produce ICI and in turn, is a function
of tolerable SIR threshold, SIRrpy at the receiver.

e Determine minimum allowable data rate threshold,

RATEry.

From the received signal,

1) Calculate overall data rate, RATFE 4;;.
2) Calculate SIR per sub-carrier
Loop ii=1:N
Calculate STR;; for each sub-carrier
Sort and Store all SIR per sub-carrier.
Determine minimum STR
End loop
3) If SIRii,,, N
RATEry
No further avoidance or compensation needed.
Move to step 5
end if
4) If SIR;,,,n < SIRrH
First method adjust carrier spacing...
Increase Af to Af’ .
Calculate data rate, RATE 4.
If RATE s >= RATEry
Repeat steps from 2 with Ajf’.
else
Second method drop sub-carrier...
Drop Mth sub-carrier corresponding to STRyrn

WUMIN

>= SIRryg and RATEA” >=

N=N-1
Repeat steps from 2 with A f
end if.

else
Carrier spacing needs to be adjusted...
Decrease Af to Af” such that Af" >= Afarn
Calculate data rate, RATFE 4.
Repeat steps from 2 with A f”
end if
5) EXIT

C. Discussion

The algorithm adaptively adjusts subcarrier spacing and
subcarriers to accommodate change in /CI due to change
in Doppler shift for specific OFDM bandwidths (BW). If the
FFT points are increased in order to increase data rate, the
ICI may increase and hence the SIR may decrease. If the
subcarrier spacing is increased, the /C'I may reduce and that
may increase SIR, but the data rate may decrease. From the
equations in section II, it can be seen that the STR and hence
the SIRpy is primarily a function of subcarrier spacing,
OFDM BW, FFT points, sound speed, mobile velocity, and
subcarrier frequency.

The desired signal power may also be affected by frequency
distortion due to Doppler shift and may be observed in
equations (12) and (13). The frequency distortion may cause

the desired signal not to be sampled at the signal peak for
each subcarrier.

The more the variation and availability of possible choices
of FFT points, the more flexible will be the choice of data rate,
and the more adaptive will the algorithm will be. When one
or more subcarriers are dropped, the overall data rate may be
affected as well. For the simplicity of analysis and comparison,
absence of pilot and guard carriers is assumed.

IV. SIMULATION RESULTS

The simulation is carried out using the parameters in Table I.
The results are provided for simulated Rayleigh channel and
for realistic underwater acoustic channel responses. In UAC,
standard channel models are not available for various ocean
locations and channel conditions. Therefore, a generic simu-
lated Rayleigh channel is necessary.

A. Simulated Channel:

Each individual scatterer is a complex quantity with the real
and imaginary components being i.i.d. Gaussian. With that in
mind, the real and imaginary components of each scatterer
are generated using normally distributed random numbers.
The delays are also generated as normally distributed random
numbers. The incident angle 6,, is represented by uniform
distribution according to modified Jake’s model. Since the
simulation is carried out for flat fading, 2-Ray Rayleigh
model does not apply here. The equations (13), (15), and (16)
are used in the simulation.

In UAC, the values of «y(t,7) and 7;(¢t) of (2) can be
considered as random, since the geometry of the ocean
floor, surface waves, internal current, and the movement of
the transducers, that cause time varying multipaths are all
random [1].

Fig. 4 represents the average ICI power for each subcarrier
owing to Doppler shift in a simulated UAC channel for
128 FFT points, for a bandwidth of 10 kHz, and for two
different acoustic velocities. For BPSK modulation scheme,
the FFT point represents the total number of samples and
the overall data rate becomes 128. Let the RAT Erpy be
equal to 64 in this case. The Doppler shift and hence the
ICI for sound speed of 1550 m/sec is less than the shift
and ICI for speed of 1450 m/sec. This can be observed in
the figure where the ICI in the latter case is more than the
ICI in the former. Consequently, the SIRy;;n will be less
for speed of 1450 m/sec. In the case of 1550 m/sec, if it
is assumed that the SIRppy is satisfied and since the data
rate of 128 > RATFEry is also satisfied, at step (3), the
algorithm will exit and will not need to continue. In the case
of 1450 m/sec, even though the SIRj;;y may decrease, if
it is assumed that it is still greater or equal to SIRry, then
step (3) will still satisfy and the algorithm will exit.

Fig. 5 represents the average ICI power for each subcarrier
for 128 FFT points, for a bandwidth of 100 kHz, and for
two different acoustic velocities. The FFT point represents



the total number of samples and the overall data rate is 128.
Let the RAT E7y be equal to 128 in this case. The ICI for
sound speed of 1550 m/sec is slightly less than the ICI for
speed of 1450 m/sec. Consequently, the STRy;ry will be
slightly less for speed of 1450 m/sec. In the 1550 m/sec case,
if it is assumed that the SIRr g is satisfied and since the
data rate of 128 = RAT Erpy is also satisfied, at step (3),
the algorithm will exit and will not need to continue. In the
case of 1450 m/sec, even though the STRj;;y may decrease
slightly, both conditions of step (3) may still satisfy and the
algorithm will exit.

The 100 kHz BW is larger than 10 kHz and hence ICI in
general for 100 kHz is slightly less than that for 10 kHz for
the same data rate of 128. This is due to the increase in Af
for 100 kHz band compared to 10 kHz band for the same
FFT points.

In each case of the above two BW, the algorithm adapts
to the Doppler shift change, which in this example is caused
by the change in sound velocity. The change in SIR (due
to change in ICI), which is due to change in Doppler shift,
causes the algorithm to re-evaluate the SIR and data rate. In
the above scenarios, changing A f or dropping of subcarrier
was not required.

Fig. 6 represents the average ICI power for 128 FFT
points, for a bandwidth of 100 Hz, and for two different
acoustic velocities. Let the RATEry = 64. Since the
frequencies are lower for 100 Hz BW, a reduction in sound
speed to 1450 m/sec from 1550 m/sec may not make much
change in Doppler shift and ICI for both sound velocities
almost overlap each other.

For both sound speeds the ICI is high and consequently,
SIRy Ny will be low. The 128 > RATEpgy, but if
SIRy N < SIRrpy, at step (3) of the algorithm, both
conditions will not satisfy and step (4) of the algorithm
will be accessed. In this step, Af will need to increase.
Let the new data rate or RATFE,; = 64. The new
RATE,; = RATEry and therefore, this new Af is
used in recalculating the ICI (and in turn, the SIR) as seen
in Fig. 7. The ICI is reduced in Fig. 7 in comparison to
Fig. 6 for both sound speeds. In step (3) both conditions,
SIRy iy >= SIRry and RATE,; = RATEry will
satisfy and the algorithm will exit.

Compared to 10 kHz and 100 kHz bandwidths, ICI is
relatively higher in 100 Hz BW for the same data rate of 128.
It is expected because the same FFT points in a smaller BW
may produce greater Doppler shift effect and hence more ICI.

Fig. 8 represents the average ICI power for 128 and
64 FFT points, for a bandwidth of 1000 kHz and for sound
speed of 1550 m/sec. Let the RATFEry = 128. Let the
RATFE; be 64. In step (3), RATEs; < RATErH
and SIRy; iy >= SIRry and therefore, step (4) will be
accessed. In step 4, the algorithm will decrease Af and
re-calculate RATE4; = 128. After calculating the new
SIR;; in step (2), the ICI power plot is presented for 128
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Fig. 4. ICI Power in Simulated UAC Channel for FFT=128, Band-
width=10kHz, Minimum Frequency=10kHz, Maximum Frequency=20kHz,
and Mobile Velocity=5 m/sec
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Fig. 5. ICI Power in Simulated UAC Channel for FFT=128,
Bandwidth=100kHz, Minimum Frequency=100kHz, Maximum
Frequency=200kHz, and Mobile Velocity=5 m/sec

FFT points in Fig. 8. In step (3), RATE,; = RATEry,
and if STRy;;ny >= SIRpp satisfies, then the algorithm
will exit. However, if SIRy;;ny >= SIRpy does not satisfy,
then the subcarrier with STR;rn can be dropped in step (4).

B. Actual Channel:

The channel impulse response from [13] is used for the
UAC systems. Fig. 9 represents the average ICI power for
each subcarrier owing to Doppler shift in an actual UAC
channel for 64 FFT points, for a bandwidth of 100 Hz, and
for two different acoustic velocities. The SIR resulting from
ICT is within threshold for both sound speeds similar to
the simulated channel in Fig. 7. If RATEry = 64 then
in step (3) both conditions, SIRy;;n >= SIRpy and
RATFE,; = RATEry will satisfy and the algorithm will
exit.
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Minimum Frequency=100Hz, Maximum Frequency =20Hz, and Mobile Ve-
locity=5 m/sec

TABLE 1

SIMULATION PARAMETERS
Parameters | Values
Frequency(min)(kHz) 100HZz,10,100,10
Frequency(max)(kHz) 200Hz,20,200,1010
Bandwidth(kHz) 100Hz,10,100,1000
FFT Size 64,128
TxRx Speed(m/sec) 5
Signal Velocity(m/sec) 1450,1550
Realizations 1000
Channel Rayleigh,Actual

V. CONCLUSION

Doppler effect varies considerably over OFDM sub-carriers
in UAC OFDM. This produces varying ICI over OFDM sub-
carriers. In this paper, an algorithm is presented to tackle
such varying Doppler effect in frequency domain. The ICI is
handled by changing sub-carrier spacing, and in turn changing
FFT points and/or by removing sub-carriers that have lower
than threshold signal to interference ratio. This way the
receiver is able to adapt to Doppler shift and hence to the
ICT changes.
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