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Abstract
The main objective of this paper is to examine the deterio-
ration effects of the Doppler frequency-shift phenomena on
the performance of direct-sequence (DS)/spread-spectrum
(SS) communications systems caused by the wind turbines’
rotating blades. By performing Monte Carlo simulations
through the entire rotation period of the blades and em-
ploying numerical integration over the entire length of the
blades, the variation of the bit/symbol error rates of DS/SS
systems employing different modulation signals are inves-
tigated. In order to provide many useful insights on the
assessment of the performance degradation caused by the
Doppler phenomena, this paper exposes miscellaneous nu-
merical results related to different operating configurations
and settlings.

1. Introduction
Throughout the world, wind farms have been attracting

great attention since it is one of the most environmentally
friendly and efficient way of producing energy. Also, it is ex-
pected to be prominent among other energy production meth-
ods for its offering of low installation and operating costs and
no atmospheric pollution [1]. However, the increase on wind
energy investments raises the concerns about the deteriorating
effects of wind turbines (WTs) and wind farms (WFs) on the
performance of electronic systems. The investigation of the
performance degradation of the military surveillance systems,
military or civil navigation and communications systems, and
discovering the potential techniques for mitigation (if possible)
are of great importance especially from the system designers’
point of view. The literature include many research efforts fo-
cused on the deteriorating effects of WTs on the performance of
two-way propagating (e.g., radar) systems via several computa-
tion methods such as Physical Optics, Shooting and Bouncing
Rays and Parabolic Equation. By especially examining the scat-
tering and shadowing effects of WTs on the received power of
radar signals, researches have provided perspectives to assess
the degradation caused by WTs. The researches presented in
[2-7] have shown that the presence of WTs can cause degrada-
tions on radar systems’ performances depending on near- and
far-field scattering effects. Besides, the effects of the Doppler
frequency shift caused by the rotating blades of the WTs have
been investigated in [8] by performing a set of measurements on
scanning weather radars. These experimental results have ex-
hibit that the Doppler spectrum caused by WTs might degrade
the detection performance of existing weather signals and might
give rise to false plots (i.e., ghost weather signals). Similar to
the two-way propagating case, the related literature have intro-
duced some work about one-way propagating systems consist-

ing of military or civilian navigation systems (e.g., VHF Omni-
directional Radio (VOR) [9], Global Positioning System (GPS)
[10]) and communications systems (e.g., radiocommunication
links [11, 12], analog TV [13] and digital video broadcasting
(DVB) systems [14]). Since the analytical nature of the Doppler
frequency shifted time-domain signal representation is hard to
investigate, a great portion of the previous work on this phenom-
ena are based on scaled-model or field measurements [11-15].

The effect of Doppler frequency-shifted scattering signals
on the bearing estimation performance of VOR systems is in-
vestigated in [9] by considering a simple multipath model with
providing no time-dependent variations about the WT rotation
dynamics and the scattering signal contribution. Also, the pos-
sible variation of the performance metrics due to the yaw angle
of the investigated WT, the settlings of the radio source, the
scatterer and the VOR receiver (that would result in variations
in the free space loss of the direct and the indirect signals eval-
uated) is out of the consideration of [9]. The work presented
in [10] (which also constitutes many of the mathematical and
motivational base of our paper) provides a time-domain signal-
based approach on a GPS satellite-helicopter link by evaluating
the effects of Doppler frequency shifts caused by the rotational
movement of helicopter blades. The authors have examined
the Doppler frequency shift phenomena for a DS/SS commu-
nications system application by constructing a simplified signal
reception case. Although the baseline presented by [10] has
novelties about the derivation of the received time-domain sig-
nal, it has neglected many important points about the Doppler
frequency shifted scattering model. The derivations and perfor-
mance results are approximately obtained and valid under many
limitations about the settlings of the transmitter, the receiver and
the scatterer. However, the previous work given in [11-15] has
shown the deteriorating effect of Doppler spectrum variation
on the performance of communications systems by performing
measurements, they lack to put forth an analytical and/or em-
prical scattering model and to provide a detailed reasoning base
due to the operating parameters and settlings of the electronic
terminals and the WT. This paper, by adapting and revising the
scattering model given in [10] to a bi-static scattering scenario
as depicted in Fig. 1 and Fig. 2, and by also reconsidering some
approximated metrics accurately, provides a simplified but use-
ful perspective for the performance degradation of DS/SS sig-
nals due to Doppler frequency shifted multipaths. Note that, the
presented performance analysis not only consider the path-loss
variation (different than [10]), but also paves the way for ex-
tending the investigated scattering model as to consider other
transmission factors such as antenna pattern gains and propaga-
tion factor variation, and for the accurate evaluation of the scat-
tering loss based on a bi-static scattering approach. In this pa-
per, the signaling technique that has been preferred to be inves-
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tigated is DS/SS for its wide usage in many civilian and military
power-efficient applications. DS/SS signals has been employed
in navigation systems such as GPS, Galileo (Search and Rescue
Mode at 406.0 MHz - 406.1 MHz Band), GLONASS, and cord-
less phones (at 900 MHz, 2.4 GHz and 5.8 GHz), IEEE 802.11b
2.4 GHz Wi-Fi and Automatic Meter Reading (AMR) systems
at 460 MHz ISM Band. Some of the benefits of these signals
are their resistant structure to intended or unintended jamming
signals, their ability to share a single channel among multiple
users and to provide a reduced signal-to-background noise ratio
level that brings along with a low probability of interception.

The remainder of this paper is organized as follows. In
Section II, we present the investigated scattering problem, and
the telecommunications system model, and briefly define use-
ful terms related to the Doppler scattering efects. The aver-
age BER/SER performance results that are obtained via Monte
Carlo simulations are exposed in Section III, and miscallenous
numerical results are presented. Finally, Section IV draws con-
clusions about the numerical results related to the WT scattering
problem.

2. Signal Model And Problem Definitions
The investigated scattering scenario is depicted in Fig. 1

(3-D view) and Fig. 2 (2-D projection on X-Y plane).
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Figure 1. Three Dimensional Schematic Representation: Set-
tlings of the transmitter, receiver and wind turbine
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Figure 2. Two Dimensional Schematic Representation on X-Y
Plane: Settlings of the transmitter, receiver and wind turbine

As seen in the DS/SS transmitter and receiver structure de-
picted in Fig. 3, the transmitter system T employs M-PSK
mapping and carrier modulation followed by pseudo-noise (PN)
code spreading of the data bits. As predicted, the receiver R

employs the same procedure in the reversed order to demodu-
late and despread the received signal waveforms.
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Figure 3. Block Diagram of DS/SS Transmitter and Receiver

After despreading the demodulated signal waveform, the
decision metric is shown in [10, 16] to be obtained as

z(n) = b(n) + b(n)ζ(n) + η(n), (1)

for the nth transmitted data symbol (i.e., b(n)) where n =
1, 2, . . . , N , and N is the total number of data symbols trans-
mitted. Here, ζ(n) and η(n) denotes the samples of the time-
varying scattering component contribution (SCC) ζ(t) and the
additive white Gaussian noise (AWGN) process η(t) at the re-
ceiver after despreading at time instants t = nTs where Ts is
the symbol period. By applying the decision metric given in
(1) would simply result in the estimate of the transmitted data
symbol. In [10], the SCC in (1) is shown to be approximated as

ζ(t) = PS(t)CS
Mb∑
m=1

∫ Lb

0

(
1− |τm(t)|

Tc

)
ejΨm(t)dr, (2)

where PS(t), CS , τm(t) = 1
c
(L1(t) + L2(t)− L0) and

Ψm(t) are respectively the relative path-loss factor of the scat-
tered signal with respect to the direct path, the scattering coeffi-
cient, the time delay and the Doppler phase term of the scattered
signal from the scatterer point (S) on the mth blade at distance
r to the rotation center, c is the speed of light, Mb is the number
of rotating blades, Lb is the blade length and Tc is the dura-
tion of the chip waveform [10, 16]. L0, L1(t) and L2(t) are
respectively the distances between T and R, T and S, and S
and R. By using the cartesian coordinates of the transmitter
T = (Tx Ty Tz), the receiver R = (Rx Ry Rz) and the scat-
terer point S(t) = (Sx(t) Sy(t) Sz(t)), the Euclidean distances
can be obtained as L0 = ||T−R||, L1(t) = ||T− S(t)|| and
L2(t) = ||S(t)−R|| where ||·|| represents the vector norm
operator. Here, PS is simply the relative path loss factor nor-
malized to the path loss factor of the direct path and defined
as

PS(t) = 1√
4π

L0

L1(t)L2(t)
. (3)

The phase term related to the Doppler frequency shifted multi-
paths can be written as

Ψm(t) = −2π

λ
(L1(t) + L2(t)− L0)

−2πr

λ
(vm(t)·l1(t)) + (vm(t)·l2(t)) (4)

in terms of the unit-norm vectors l1(t) and l2(t) along the di-
rection from T to S, and S to R, respectively and the unit-
norm vector vm(t) corresponding to the rotational movement
of the mth blade. The time-varying unit-norm vector identi-
ties can be derived in terms of the time-varying distance met-
rics, the rotational angle of each blade and the distance r. The
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rotational angle of each blade can be expressed as εm(t) =

ε0 + 2π(m−1)
Mb

+ wrt, m = 1, 2, . . . ,Mb, where wr is the ro-

tation frequency of WT and ε0 denotes the rotation offset angle
of the first blade (m = 1) with respect to w-axis that is on the
plane of rotation and parallel to X - Y plane. By using the rota-
tion angles of each blade, the unit-norm vector representing the
rotational motion would be obtained as

vm(t) = zcos (εm(t))−wsin (εm(t)), (5)

where z and w represents the unit-norm vectors along the axes
z and w. Considering the fact that the unit-norm vector w can
be decomposed into the unit vectors along the axes x and y as
w = xcos (β) − ysin (β), (4) can be rewritten in terms of the
cartesian coordinates as

vm(t) = −xcos (β)sin (εm(t)) + xsin (β)sin (εm(t))

+zcos (εm(t)), (6)

Note that, however, the reference [10] has provided an approx-
imate expression for the Doppler phase term by making it valid
only for Ty = 0 (i.e., T lies on the X - Z plane), (4) is exactly
valid for all cases of settling configurations of T, R and WT.

By substituting the delay of the scattering signal delay
τm(t) = 1

c
(L1(t) + L2(t)− L0) the Doppler phase term

given in (4) into (1), and performing the numerical integration
over the extend of the WT blade, one can easily obtain the SCC.
Considering the SCC on the received signal, it would be useful
to examine the bit/symbol error rate (BER/SER) performance
of communications systems employing DS/SS in a time-varying
multipath environment. In the following section, we have pre-
sented the computer simulation results for miscellaneous sys-
tem parameters, modulation levels and point of views, that have
been obtained via the Monte Carlo method.

3. Numerical Results
In order to examine the deteriorating effect of Doppler fre-

quency shifted multipath environment yielded by the presence
of WT on the performance of DS/SS communications systems,
we present some numerical results in this section consisting of
Monte Carlo simulation results of miscellaneous operating pa-
rameters and settling conditions for the transmitter, the receiver
and the WT. The basic parameter set that are used in the com-
puter simulations are listed below in Table 1.

Table 1. Basic Simulation Parameters

Parameter Notation Value Unit

Center frequency-1 fc,1 400 MHz
Center frequency-2 fc,2 1000 MHz

Transmitter Tower Height TTH 15 m
Receiver Tower Height RTH 15 m

WT Hub Height WTHH 90 m
Number of WT Blades Mb 3 -

WT Blade Length Lb 40 m
Rotation Speed of WT wr/2π 0.25 radians/s

Offset Angle of 1st Blade ε0 π/18 radians

Symbol Duration Ts 10−5 s

Chip Duration Tc 10−7 s

For the performance results given in Figures 4-7, the set-
tlings (in cartesian coordinates as depicted in Figures 1 and 2)
of the transmitter and receiver terminals and the WT hub have

been set as T = (1000 −500 1215), R = (21000 −500 615)
and WT = (21000 1500 540), respectively.

The average BER/SER results are obtained and averaged
over Monte Carlo simulations that have been run for multiple
repetations of the one-third of the WT rotation period. Based
on the number of WT blades (i.e., Mb = 3), the transmis-
sion/reception problem has a 120◦-symmetrical characteristics.
By considering the value of the rotation speed of the WT given
in Table 1, the one-third duration of the investigated time in-
terval is [0− 4

3
] s. Note that, however we have provided the

performance results as accurate as possible, the average BER
results own a increased accuracy trend by the increasing num-
ber of Monte Carlo runs.

In Figure 4, the average BER performance variation of
BPSK signals are depicted due to varying values of the average
received SNR, for the center frequency of fc,1 = 400 MHz,
two different scattering coefficients CS ∈ {3, 15} dB and four
different values of the WT yaw angle β∈{0◦, 40◦, 90◦, 140◦}.
The average BER performance of DS/SS-BPSK signals is seen
to follow a degrading tendency for the increasing values of the
scattering coefficient (CS ) since any increase in the value of this
parameter directly enlarges the scattering component contribu-
tion (i.e., middle term given in (1)). Also, for a fixed value of
CS , the average BER performance differs due to varying values
of the WT orientation angle β. One can easily see that the av-
erage performance of the investigated communications system
due to varying values of β is sorted in degrading order as for
β = 40◦, β = 0◦, β = 90◦ and β = 140◦. The BER per-
formance is seen to have the worst characteristics for the value
of β = 140◦ that specifically depends on the settlings of the
electronic terminals and the WT. Similar to Figure 4, the same
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Figure 4. Variation of Average BER vs. Average SNR due to
varying values of β and CS (For BPSK Signals and fc = 400
MHz)

system setup and scattering characteristics have been examined
in Figure 5 for the center frequency of fc,2 = 1000 MHz. As
seen from the BER curves given in Figure 5, the variation of the
performance due to the WT yaw angle, the received SNR and
the scattering coefficient has the same tendency as that of the
BER curves given in Figure 4, whereas the BER performance at
1000 MHz band is seen to be better than the BER performance
at 400 MHz for the same system and WT scenario. For the spec-
ified center frequency of 400 MHz and 1000 MHz, and the loca-
tions of the transmitter, the receiver and the WT, the dependency
of the average BER performance on the WT orientation angle
(i.e., β) is depicted in Figures 6 and 7. Both figures present
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Figure 5. Variation of Average BER vs. Average SNR due to
varying values of β and CS (For BPSK Signals and fc = 1000
MHz)

the average SER performances of DS/SS-QPSK signals due to
varying values of β = 10k, k = 0, 2, . . . , 18 for two different
scattering coefficient values CS ∈ {3, 15} dB and three dif-
ferent values of average received SNR SNR ∈ {−14,−6, 0}
dB. As clearly seen from both figures, the average SER perfor-
mance hits its peak value at a yaw angle of approximately 130◦

that corresponds to the specific system and WT settlings. At
the other values of β, the performance curves follow a nearly-
stationary variation. The average SER performances in Figures
6 and 7 are seen to be degrading for the increasing values of CS .
Also, for the increasing values of the received SNR, the average
SER performance is clearly seen to be improved. Besides, in
both figures, the enhancement provided by the increase of the
received SNR value becomes more dominant for the smaller
values of CS . For greater values of CS , the increase in the value
of the received SNR makes negligible contribution. Note that
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Figure 6. Variation of Average SER vs. WT Yaw Angle due
to varying values of SNR and CS (For QPSK Signals and fc =
400 MHz)

the specific yaw angle values that are seen to face the worst SER
performance is specific for the investigated system and WT lo-
cations. In order to examine the variation of this critical yaw an-
gle value due to the variation of locations, we have considered a
different system and scattering environment setup. For this pur-
pose, Figure 8 depicts the average SER performance curves due
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Figure 7. Variation of Average SER vs. WT Yaw Angle due
to varying values of SNR and CS (For QPSK Signals and fc =
1000 MHz)

to varying values of WT orientation angle for two different scat-
tering coefficients CS ∈ {10, 20} dB and three different values
of the received SNR SNR ∈ {−14,−6, 0} dB. In Figure 8,
the locations of the electronic terminals and the WT have been
set as T = (6000 − 500 1215), R = (21000 − 500 615) and
WT = (20000 0 540), respectively. The average SER charac-
teristics mentioned at Figures 6 and 7 have been observed in the
same manner. However, the specific yaw angle that faces the
worst SER performance of QPSK signals has changed to ap-
proximately 100◦. Finally, Figure 9 depicts the time-dependent
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Figure 8. Variation of Average SER vs. WT Yaw Angle due to
varying values of SNR, CS and settling combination (For QPSK
Signals and fc = 400 MHz)

characteristics of the envelope of the complex scattering compo-
nent (i.e., ζ(t)) that has been evaluated by numerical integration
given in (2). When considered together with the corresponding
SER performance presented in Figure 8, it is clearly seen that
the effect of the Doppler scattering on the error performance
becomes more severe as the time span of the scattering compo-
nent increases. Hence, the scattering component envelope for
the WT orientation angle β = 100◦ has been spread through
the entire duration of observation whereas the envelopes for the
other two orientation angles are seen to be more localized in the
time axis.
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4. Conclusion
We have introduced a baseline for the investigation of WT

scattering and Doppler effects on the average error perfor-
mances of wireless communications systems. By defining and
deriving the performance metrics in time-domain signal form,
we have simulated the overall received signal that have paved
the way for BER/SER performance evaluation. In addition to
the proposed scattering models related to the WT scattering ef-
fects, we have considered a more causal and concrete model that
has been examined for a different kind of scattering problem in
[10]. By also adopting this model to WT scattering problem
and including some other realistic transmission factors such as
the free space path loss variation of the direct and the scattered
signals, the error performance dependency on the WT orienta-
tion angle, the scattering coefficient and the terminal locations
is well-investigated by useful insights provided via Monte Carlo
simulations. As seen from the error performance curves, the av-
erage BER/SER performance is shown to be degrading for the
increasing values of CS and the decreasing values of center fre-
quency fc. As expected, the increase in the average received
SNR values provides direct improvements in the average error
rates. As clearly seen from Figures 6, 7 and 8, the average SER
performance curves hit their peak value at a yaw angle of ap-
proximately 130◦, 130◦ and 100◦ that corresponds to the spe-
cific system and WT settlings. For the other values of β, the
performance curves are seen to follow a nearly-stationary vari-
ation. Besides, in all figures, the enhancement provided by the
increase of the received SNR value becomes more dominant for
the smaller values of CS . For greater values of CS , the increase
in the value of the received SNR makes negligible contribution
on the overall error performance of the wireless communica-
tions system.
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