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(9)OBSERVABILITY AT HF DIRECTION FINDING SITES OF SCATTERING FROM
 WIND FARMS


Measurements at Smøla 2006


1 EXECUTIVE SUMMARY


A large number of onshore and offshore wind farms are currently being planned and


commissioned. Many countries have well established procedures for assessing the impact of
 wind farms on society and natural environments. Some aspects regarding their influence on
 direction finding and communication systems have however not been studied extensively and
 guidelines are not in place.


This report considers the influence by scattering effects of wind farms on HF radio


communication and direction finding systems. Theoretical studies have been performed, as
 well as a measurement campaign at the Smøla wind farm (with 68 wind turbines installed).


The transmitter was located on a boat in order to traverse different transmitter positions, and
 the receiver was a two-element interferometer with high-quality measurement equipment. The
 measurement frequencies were in the range 2-10 MHz where the scattering effects by


theoretical considerations are expected to be maximal.


When the transmitter-receiver path passes over or near the wind farm, the experiments have
 uncovered larger than expected phase fluctuations for certain locations. When the


transmitter-receiver path is outside the wind farm (2-15 degrees away from wind farm


boundary) no effects likely to be attributed to the wind farm were observed in the experiments.


The overall conclusion of this study is that specific care and consideration should be taken
 when wind farms are positioned near the line of sight of HF communication and direction
 finding services utilizing potential ground wave paths (up 50 km range over land and 500 km
 over sea). To quantify and confirm the observed effects, further measurements would be
 required. For non-line of sight (sky wave) arrangements influences are expected to be weaker,
 but further studies would be required in order to identify possible sky wave effects, in


particular for transmitters behind the wind farm.


2 INTRODUCTION


This report describes a joint study between Roald Otnes of FFI and Jens Hjelmstad of NTNU.


Otnes’ participation in the study is part of project 1013 “Vindkraft” at FFI, while Hjelmstad’s
 participation in the study is sponsored by Statkraft AS.


A large number of onshore and offshore wind farms are currently being planned and


commissioned. Many countries have well established procedures for assessing the impact of
wind farms on society and natural environments. Some aspects regarding their influence on
direction finding and communication systems have however not been studied extensively and



(10)guidelines are not in place.


This report considers specifically the influence of wind farms on HF radio communication and
 direction finding systems. Simple theoretical models suggest that at these frequencies the wind
 turbines have their worst case influence on the propagation and scattering of electromagnetic
 waves, due to the resonant conditions that exist between the wavelength of the radiation and
 the physical size of the wind turbines. It was therefore reasoned that specific studies should be
 carried out on these frequencies as the effects are most pronounced and most easily measured,
 and experimental findings could be extrapolated to other less affected frequency domains.


As a consequence of this, a specific study has been performed of available literature and
 experimental data, and an updated and cross-referenced model of scattering has been
 established. Updated values of propagation and scattering parameters need to be generated
 with the basis of these findings.


The study has been performed in a short time frame, April-August 2006. It has encompassed
 theoretical elaborations, planning and execution of a measurement campaign, as well as
 processing and interpretation of measurement results.


The outline of the report is as follows. Sec. 3 presents theoretical considerations, which were
 mostly written before the measurement campaign. Sec. 4 presents the measurement campaign,
 including description of measurement setup, presentation of results, summarizing discussion,
 and lessons learned. Finally, conclusions are drawn in Sec. 5.


3 THEORETICAL BACKGROUND


Previously published works on scattering of HF radio waves (2-30 MHz) from wind farms are
 very sparse. In the 1970’s, Sengupta published numerous papers and reports (see e.g. [8]) on
 scattering effects from wind turbines on TV signals, but these are from 50 MHz and upwards.


The only public study we have found of relevance to HF scattering from wind farms is a report
 from FOI in Sweden [1]. The Swedish study presents numerical simulations of scattering from
 a single wind turbine, and presents a method to model scattering from a complete wind farm
 by coherent addition of the scattering from each wind turbine (ignoring effects such as
 multiple scattering or mutual coupling between wind farms). The theoretical elaborations
 presented in the present chapter are heavily based on [1].


3.1 Problem definition


Consider the model depicted in Fig. 3.1, where an incoming electromagnetic wave carrying a
 signal of interest from a remote transmitter location is incident on the receiver site as well as at
 the wind farm. Scattering effects will cause the signal to be reradiated from the wind farm in
 all directions, such that a delayed version of the signal will appear to be incident from the
 direction of the wind farm.


For simple analysis, we make the following assumptions:
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d φ



e
i
 e
s


Incident signal from remote location


Figure 3.1 Scattering model


1. The transmitter is so far away that the incident signal is equal at the receiver site and at
 the wind farm (except for a time delay differenceτd). In particular, the directions of
 incidence and the path losses are assumed equal for both paths from the remote
 transmitter.


2. The distance between receiver and wind farm is sufficiently large that the scattered
 signal appears to come from a point source, and that wavefront curvature over the size of
 the receiver antenna can be neglected


3. Wavefront curvature of the incident signal from remote transmitter is negligible at the
 wind farm as well as at the receiver station


4. Other scattering effects are not considered for the present discussion. I.e., the incoming
 signal in the absence of wind turbines is assumed to have a single angle of incidence and
 not suffer multipath effects.


5. The formulas describing incident electromagnetic waves describe the electrical field in
 the absence of local perturbations caused by the antenna structures or wind turbines.


6. The following theoretical discussion only considers static scattering effects. Shadowing,
 radiation (EMC noise), and modulated scattering effects due to blade rotation are not
 considered. In reality, modulation by blade rotation is however possible: Even though
 the blades are often epoxy material, they will in general have metal lightning conductors
 along their side such that they may contribute to scattering of electromagnetic waves.


The electrical field associated with an incoming electromagnetic signal at the receiver site, in



(12)the absence of wind turbines and other scattering effects, can be written
 Ei(t,r) = 


Ei(t)piej(ωt−kei·r)


(3.1)
 Here,ω= 2πf is the center frequency,k= 2π/λis the wave number, andeiis a unit vector
 pointing in the direction of propagation such thatki =keiis the wave number vector.Ei(t)is
 the complex baseband equivalent of the information-carrying signal.ris the position vector
 referred to the origin of the direction finding system, andpi is a unit vector defining the
 polarization. When the incoming signal has traveled through the ionosphere (sky wave) the
 polarization will be random and time-varying due to Faraday rotation effects in the ionosphere.


When the incoming signal is due to ground wave propagation, the polarization will be close to
 vertical.


Similarly, applying the above-mentioned assumption 1, the incident electrical field at the wind
 farm can be written


Ew(t,r) =


Ei(t+τd)piej(ωt−kei·r)


(3.2)
 where the only difference is the time differenceτd=dcos(φ)/c. Here,dis the distance


between wind farm and receiver site,cis the speed of light, and the angleφis given by
 cosφ =ei·es, whereesis a unit vector pointing in the direction from the wind farm to the
 receiver site.


The total electrical field incident at the receiver site will be the sum of the incident signal
 Ei(t,r)given by (3.1) and the scattered signalEs(t,r)from the wind farm:


E(t,r) = Ei(t,r) +Es(t,r)


=


Ei(t)piej(ωt−kei·r)+KsEi(t−τs)psej(ωt−kes·r+θs) (3.3)
 whereKsis a factor smaller than one, accounting for the signal loss related to scattering as
 well as to propagation from the wind farm to the receiver site. The phase differenceθsis due to
 the different propagation path lengths as well as phase shifts related to the scattering process.


Since the mandate of the work does not include assessing the performance of particular


direction finding algorithms, the output from the study should be the parameters describing the
 relationship between the direct and scattered signal at the receiver site:


• The direction of incidenceei and polarizationpi, as well asωandEi(t), are parameters
 describing the incident signal from remote site. For the present discussion these are
 unknown input parameters.


• The polarizationps of the scattered signal is likely to be close to vertical (see discussion
 below).


• The direction of incidenceesof the scattered signal is constant and given by the
 deployment geometry.


• The multipath time differenceτs =d(1−cosφ)/c=d(1−ei ·es)/c, directly given by
geometrical considerations. For a given deployment geometry this depends only on the
direction of incidenceei, and is upper bounded byτs ≤2d/c. Atd= 40km this bound
is 0,27 ms.



(13)• The amplitude factorKsis of high importance in this context, and the main topic of the
 remaining discussion. It is likely to be easiest to interpret if given in dB units.


• The phase differenceθsis not likely to be of importance unlessKsis close to 1, and is
 not discussed further here.


3.2 The amplitude factor


The amplitude factorKscan be broken up in scattering effects and propagation effects by
 power budget considerations, giving (derivation details are skipped):


Ks2 = |Es|2


|Ei|2 = 4π
 λ2


σ(ω,ei,es)


L(ω, d) (3.4)


whereσ[m2] is the bistatic radar cross section of the wind farm andL[dimension-less] is the
 basic transmission loss (by definition incorporating the effective areaAe =λ2/4πof an
 isotropic receiver antenna). In dB units, this is equivalent to


Ks[dB] =−158.55dBs2/m2
 + 20 log10(f)[dBHz2]
 + 10 log10(σ)[dBm2]


−10 log10(L)[dB]


(3.5)


3.3 Scattering models


In [1] are presented numerical simulations of scattering from wind turbines, using a MoM
 (method of moments) program called FEKO. Using a simple geometric model of an 80 m high
 conical wind turbine tower and a 3-blade rotor with 40 m radius, mounted on a perfectly
 conducting ground, the simulations predict the bistatic radar cross sectionσ1 of a single wind
 turbine to be as follows:


• At 2-3 MHz, outside resonance:σ1 ≈20100m2 = 43dBm2


• At the resonant frequency, which is 1.9 MHz for the simulated wind turbine:


σ1 ≈109000m2 = 50dBm2


• At 10 MHz: Between 42 and 48 dBm2, depending on scattering angle


Let us now consider a wind farm containingN wind turbines. If we make the approximation
 that the amplitude and phase relationship for the scattering effect from all wind turbines are
 identical for a given geometry, and disregard mutual coupling and multiple reflections between
 the wind turbines, we find that the total bistatic radar cross section can be written


σN =|χN|2σ1. The bistatic array factorχN is given by
 χN(RX pos,TX pos) =


N


i=1


ejk(dRX,i+dT X,i−d0)
 


L( ¯dRX)
 L(dRX,i)





L( ¯dT X)


L(dT X,i) (3.6)



(14)wheredRX,i anddT X,iare the distances from theith wind turbine to the receiver (transmitter),
 d0 is an arbitrary phase reference distance,L(dRX,i)andL(dT X,i)are the transmission losses
 between receiver (transmitter) and theith wind turbine, andL( ¯dRX)andL( ¯dT X)are the
 transmission losses between receiver (transmitter) and a reference point within the wind farm
 (e.g., its centroid). If the method used in conjunction with Eqns. (3.4)-(3.5),L( ¯dRX)should be
 the transmission loss used in the power budget calculation.


Higher-order effects like e.g. multiple scattering or mutual coupling between wind turbines are
 not included in this analysis. Hence, the predicted fluctuations can not expected to be exact,
 but the predicted scale of the fluctuations should still be close to reality.


If we wish to invoke assumptions 1 and 3 from Sec. 3.1, we setdT X −d0 ≈ei·(r−r0)
 (wherer0 is an arbitrary reference point) andL( ¯dT X)/L(dT X,i)≈1, to obtain


χN(RX pos,ei)≈N


i=1


ejk(dRX,i+ei·r−d0)
 


L( ¯dRX)


L(dRX,i) (3.7)


3.4 Propagation models
 3.4.1 Free space propagation


In the case of free space propagation with no obstacles within the first Fresnel zone of the
 straight line between transmitter and receiver, the only “loss” is due to the spherical spreading
 of the energy, and the basic transmission loss is given by


L(ω, d) =


4πd


λ
 2


(3.8)
 wheredis distance.


3.4.2 Ground wave propagation


Since the Earth’s surface will generally be within the first Fresnel zone of the direct path at
 frequencies in the HF range, the free space propagation model is not valid. The propagation
 effect along the surface in this case is called “ground wave”, and is a combination of free space
 propagation above ground and Sommerfeld-Norton surface-bound wave [6, 7]. The ground
 wave path loss depends on the conductivity and permittivity of the ground, and curves are
 given in Rec. ITU-R P.368-7 [5] for some ground types (sea water, wet ground, dry ground,
 very dry ground, . . . ). The program GRWAVE, downloadable free of charge from ITU-R, can
 be used to compute the ground wave path loss for any combination of conductivity and
 permittivity.


The ground wave path loss curves generally exhibit a region close to the transmitter following
the free space formula (20 dB/decade), an intermediate region where the path loss increases by
approximately 40 dB/decade, and a cutoff distance above which the path loss increases very
rapidly. For the case of sea water, the path loss is within 3 dB of the free space formula for



(15)frequencies up to 10 MHz at distances up to 40 km. For the case of very dry ground, the path
 loss is 10 dB higher than free space at 2 MHz at 1 km distance (the difference increases with
 increasing frequency and with increasing distance).


As a rule of thumb, ground wave is applicable at ranges up to about 50 km over land and 500
 km over sea, the exact range being dependent on frequency, transmitter and receiver


equipment, and ground properties.


The polarizationpassociated with ground wave propagation is close to vertical when


propagating over sea, and sligtly skewed (also having a horizontal component in the direction
 of propagation) when propagating over land where losses are higher.


One problem with applying the GRWAVE method is the selection of proper ground
 parameters, which depend on the amount of water in the ground.


In the case of ground parameters varying along the propagation path (e.g., crossing a fiord),
 first order approximations are to apply average representative parameters for the path or local
 parameters at receiver or transmitter site, while more exact performance can be achieved by
 applying a method called “Millington’s method”, as an extension to GRWAVE (see e.g. Annex
 2 of [5]). FFI has a Matlab implementation of Millington’s method [4].


In the case of distinct topographic features between transmitter and receiver, like a big


mountain or deep valley, the GRWAVE result will be inaccurate. The exact prediction of path
 loss under such circumstances is not a mature field [4], but in general a mountain will increase
 the path loss while a valley will lead to lower path loss (closer to free space).


Under no circumstances will the path loss of ground wave propagation be smaller than that of
 free space propagation. Hence, the free space path loss given by (3.8) can be taken as the lower
 limit forL. This limit is close to the actual path loss if propagation is over sea or across a deep
 valley, but far from reality in other cases.


3.4.3 Sky wave propagation


At distances above approximately 50 km over ground or 500 km over sea, the dominant
 propagation mechanism in the HF frequency range is refraction from the ionosphere, called
 sky wave propagation. The refractive layers are in the range 100-300 km above ground. At
 distances above approximately 4000 km, the only propagation mechanism supported is


multihop sky wave propagation (including ground reflections) due to geometric considerations.


The path loss associated with sky wave propagation depends on frequency, and the state of the
 ionosphere, which is a complex system varying with time of day, time of year, and solar and
 geomagnetic activity. Predicting the path loss of sky wave propagation is not deemed
 necessary for the present work.


The polarization of sky waves is randomized by Faraday rotation effects, due to the presence
 of the Earth’s magnetic field in the ionosphere [3].


Sky wave is the dominant propagation mechanism for signals from remote transmitter sites,
but is likely to be negligible compared to ground wave for propagation from the wind farm to



(16)receiver site in our present discussion, at least for vertically polarized scattering. Short range
 sky wave propagation is called NVIS (near vertical incidence sky wave), and the associated
 path loss is lower bounded by insertingd= 200km (the minimum distance to the ionosphere
 and back) into the free space equation (3.8). Additional to this comes refraction and absorption
 losses in the ionosphere (comparison with the sky wave prediction program ICEPAC indicates
 that these additional terms sum up to between 15 and 30 dB). For horizontally polarized
 scattering one should estimate the NVIS loss as well as the ground wave loss in order to
 identify the dominant propagation mechanism. For NVIS scattering, the incoming directiones


of the scattered signal at the receiver site will have a vertical component which is stronger than
 the horizontal component in the direction from the wind farm.


3.5 Application to scenarios


The discussion above is general. When evaluating specific scenarios, values ofσandLshould
 be estimated and used in equation (3.5).


4 MEASUREMENT CAMPAIGN AT SMØLA


A measurement campaign was performed at the island of Smøla, June 6-8 2006, in order to
 obtain real-world experience with HF scattering effects from wind turbines. The largest wind
 farm on land in Europe is located at Smøla (information from 2005).


The planning period for the measurement campaign extended over only a few weeks, and the
 team had no prior experience in measuring HF scattering from wind turbines. One can
 therefore in hindsight obviously spot things that should have been done differently.


Nevertheless, an interesting data set was collected, to be described in detail below.


The objective of the measurement campaign was to identify scattering effects from the wind
 farm believed to be strongly sensitive to geometry (due to constructive/destructive interference
 patterns caused by the large number of reflectors), or time-varying effects due to scattering
 and/or shadowing being modulated by the blade rotation of the wind turbines.


The general concept of the measurement campaign is as follows: A transmitting HF radio is
 mounted on a boat, traversing different trajectories to obtain different transmitter-receiver
 geometries relative to the wind farm. At the receiver site, an interferometer consisting of two
 spatially separated vertical antennas is used as a simple direction finding station. As the
 transmitter moves, any angle- (or time-) dependent scattering from the wind farm should be
 evident as fluctuations in the phase difference between the two receiver antennas.


4.1 The wind farm at Smøla


The wind farm at Smøla is operated by Statkraft AS. It contains 68 wind turbines, each with a
 total height of 110 m (70 m tower + 40 meter blade radius). The park is located in the


Northwestern part of Smøla covering an area of approximately 4 x 4 km. The location of each
wind turbine is shown in the map in Fig. 4.1.
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Figure 4.1 Wind turbine locations at Smøla. Map provided by Statkraft AS.



(18)Day Time Rotation rate
 Tuesday June 6 15-19 11 RPM


12-15 17 and 16.6 RPM
 Wednesday June 7 15-16 11 RPM


16-17 17 and 16.6 RPM
 Thursday June 8 8-16 11 RPM


Table 4.1 Shaft rotation rates of wind farm during campaign.


The wind farm has two different gears of operation, where the shaft rotation rate is 11 or 17
 RPM (revolutions per minute) for mills 1-20 and 11 or 16.6 RPM for mills 21-68, according to
 Statkraft. The rotation rates are synchronized to the 50 Hz line frequency, but the different
 wind turbines do not rotate in phase. Each wind turbine has three blades, such that 11 RPM
 corresponds to a blade frequency of 0.55 Hz, 16.6 RPM corresponds to 0.83 Hz and 17 RPM
 corresponds to 0.85 Hz.


The rotation rates during the campaign were as shown in Table 4.1, according to Statkraft. Fig.


4.2 shows how the rotation rate of one wind turbine varied when switching between high and
 low gear on June 7th, where we observe that the rotation rate is changing gradually and not
 abrupt.


4.2 Transmitter equipment


The transmitter was a Yaesu FT-840 amateur radio station with temperature controlled crystal
 oscillator (TCXO) TCXO-4 installed. The transmitter antenna was a 5 m long vertical antenna
 VB-500 from DXSR Antennas. This antenna is equipped with a broadband impedance


transformer at the feed point, and can operate as transmit antenna in the range 3.5-30 MHz
 without an antenna tuner (SWR<1.8 : 1relative to 50 ohms) and 1.8-52 MHz with an antenna
 tuner. The antenna gain as function of frequency is shown in Fig. 4.3. The antenna efficiency is
 reduced below 3 MHz, but the signal was still clearly audible on the receiver for all geometries
 throughout the campaign. An automatic antenna tuner of type LDG Z-100 was used as


matching between the transmitter and the antenna.


The antenna was mounted on a rib (rigid inflatable boat), with the radio, antenna tuner, and
 laptop computer for GPS logging placed in an aluminum container on board. The boat was
 capable of running at 21.6 m/s (40 knots), but was operating at speeds in the range 5-15 m/s
 throughout the campaign. Fig. 4.4 shows the transmitter boat in operation. On the first day of
 the campaign the antenna broke after about two hours due to mechanical stress. The next
 morning it was refitted with parts from the receiver antennas, and fastened with guys (as seen
 in the picture) to decrease the mechanical load on the antenna.


During each run, an unmodulated carrier wave was transmitted continuously at a single
operating frequency. The transmit power was 10 W on Tuesday June 6th and 50 W during the
remainder of the campaign. The position of the boat during the campaign was logged by GPS.



(19)Figure 4.2 Shaft rotation rate of one wind turbine on June 7th. Figure provided by Statkraft
 AS. 1000 RPM generator speed corresponds to 11 RPM shaft rotation rate, and
 1500 RPM to 16.7 RPM.


Figure 4.3 Antenna gain of VB-500 antenna, from http://www.dxsr-antennas.com.



(20)Figure 4.4 Transmitter boat in operation.


4.3 Receiver equipment and instrumentation


The receiver station measured the phase difference between two vertical antennas with a
 horizontal separation of 100 m. This was accomplished using two phase-synchronized Yaesu
 FT-840 amateur radio stations with 500 Hz CW filters installed. The phase synchronization
 was achieved by using the same TCXO-4 as reference oscillator for both radios (the TCXO
 was installed in one radio and the oscillator signal passed to the other radio through a cable).


With both radios tuned to the same receiver frequency, this caused the phase locked loops
 (PLLs) of the two radios to be phase-synchronized to within an arbitrary offset in phase
 difference.


Figs. 4.5-4.6 show the measurement setup. The audio signals (demodulated side tones) output
 from both radios were connected to an HP3575A gain/phase meter measuring the phase
 difference between the two sinusoids. The measured phase difference can be monitored on a
 digital display, and is also output as an analog voltage proportional to the phase difference.


Data acquisition was performed using a National Instruments DAQPad-6015, connected to a
 laptop computer via USB interface. Three single-ended (ground-referenced) analog input
 channels of the DAQPad were used, one connected to the analog output of the gain/phase
 meter and the other two connected to the AGC (automatic gain control) voltage of each radio.


The original plan for data acquisition failed due to software problems, and an improvised
 solution was implemented using a Labview program originally designed for another purpose.


The DAQPad was configured to sample at a nominal rate of 2000 samples/second with 16
bits/sample, and the Labview program filtered the data with a 4th order lowpass Butterworth
filter with cutoff frequency at 2 Hz, before saving to disk as 32-bit floating point numbers at a
nominal rate of 10 samples/second. Unfortunately, the clock synchronization input of the



(21)Figure 4.5 Receiver measurement equipment, mounted in the back of a Volkswagen Trans-
 porter and powered by a Honda generator.
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Figure 4.6 Receiver measurement setup.



(22)DAQPad was not used, and post-processing reveals that the nominal sampling rate was quite
 inaccurate (see Sec. 4.6).


During two of the runs the improvised data acquisition solution was not operational (see Table
 4.2), and logging was done manually by writing down the phase difference from the meter
 display every 10 seconds.


The logged AGC voltages turned out to be very informative, as there were sheep fences
 present in the area which emitted broadband noise bursts about once a second, causing slight
 fluctuations in the measured phase difference. The noise bursts from sheep fences are clearly
 indicated in the AGC voltage.


Laboratory measurements at a frequency of 2.692 MHz prior to the campaign show that the
 AGC voltage of the radios is constant at 9 mV for input levels lower than−110dBm, and
 increase at a rate of 27 mV/dB up to−80dBm before flattening out again, as shown in Fig.


4.7. These measurements also reveal that the measured phase difference varies with±3◦ as
 function of received signal level.


Further laboratory measurements were made after the campaign, but are not presented here as
 they do not counter the general conclusion that the phase difference measurement setup is
 stable, and does not vary by more than a few degrees as function of signal level (as long as the
 signal is strong enough to be demodulated, above about –130 dBm). This was also confirmed
 for the case were the signal level to one radio was kept constant while varying the received
 signal level at the other radio.
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Figure 4.7 Laboratory measurements of phase-synchronized Yaesu-840 receivers at 2.692
MHz, showing AGC voltages and phase difference variation as function of input
level.



(23)Measurement data from the campaign indicate that the drift with time in the measured phase
 difference is on the order of 0.14 degrees/minute (see Sec. 4.10).


The two receiver antennas were of the same type as the transmitter antenna, VB-500. After the
 transmit antenna broke the first evening and was refitted with parts from the receiver antennas,
 the receiver antenna lengths were approximately 2.5 m and 3.75 m, respectively (each antenna
 consisted of 4 parts, and 3 parts of the transmitter antenna were lost into sea).


The antenna positions are shown in Fig. 4.8. The first day the antennas were mounted at the
 pre-planned site, but for various reasons (e.g., a power line crossing right over the


interferometer) the receiver site was moved further East for the remainder of the campaign. On
 Tuesday the antenna separation was95.2m±0.2m and the broadside direction was


−60◦±5◦ relative to North. The remaining days the antenna separation was100.0m±0.2m
 and the broadside direction was−29.3◦±0.2◦relative to North.


Figure 4.8 Map showing receiver antenna positions on Tuesday June 6th (left) and
Wednesday-Thursday June 7th-8th (right). The area is a few km East of Straumen
in the Southeastern part of Smøla.



(24)4.4 Campaign overview


The locations traversed by the transmitter boat throughout the campaign are shown in Fig. 4.9.


A number of way points S0-S20 were defined to ease communication. The home quay of the
 boat was at position S0.


An overview of the operations during the campaign is shown in Table 4.2. A total of nine
 operating frequencies were assigned (five in the range 2-3 MHZ, two around 10 MHz, and two
 around 30 MHz), but only three of the frequencies were used when the boat was in motion. In
 run 9, there were performed measurements at all nine frequencies with the transmitter


stationary at quay at S0.


Figure 4.9 Map showing the locations of the transmitter boat throughout the campaign. S0-
 S20 are way points which were used for operational reference.


During run 2 the transmitter went silent in the periods 1443-1453 and 1503-1508 due to a
 loose connector. Automatic data acquisition was operational during all runs except 1 and 4.


The operations at 2.212 and 9.991 MHz are also plotted directly in the map in Figs. 4.32-4.33
 in Sec. 4.15.


There are mountains of up to about 400 m height at the other side of the fiords East and South
of Smøla. Some km further South (outside the map in Fig. 4.9) are mountains of about 900 m
height. Some of these mountains may have caused natural scattering effects in the experiment.



(25)Day Run # Local time MHz Logging Transmitter movement
 Jun 6 1 1741-1933 2.212 Manual S0-S7 in open waters
 Wed 2 1410-1601 2.212 DAQPad S0-S8 in open waters
 Jun 7 3 1602-1649 2.833 DAQPad S8-S0 close to shore


4 0829-0918 2.833 Manual S0-S17 in open waters


5 1020-1120 2.212 DAQPad Close to shore inside S16-S19, stopping to fill gas
 Thu 6 1121-1151 9.991 DAQPad Close to shore inside S19-S0


Jun 8 7 1242 -1324 2.212 DAQPad Close to shore inside S0-S9
 8 1329-1405 9.991 DAQPad Close to shore inside S9-S0


9 1405-1505 Various DAQPad At quay, S0, transmitting 5 minutes each freq
 Table 4.2 Overview of measurement campaign at Smøla. Positions refer to the way points in


Fig. 4.9.


4.5 Computing distances and angles


The receiver position, and the log of transmitter positions, were recorded as GPS coordinates
 in the WGS84 datum, with 5 m uncertainty. The wind turbine positions were given in UTM32
 coordinates, which we converted to the WGS84 datum. To compute distance and bearing
 (angle of arrival) between points we used a very accurate iterative algorithm by Vincenty [9]


based on the WGS84 reference ellipsoid (a simple flat Earth approximation could not be used,
 as it turned out to have an inaccuracy of up to 300 m over the operating area).


4.6 Receiver time synchronization


As described in Sec. 4.3, the data acquisition hardware was not provided with proper clock
 synchronization, such that there is no guarantee that the nominal sampling rate of 10 Hz in the
 saved files is correct.


To synchronize the measurements to the transmitter GPS data, we investigated events during
 the campaign when the boat did maneuvers (changing direction, starting, or stopping). At such
 events, the change in gradient in measured phase difference should appear at the time instant
 when the maneuver took place.


It was found that assuming the sampling rate of the measurement data files to be 10.627 Hz
 throughout the campaign led to good agreement between phase difference measurements and
 GPS log for all such events. A subjective judgment of the different events suggests a residual
 uncertainty in the timing of about 10 s.


4.7 Interferometer calibration


It is easy to show that when an electromagnetic plane wave is incident at a two-antenna
 interferometer from a horizontal direction, the phase difference (in radians) should be


φ=kdsinα (4.1)



(26)wherek = 2π/λis the wave number,dis the antenna separation, andαis the angle of arrival
 relative to broadside. Note that the slopedφ/dαvaries between±kdin the broadside


directions and 0 in the endfire directions.


The receiver equipment measured the phase difference between the two antennas, with an
 unknown offset which was relatively constant as long as the receiver frequency was not
 changed. From the GPS log we obtain the incidence angleαas the boat moves, and we can
 compare the actual measured phase difference with the theoretical phase difference predicted
 by (4.1), disregarding the unknown offset and investigating the slope only.


All measurements at 9.991 MHz show good agreement between the measured and theoretical
 phase difference slope. But at 2.212 MHz and 2.833 MHz it turns out that the slope is


completely wrong. To make the measurements reasonable, we need to calibrate the
 interferometer by replacingkin (4.1) by an effective wave numberkef f =k/η. The
 calibration factorη, for the receiver site used on June 7-8, is estimated to be (based on a
 combination of least squares fits and subjective judgment):


• η≈0.59at 2.212 MHz, when transmitter is North or South of Smøla (between S0 and
 S8 and between S15 and S16-17, behind Edøya).


• η≈0.98at 2.212 MHz, when transmitter is East of Smøla (between S16-17 and and
 S19, close to shore).


• η≈0.775at 2.833 MHz, when transmitter is North of Smøla (between S0 and S8).


• η≈0.9at 2.833 MHz, when transmitter is East of Smøla (between S0 and S17).


• η= 1at 9.991 MHz regardless of transmitter position; interferometer is operating
 according to theory without calibration.


Note that we always observekef f > k, corresponding to a decrease in wavelength compared to
 the nominal value ofc/f.


On Tuesday June 6, at another receiver site farther from shore (see Fig. 4.8),η= 1gives good
 agreement between theory and measurements at 2.212 MHz, hence there is no need to


calibrate the interferometer at that site.


Several hypotheses have been evaluated to explain the apparent change in wave number in the
 frequency range 2-3 MHz:


• Influence from wind farm: We find no way to explain the error in interferometer phase
slope by scattering from the wind farm. Conclusion: Not probable.



(27)• Sky wave propagation: If propagation happened to be via sky wave rather than ground
 wave, the signal would arrive from a high elevation angle that would change the apparent
 horizontal wave number. However, path loss predictions for the actual geometries


indicate that the ground wave signal should be at least 25 dB stronger than the sky wave
 signal. Also, an elevation angle different from zero would cause the apparent horizontal
 wave length to increase rather than decrease. Conclusion: Not possible.


• Decreased propagation velocity: One could argue that the propagation speed of ground
 waves would be lower than the speed of soundcin free space, since part of the energy is
 absorbed into the ground and the propagation velocity in the ground is lower than in free
 space (by a factor√


). However, a literature search does not reveal a single reference
 supporting this, and the original derivations of ground wave propagation (e.g., [7]) do
 not include any terms that would significantly increase the wave number. Also, the fact
 that the interferometer did not require calibration at the site farther from shore counters
 this hypothesis. Conclusion: Not probable.


• Reflection from ground-sea boundary: The interferometer antennas were located
 close to a strait of sea water, approximately 20 m and 65 m from shore. The conductivity
 contrast between ground and sea water is approximately three decades, and also the
 permittivity is different. This discontinuity in ground impedance will cause the
 propagating ground wave to be reflected at the boundary. According to [10], severe
 phase variations can be expected at distances close to shore (relative to the wavelength),
 and these phase variations will be a function of the angle of incidence on the boundary.


This fits our observations, for the following reasons: (a)ηis close to 1 at 10 MHz, where
 the distance to shore measured in wavelengths is longer. (b)ηis farther from 1 at 2.212
 MHz than at 2.833 MHz, and also depends on the angle of incidence. (c)ηis 1 at 2.212
 MHz when the interferometer is located farther from shore (Tuesday, see Fig. 4.8).


Conclusion: Likely cause.


It is not clear whether the reflections from the ground-sea boundary would cause small-scale
 fluctuations inηas function of angle of incidence, which (if present) might be mistaken as
 phase difference fluctuations caused by the wind farm. By geometrical considerations,
 small-scale fluctuations inηare more likely when the signal arrives along the shore (near the
 the array endfire direction) than across the shore (near the array broadside direction). For this
 reason, the interferometer calibration is better (i.e.,kef f appears to be constant) for signals
 arriving from the North/South than from the East/West.


One should also be aware of the theoretical possibility that the calibration procedure may have
 removed some effects which in reality are due to the wind farm.


At 9.991 MHz the ground-sea boundary does not seem to influence the measurements, and is
 hence unlikely to be a source of error in the interferometer measurements.


4.8 Fingerprint prediction


When phase fluctuations are observed in the measurements, an obvious question is whether
these are caused by scattering from the wind farm, or by other natural effects. One indicator is



(28)to compare it with a predicted “fingerprint” of the wind farm, given by evaluating the


amplitude and phase of the array factor in Eq. (3.6) for all positions in the transmitter GPS log.


Note that assumptions 1 and 3 from Sec. 3.1 do not hold for the campaign geometries, such
 that the simplified Eq. (3.7) should not be used for this purpose.


For all runs, the array gain and phase were computed as function of time. For this purpose, the
 transmission loss used in Eq. (3.6) was assumed to be proportional tod4.1(41 dB/decade),
 which from the GRWAVE program is found to be a typical value for ground wave propagation
 over land (this will be slightly inaccurate for the transmitter-wind turbine path, which


propagates partly over sea before entering land).


One should keep in mind that due to the number of idealizations in the model, the predicted
 array factor can not be expected to be an exact estimate of the fingerprint of the wind farm.


Nevertheless, it should give a good indication on the periodicity that can be expected in phase
 difference fluctuations.


An approximate value of the “array gain” caused by the wind farm geometry (the equivalent
 number of wind turbines of which the scattering effects are added in phase) can be estimated
 by ignoring all loss terms in Eq. (3.6). Between 2 and 3 MHz, this approximated value of|χN|
 varies between 30 (30 dB) and 10 (20 dB) when the wind farm is between the transmitter and
 receiver, and between 20 (26 dB) and 0 otherwise. At 10 MHz, it varies between 20 (26 dB)
 and 0.
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Figure 4.10 Amplitude variations of predicted fingerprint at 2.212 MHz.


The predicted wind farm fingerprints for the receiver position used in the campaign are shown
in Figs. 4.10-4.11, at the frequencies 2.212 and 9.991 MHz, respectively. These figures are for
the case where the transmitter is so far away from the wind farm that the incoming signal can
be modeled as a plane wave, such that Eq. (3.7) can be applied, and are shown as function of
angle of incidence referred to the wind farm (as opposed to figures later in the report which are
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Figure 4.11 Amplitude variations of predicted fingerprint at 9.991 MHz.


referred to the receiver position). We note that, in particular at the lower frequency, a focusing
 effect is predicted when wind farm is between transmitter and receiver (note that the model
 does not take possible shadowing effects into account). Also, the model predicts fluctuations
 as function of angle, which are faster at the higher frequency. At 2.212 MHz, the predicted
 focusing effect is about 10 dB higher than the fluctuations at other angles, and exhibits an
 abrupt transition to the West and a soft transition to the East.


The modelling presented above is for an elevation angle of zero, e.g. groundwave propagation.


Repeating the modelling for higher elevation angles, it is seen that the predicted focusing
 effect behind the wind farm may be present for elevation angles up to about 10 degrees. This is
 of relevance when considering sky wave propagation from far away, which has not been
 covered by the present measurement campaign.


4.9 Expected signature from terrain


In the HF frequency band reflections from the terrain are dominated by large scale variations in
surface slope and conductivity profiles. These scales will be present ranging from those given
by the local wave number (e.g. 100 m wave length in the lower HF band) to those given by the
largest scale variations, such as the distance between dominant terrain features (e.g. 50 km in a
given scenario). The relative contribution of these scattering scales can be best be assessed
using thek−nlaw which has been found to represent a large number of natural geophysical
features ranging from oceanographic turbulence patterns to topographic surface variations and
ionospheric variations [2]. For two-dimensional surface variationsn = 7/3has been found to
be the most commonly encountered parameter. An example spatial wave number distribution
of this form is shown in Fig. 4.12.
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Figure 4.12 A typical assessment of terrain scattering (source) spatial wave number distri-
 bution (n= 7/3), 1300 m maximum cutoff scale.


Although this distribution only represents average and simplistic cases, the typical angular
 responses may be calculated to indicate the type of responses expected for given terrain


formations and ranges of terrain to transmitting and receiving sites. This will give indication as
 to the expected type and magnitude of variations, and will assist in the manual interpretation of
 data. Examples are shown in Fig. 4.13.


4.10 Measurements with stationary transmitter


During parts of the campaign the boat was in a stationary position with the transmitter
 operational. These measurements can be used to estimate instrumentation noise and natural
 noise in the measured phase difference.


While the boat was filling gas at Vikan during run 5, the received signal level was strong due to
 the short distance, and there was little noise (about 0.1 degrees RMS). In this time interval, we
 observed a drift in the measured phase difference of 0.14 degrees/minute. This can be used as
 an estimate of the stability of the phase difference between the two synchronized receivers.


A number of measurements were performed with the transmitter stationary at quay in position
 S0. These are summarized in Table 4.3. We note that the noise from sheep fences gives rise to
 phase difference fluctuations of 1.5 degrees RMS or lower, at a frequency of 0.92 Hz.


On June 8, fluctuations with 3 seconds period and up to 2.3 degrees RMS are observed at
2.833 MHz and above, but not at 2.692 MHz and below. These fluctuations were not observed
at 2.833 MHz the day before with the transmitter in exactly the same position (the wind was
markedly stronger on June 8 than on June 7). Also, the fluctuations come together with an
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Figure 4.13 Sample simulated realizations of terrain reflections. Scale and typical patterns
may be used for pattern recognition, angular response may be extracted from
data fitting to measurement data.



(32)increased AGC voltage, fluctuating coherently with the phase difference, at the radio connected
 to the antenna closest to shore. The reasons for these fluctuations have not been studied in
 detail, but one reason might be Bragg resonant scattering from waves on the sea surface.


MHz Time RMS phase fluctuation Dominant frequency


2.212 June 8, run 9 1.0 degrees 0.92 Hz, coherent with sheep fences
 2.479 June 8, run 9 1.4 degrees 0.92 Hz, coherent with sheep fences
 2.692 June 8, run 9 1.5 degrees 0.92 Hz, coherent with sheep fences
 2.833 June 7, end of run 3 1.4 degrees 0.92 Hz, coherent with sheep fences
 2.833 June 8, run 9 2.3 degrees 0.33 Hz, narrow-banded


9.991 June 8, end of run 6 1.9 degrees 0.33 Hz, narrow-banded
 9.991 Jun 8, run 9 2.3 degrees 0.33 Hz, narrow-banded
 Table 4.3 Overview of measurements with boat stationary at quay (S0).


From these measurements we can conclude that fluctuations higher than 1.5 degrees RMS are
 not likely to be due to instrumentation noise or sheep fences, and on June 8, fluctuations higher
 than 2.3 degrees RMS are not likely to be related to the 0.33 Hz fluctuations of unknown
 origin. Fluctuations at frequencies different from 0.92 Hz or 0.33 Hz are not likely to be
 related to any of these noise sources.


4.11 Angular sweeps at 2.212 MHz


In Figs. 4.14-4.17 we present measurements where the transmitter performed angular sweeps
 with approximately constant TX-RX distance, with transmitter frequency of 2.212 MHz. In
 each figure, the upper and lower plots have identical time scales even though the upper plot is
 annotated by angle of arrival (AOA). Each figure spans a time interval where the AOA has
 been swept close to linearly and the measured phase difference does not wrap between±180
 degrees. Note that the x-axes (time and angular scales) are different for the different figures.


At 2.212 MHz, with the transmitter South of Smøla (Fig. 4.16), there are phase fluctuations of
 about 15 degrees with periodicity of about 12.5 seconds (corresponding to 1 degree in AOA).


In this geometry, the fluctuations are not likely to be caused by scattering from the wind farm
 unless it exhibits very strong backscattering, since the 10 km path between the receiver and
 wind farm, with transmission loss of approximately 80 dB each way, would have to be
 traversed back and forth. Other possible explanations are natural scattering effects (e.g.,
 mountains), or small-scale angle-dependency of the calibration factorηdue to the


interferometer being too close to shore (see Sec. 4.7). Theoretical considerations on the scale
 of the fluctuations do however not support the latter hypothesis.


At 2.212 MHz, with the transmitter passing behind the wind farm close to shore (towards the
right in Fig. 4.17), there are phase fluctuations of about 15 degrees with periodicity of 30-100
seconds (corresponding to 1-3.6 degrees in AOA). These fluctuations may be due to the wind
turbines, as the periodicity is on the same time scales as in the predicted array factor. The level
of the fluctuations is, however, approximately as in Fig. 4.16.
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Figure 4.14 Angular sweep at 2.212 MHz, transmitter North of Smøla far from shore (run
2). kef f = k/0.59is used to compute expected phase difference. See Sec. 4.13
for discussion on the large spikes in the measured phase difference.
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Figure 4.15 Angular sweep at 2.212 MHz, transmitter North of Smøla far from shore (run
2). kef f =k/0.59is used to compute expected phase difference.
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Figure 4.16 Angular sweep at 2.212 MHz, transmitter South of Smøla (run 5).kef f =k/0.59
is used to compute expected phase difference.



(36)−11.4 −17.5 −25.2 −32.0 −38.9 −46.1 −53.2


−200


−100
 0
 100
 200


Degrees


2.212 MHz.  08−Jun 12:42:32−13:04:02.  TX−RX 15.6−18.0 km.  TX−nearest windmill 3.1−7.2 km.


Angle of arrival at RX rel. North


0 200 400 600 800 1000 1200


−30


−20


−10
 0
 10
 20
 30
 40


Seconds
 Measured phase difference


Expected phase difference + offset


Measured phase error (degrees)
 Predicted array gain (arbitrary dB scale)
 Predicted array phase periodicity


Figure 4.17 Angular sweep at 2.212 MHz, transmitter North of Smøla close to shore (run 7).


kef f =k/0.59is used to compute expected phase difference.
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