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DISCLAIMER

Certain commercial equipment, instruments, or materials are identified in this report to specify
the technical aspects of the reported results. In no case does such identification imply
recommendation or endorsement by the National Telecommunications and Information
Administration, nor does it imply that the material or equipment identified is necessarily the best

available for the purpose.
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ASSESSMENT OF THE EFFECTS OF WIND TURBINES ON AIR TRAFFIC
CONTROL RADARS

John J. Lemmon, John E. Carroll, Frank H. Sanders, Doris Turner’

This technical report describes the results of a study exploring the effects of
power-producing wind turbines on Federal Aviation Administration (FAA) air
traffic control (ATC) radars. The study was performed to identify the extent to
which these effects exist, and to identify mitigation techniques and parameters for
such effects. The topics addressed in this report are: review of the current state of
the literature on wind turbine effects on ATC radar performance; determination of
criteria for recommended no-interference radii between ATC radars and wind
turbines; determination of methodology for assessing effects of wind turbines on
radars that are within no-interference radii; analysis of the potential for desired
targets to be lost in azimuths other than those of wind turbine farms; and
consideration of the effects of wind turbi secondary radar (i.e., ATC beacon
o — : OOLCALY Lo L A
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the large number of parameters that enter the analysis, a simple, universally
applicable set of guidelines for siting of wind turbines near radars is not feasible.
However, this study shows that, by making nominal assumptions about turbine
characteristics and siting parameters such as local topography, it is possible to
develop a universally applicable methodology for assessing potential interference
between wind farms and ATC radars.

Key words: air traffic control (ATC) radar; ATC beacon interrogator (ATCBI) performance;
wind farm clutter effects; wind turbine clutter effects; wind turbine radar
interference effects

1 INTRODUCTION

The advent of large (250-foot-tall and greater) wind turbines for power production (on the order

of 1.5 MW) has raised the issue of possible effects on the performance of air traffic control

(ATC) radars. Turbines with heights up to 700 feet above ground level have been (or are being)
ibili b ised that : STl T

! DHIORE . Possible
“mechanisms tor target loss might include electromagnetic shadowing, clutter etiec s, and effects
on Doppler (moving target indicator, or MTT, processing) due to turbine blade motion.

I Authors Lemmon, Carroll, and Sanders are with the Institute for Telecommunication Sciences, National
Telecommunications and Information Administration, U.S. Department of Commerce, Boulder, CO.
Author Turner is with the Federal Aviation Administration, Washington, D.C.



The Institute for Telecommunication Sciences (ITS) has been tasked by the Federal Aviation
Administration (FAA) to assess the impact of wind turbines on ATC radars. If it is determined
that wind turbines pose a threat to the performance of these radars, the FAA has also charged ITS
with developing a set of building guidelines to ensure that ATC radars are adequately protected
from interference from wind turbines. To this end, a literature search was conducted to determine
whether effects on radars from wind turbines have been reported, and, if so, to identify the tools
necessary to analyze and assess these effects. The goal of the work is to develop guidelines for
safe locations of wind farms in the proximity of ATC radars.



2 REVIEW OF LITERATURE ON WIND TURBINE EFFECTS ON ATC RADARS

Documents {1] and [2] contain no information concerning the actual effects of wmd farms on

Similarly, the report [6] by the U S.
Department of Defense contains numerous examples of the effects of wind farms on radars,
including ATC radars. Reports [7] and [8] are particularly informative, because they not only
document examples of the effects of wind farms on radars, but also provide numerous references
to tools necessary to analyze these effects. These references include web sites from which one
can download computer codes to model the radar cross sections (RCS) of wind turbines as well
as propagation effects and shadowing of radar signals from wind turbines. They also contain
tables of simple rules-of-thumb for estimating wind turbine RCSs, assessment methodologies,
and recommended rmtlcratlon measures. These reports appear to be based on sohd physwal
prm01ples (Gig g i

From reports [6], [7], and [8], it appears that although researchers in both the U.S. and U.K. have
identified interference to ATC radars from wind farms, U.K. researchers have investigated these
effects more comprehensively than U.S. researchers. Moreover, the reports are not consistent in
their assessment of the effects of wind farms on radars. For example, it is stated in [6] that “as
the UK. flight trials demonstrate, the presence of a wind farm does not appear to significantly
affect the performance of SSR (secondary survelllance radar) systems.. .the U.K. ﬂlght trials
relied on SSR retu a positions dt the tests.’

and mitigation measures.

In conclusion, these reports make it clear that the necessary tools for analyzing and assessing the
impact of wind turbines on ATC radars exist and are available. They are also clear that the
precise impact on radar performance can only be determined on a case-by-case basis. This is
because of the many parameters that enter the analysis, including the size and structure of the
wind turbines, blade rotation rates, pitch and yaw of the blades, the radar absorbing properties of
different materials used in wind turbine construction, the number of wind turbines in a farm, and
the spacing of wind turbines, all of which affect the wind farm RCS. In addition, local terrain,
radar antenna patterns, and sensitivity thresholds vary on a case-by-case basis. Thus, it is not
possible to develop universal guidelines that can be applicable in all scenarios for prescribing a
minimum separation between wind farms and ATC radars. However, it is possible to establish
conservative estimates on minimum separation between wind farms and ATC radars based on
nominal assumptions about the wind turbine RCS, radar transmit power and sensitivity to
interference, and propagation conditions.

Taking into consideration the information derived from the literature review, this study begins by
determining the line-of-sight (LOS) distance between a proposed wind farm and the radar. The
LOS distance is the most conservative estimate of the minimum separation necessary between



the wind farm and radar, where radar performance degradation is not expected under ordinary
circumstances. Additionally, this LOS conservative estimate can be further reduced by taking
into account other mitigating factors such as terrain shadowing, blockages, the impact of radar
processing algorithms, and the strength of wind turbine clutter returns. Recommended
procedures for dealing with these various factors are discussed in this report.



3 PROCESS FOR ANALYZING WIND TURBINE AND RADAR
ELECTROMAGNETIC COMPATIBILITY

The flow chart of Figure 1 outlines the recommended process for determining if a radar may be
affected by a nearby wind farm. The process consists of a series of decision-point checks:

Begin

Location of proposed wind
turbine construction site

Is turbine
located outside
radar LOS?

Will terrain
shadowing be
adequate?

Detailed analysis

Done

Done

(Analyze retum strength, shadow
zone and use existing
tower/static building guidelines.)

Figure 1. Flow chart to determine if a radar will be affected by a nearby wind farm.

3.1 Line-of-Sight Distance between Wind Turbines and Radar

Due to the numerous different constructions, materials, and individual site circumstances, it is
not possible to determine a universally accurate minimum distance where interactions between a



turbine and a radar would occur. It is, however, possible to determine a minimum distance where
effects from wind turbines would not be anticipated.

The first check proposed (Figure 1) is to examine the distance between the wind turbine location
and the potentially affected radar. If the distance is greater than the LOS distance, one would not
anticipate any effects from the physical structure or from Doppler-shifted radar returns from the
spinning turbine blades.

Below is a schematic illustration of the geometry between a wind farm and an ATC radar at the.
outer-most edge of the LOS.

D,

Turbine

\ /R = mean earth radius
\ | 7 =3959miles

\/

Figure 2. Schematic geometry between a wind farm and a radar at the edge of the LOS.

Using the Pythagorean Theorem,
D, =(R+h) - R* = J2RK, M

D, is the distance of the object from the local horizon of a smooth, round earth;
R is the mean radius of the earth (6380 km = 3959 miles);
A, is the height of the object above mean sea level.

for h; << R, where:

The refractivity of the atmosphere causes bending of radio waves. This effect can be taken into
account by replacing the true earth radius by an effective earth radius. Atmospheric refraction
varies widely, depending on the local climate. However, an effective earth radius of 4/3 times the
true earth radius is representative of the effect of atmospheric refraction under normal conditions.



Using the 4/3 earth model for atmospheric refraction and equation (1):

4
R-—)ER

D= \/2-§R-h,. = \/2(3959)11,.

D, =141Jh® miles. ‘ )

The total LOS between the turbine and radar is then

D=D,+D,=141(\Jh@+/hw) miles. 3)

For example, the height of the radar above mean sea level is 50 feet and the height of the wind
turbine is 300 feet. Therefore, the total LOS distance between the two is (using equation (3)):

D=1.41(J% +J3oo)=34.4 miles.

In other words, if the proposed wind turbine farm is greater than 34.4 miles from the radar, no
adverse effects on the radar would be anticipated.

In summary, we present here a methodology that can be used to determine whether a proposed
wind farm will present the potential for degradation of radar system performance due to
insufficient spatial separation between the farm and a radar station. The most conservative
criterion that can be used is one in which the wind farm is located at a separation distance that
exceeds 4/3 smooth, round earth, with no terrain effects considered.

3.2 Terrain Shadowing

The first LOS distance check (Section 3.1) assumes a smooth, round earth without the inclusion
of terrain considerations. The second proposed check is to examine the terrain surrounding the

‘radar for potential shadowing effects mitigating any effect of the turbines on the radar. If it is
determined (e.g., by using a terrain database) that the local terrain will shadow the turbines from
the radar, no adverse effects on the radar are expected. It should be pointed out that due to
diffraction of radio waves around the terrain blockage, the effective height of the blockage is
reduced from the actual height by the radius R of the first Fresnel zone, which is

R, =-/D2Z, O]

where A is the wavelength of the radio waves, /D = 1/d; + 1/d,, d; is the distance from the radar
to the blockage, and d; is the distancg from the blockage to the turbine.
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Figure 3. Illustration of first Fresnel zone blockage.

Consider the situation illustrated in Figure 3. The solid line shows the optical shielding point.
This is the blocking of the turbine that would be apparent by eye (no significant diffraction). At
radar frequencies, however, the dotted lines show the shielding point based on total obstruction
of the first Fresnel zone. This radar shielding point can be calculated by subtracting the radius Rr
of the Fresnel zone from the height of the obscuring object, and then calculating the optical
shielding point using this reduced height for the obscuring object [7].



3.3 Methodology for Assessing the Effects of Wind Turbine Clutter Returns on
Radar Performance

If a radar station falls within the 4/3 smooth-round-earth or non-terrain-shadowed radii described
in Sections 3.1 and 3.2, then it is possible that scattered energy from the wind farm could
adversely affect the performance of the radar receiver by increasing its effective noise floor
level. The occurrence of such increased noise could cause desired targets to be lost [11], or could
possibly even cause false targets to be generated. The criteria that can be used to assess a
threshold for this effect are given in [11]. These are: a power level of scattered energy that is less
than -9 dB relative to the radar’s noise floor (an interference-to-noise, or /N, level that is equal
to or less than -9 dB—see equation (7) below) will not cause adverse effects, and an Z/N level
that is less than or equal to -6 dB will cause few effects. Levels higher than -6 dB may cause
measurable losses in desired targets and could cause the generation of some false targets. The
following equations can be used to assess whether a wind farm will be expected to exceed these
-9 dB (ultra-conservative) and -6 dB (conservative) thresholds. '

The strength of the clutter returns is given by:

P = >
(47z'd2)
which simplifies to
P8y 8y 0 A
where:

Py, is the received power in watts;

P, is the transmitted power in watts;”

gx is the transmitter antenna gain in dBi;>

g is the receiver antenna gain in dBi;

o is the radar cross section (RCS) of the turbine in square meters;
A is the wavelength of the operating frequency in meters;

d is the distance between the radar and the turbine in meters.

2 For radars using pulse compression, such as the ARSR-4 or ASR-11, the equation input for P, should be the
radar’s actual P,, multiplied by the pulse compression ratio. For example, if the uncompressed pulse width is 100 ps,
the compressed pulse width is 1 ps, and the actual peak transmitter power is 10 kW, then the value used for P, in the
equation should be [(10 kW)*(100 ps /1 ps)] = 1000 kW =1 MW.

3 For ATC radars, g, = g If a turbine is in the near-field of a radar antenna, the turbine effectively acts as part of
the antenna, which could possibly alter the antenna’s radiation pattern and hence the gain. However, this is only of
academic interest because this would require siting of the turbine within tens of meters of the radar antenna, and it is
also ruled out by the other criteria discussed in this report.



The calculation of the radar receiver’s sensitivity is given by:
noise floor(dBm) =-174+10-log(B,,,. )+ NF , (6)
where:

Bradar is the IF bandwidth of the radar in Hz;
NF is the noise figure in dB.

As documented in [11}, the highest I/N ratio permissible before radar performance degradation

occurs is -9 dB. An I/N higher than -9 dB may begin to adversely affect radar performance and
cause loss of desired targets.

Py = noise floor (dBm)-9 @)

For example, if the IF bandwidth of a given radar is 1 MHz and the noise figure (NF) is 5 dB,
then the noise floor is (using equation (6)):

noise floor (dBm)= -174+60+5=-109 dBm.
The level (Puresn) at which loss of targets will begin to occur is (using equation (7)):

P,., =—109-9=—-118 dBm =148 dBW.

For example, what would be the distance (d) at which energy above the -9 dB I/N threshold
could enter the radar receiver via a sidelobe at 0 dBi gain for a radar with a transmit power of
1 MW and operating at 2.7 GHz? To solve this, the calculation below is performed in MKS units

using equation (5). (With respect to the appropriate value of the parameter o, wind turbine cross
sections are discussed in [7] and [12].)

P =1MW =10° W
SetP, ., =P =-148 dBW=1.6x10"" W
8.=8,=0dBi=1

c _ 3x10%m/s

- ~1.1x10"
fo o 2axi0s o ®

For a typical wind turbine, o =30 dBsm =10 m’
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