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ABSTRACT

This report documents a study of the RF radiation environment in the vicinity of the Lincoln Space
Surveillance Complex radars. The focus of ti HOPEhe study is a modcl-bascd analysis of the hazards to
occupants of aircraft flying in the vicinity of thc radars, comparing computed cxposurc levcls with safcty
standards for the gencral public sct by the Massachusetts Department of Publie Health.
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1. INTRODUCTION

In 2001, Millstone Hill staff reeeived a eommunieation from a flight instruetor based at a nearby
airport (Nashua, New Hampshire), concerning the safety of flying near the radars loeated at the Lineoln
Spaee Surveillanee Complex (LSSC). Indeed, when the weather is good, single-engine aireraft ean often
be seen flying over the LSSC radars, using the site as a eonvenient and interesting visual waypoint.
Presented below are the estimated eleetromagnetie field strengths these aireraft, flying in proximity to the
radar systems, may be exposed to, as are eomparisons of the results to exposure limits established for the
general publie by the Massachusetts Department of Publie Health. In 2009, this report was updated to
inelude the planned Haystaek Ultrawideband Satellite Imaging Radar (HUSIR).

The risk of radio frequency (RF) radiation exposure is small. The LSSC radars operate on limited
sehedules; 65 to 80 hours per weck, often in the evening and ovemnight hours. In addition, the radar
systems all employ peneil-beams whose half-power widths range from the 1° MISA UHF to the 0.06°
Haystack LRIR and 0.006° for the planned HUSIR. Finally, for all the radars, an aireraft must stay in the
peneil-beam for many seeonds at relatively elose range before it experienees signifieant exposure levels.
It is also reasonable to cxpeet that the structure of an aireraft will offer some degree of shiclding for the
oeeupants to ineident eleetromagnetie waves, though the extent of this efteet is very difficult to quantify.
It is important to note that the results presented hercin assume no sueh shielding effect.

This report does not attempt to evaluate the overall risk to oecupants of aireraft flying over the site,
but instead studies fixed-wing aircraft beam-crossing and helicopter in-beam dwell seenarios and presents
the eomputed exposure level results for the Millstone, Haystack, HUSIR, HAX, MISA, and Zenith radars.
The fixed-wing aireraft flight geometries analyzed are nearly worst-ease, presuming a fixed heading in
level flight and ground speeds near a single-cngine aircraft stall spced. The radar state is also nearly
worst-case, presuming fixed angle pointing at fairly low elevation for the duration of the eneounter. The
fixed-wing results presented below, therefore, should be eonsidered to have low probabilitics of
oceurrenee. These results indieate that, even under these circumstances, aircraft are not exposed to RF
radiation beyond state established limits. The same methodology is also applied to estimate the exposure
levels for birds flying through the radar beam. The concern about potential hazards to birds came up in
connection with the HUSIR program.

Worst-ease helicopter dwell seenarios are presented for a hover within onc dish radius of antenna
boresight and at close range. Unlike the fixed-wing encounter described above, this scenario is quite
possible for the Millstone, MISA, and Zenith radars given the interesting nature of peering into a large
antenna aperture (the Haystack and HAX radars are eovered by radomes, as will be HUSIR). Results for
this ease indieate a potential for a signifieant RF radiation hazard if aireraft eome too elose to the radar
while it is in operation.

This analysis is intended to faeilitate the specifieation of a Federal Aviation Administration Notiee
to Airmen (NOTAM) speeifying a zone eentered on the LSSC alerting pilots to the RF environment there.
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2. METHODOLOGY

There are innumerable seenarios that describe how an aireraft might intcract with thc beam of a
radiating antenna of circular aperture. In the case of fixed-wing aireraft, many involve the aircraft circling
the site and, so, transiting the radar beam in a very short period of time (if the aircraft encounters the
bcam at all). The worst-case situation, where an aireraft in flight can stay within the beam for an extended
period, involves the aireraft in level flight on a fixed heading, and the radar pointing also fixed and at a
low elevation angle. The resulting angle of the flight-path with respect to the radar line of sight (RLOS) is
small and the exposure time of the aireraft is increased. Figure 1 illustrates this seenario. Computation of
exposurc levels for this sccnario is performcd by computing field strength along the flight path and
adjusting 1t for the transit time of the aircraft. With an appropriate choice of air speed, the samc
methodology can be applied to estimate exposure levels for birds flying through the radar beam.

RLOS
crossover

t <0 t >0

6<0 ; ) 6>0

Figure 1. Aircraft beam-crossing scenario. Aircraft flies with a groundspeed of v and a heading at an angle @ with
respect to the radar line-of-sight (RLOS). The flight path intersects the RLOS at a range of Ry frow the antenuna. The
vector to the aircraft has an angle &t) w.r.t. the RLOS.

Seenarios involving a helicopter interacting with a radar beam are also innumerable, with the worst
case being a helicopter in a hover within the beam of the antenna at close range. In this case, field strength
is computed at a fixed position and scaled based on the dwell time.

Computation of the final average field power flux for comparison to established limits is deseribed
in the following sections for both far-field and near-field models. The regions of applicability of far-field
and near-field assumptions are frequently a source of uncertainty (particularly in this situation where
direet measurement of the fields is not possible) so both are evaluated. Under the far-field assumption, the
flux is computed as a function of range, the beam transit time of the aireraft is determined, and the result




is scaled by the antenna beam pattern. Under the near-field assumption, the normalized field strength is
computed as a function of range and angle and is scaled by the field strength in the antenna aperture for
the final result. Both are then scaled for an cquivalent 30-minute average, based on the time in the beam,
for comparison to established standards.

2.1 FIXED-WING SCENARIO GEOMETRY

There arc two phases of the beam transit, the in-range portion and the out-range portion, with the
time of RLOS ecrossover defined as 1 = 0. The in-range portion (inside of the RLOS crossover point) is
negative time (7) and negative angle (6), as depicted in Figure 1.

The angle between the aircraft and the RLOS as viewed from the radar, 871), is

't |
8() = tan”'| —209 | (raqy, (1)
R, +vicosg
where
v — aircraft ground spced (m/s)

t

@
Ry

time from RLOS crossover (sec)
angle between flight path and RLOS (rad)
range to RLOS crossover (m)

The time derivative (helpful in quick approximations, but not used here) is

R,vsing

— (rad’s) . (2)

o) =—
dt Ry + 2R vtcos@+(vt)”

Solving &) for ¢,

H0)=— R, (sec) , 3)

vsin @
—VvCcosQ
tan &

which ean be evaluated at the two beam edges to determine the transit times. The range to the aircraft,
expressed as a function of time, is

R(t) = [RO + 2R vtcosp+ (vt)z]% (m) . 4)

2.2 BEAM PATTERN APPROXIMATION

A gencrous approximation has becen made of the angle response of the radiating antenna. A
triangular response is used for the one-way power as a function of angle from boresight, whose peak is at
&= 0° and whose base runs between the first sidelobes of the pattern (sec Figure 2).



Figure 2. Pattern approximation is a triangular response on a pedestal at the first sidelobes. The angular positions
of the first sidelobes are denoted 6 and 6..

The beam pattern factor, the average response power of the antenna over the beam size (defined as
the range of angle between the first pattern sidelobes), is

F,. =0501+r,). (5)

beam
where r, 1s the normalized one-way response power of the first sidelobe.

Typically, well-illuminated large circular antenna apertures will have sidelobes more than 15 dB
below (0.032) the boresight response, yielding beam factors near 0.5. A numerical integration of the
measurcd Millstone Hill Radar antenna pattern yiclds an average response power of 0.31 between the first
sidelobes and 0.43 over the main lobe.

2.3  FAR-FIELD POWER FLUX

The shorter the range to the radar linc-of-sight (RLOS) crossover, the higher the field strength
experienced by the aircraft. At a far-ficld range R, the peak field power flux experienced on a single pulse
is

oG, | X
S i (R) = —=—-— (W/m") , (6)

anR- L,

where

Py — peak transmit power (W)
Gy — antenna transmit gain

R - range to aircraft (m)

Ly — transmit system losses

or, incorporating system constants,




K

S et (R) = — (Wim®) . (7)

The average field power flux, accounting for the duty cyele (D) of the pulsed radar signal, 1s
Spe(R) =S, (R)- D (W/m?). (8)
Substituting for R in (7) with R(1) from (4) gives

K
R; + 2R, vtcos g+ (vf)2 .

Speuk (f) = (9)

The average single-pulse power flux encountered by the aireraft during the beam transit time
(exeluding antenna pattern effects) is then

l g+
S peak = J' S/)euk (’ )d’
’H+ = ’H— 8

K tan”! vi+ R, cosg
= a e ——
Ryvsing(t,, —1,_) R,sing

}’ay (IO)

where 74 is the time at the in-range beam edge and /4. 1s the ime at the out-range beam edge.

Finally, scaling by the duty cyele and beam pattern factors for the final average power flux yields

%]

ave = Sp(‘uk =2 Fb(’um d (] ])

Alternately, the average power flux may be computed by numerically integrating the product of the peak
power flux (S,..x) and the antenna pattern response (F,,,):

D o
Suve = f S/wuk [R(’)] : F:un [8(’)]d’ : (]2)
lo, —lg- %o

This method was used to cheek the results from (11), which is a product of averages rather than an
average of a produet. A scan of the Millstone antenna pattern was used for F,,(6). Results using this
method agree to two decimal places with those eomputed by the approximation in (11) using F,,,,= 0.31,
the average beam pattern factor between the first sidelobes.

2.4 NEAR-FIELD APPROXIMATION

Due to the relatively large apertures and short wavelengths of the LSSC radar systems, aireraft
flying in the vieinity (out of curiosity or while using the antennas for visual referenee) are often operating
in the near-field of these systems. Typically, near-field issues are of interest on compact antenna ranges



where the peculiar effects can be measured directly. Measurements of this kind have shown that the field
strength in front of a circular aperture antenna does not drop significantly with increased range (1],
mecaning the exposure levels encountered by aireraft near the LSSC are most likely higher than those
predicted by the far-field model using a power decay rate of R”. Sufficiently thorough dircect
mecasurement of the near-fields of the LSSC radars is not possible, so a modeling approach is required.

A search of the literature shows that few analytic approximations for the near-field of large circular
apertures have been offered in the past. One such approximation, by L.Z. Pazin [2], has been
implemented, and the results are tabulated with the R” results below. A numerical approach offered by
R.L. Lewis and A.C. Newell [3] has also been implemented to corroborate the Pazin results. Both
methods are now described.

2.5 ANALYTIC NEAR-FIELD MODEL

Pazin computes the complex components of the near-ficld by solving Maxwell’s equations with the
help of the Hertz vector method. This approach relies on the axially symmetric, equiphase illumination of
a circular aperture such as those of the LSSC radars. The coordinate systcm layout is shown in Figure 3.

a

g
&

L ]
N

bt

Figure 3. Pazin near-field model geometry. Electric field components are computed for point M in the observation
plane parallel to, and distance z from, the antenna aperture of radins a. In the observation plane, M is distance p
from the RLOS (z-axis) and angle @ from the x-axis.




Pazin computes the complex x-, y-, and z-eomponents for a eartesian right-handed system whose x-
y plane lies in the plane of the aperture and z-axis lies along the radar line-of-sight:

P . ) |
Eo= Zb"W'J(q’m’”)"'(ﬂ) ﬂ,{'-je-f(k:wm)
L 9=0 z

Py

) p,sin2g- je IV (13)

N

N

. — (ks
)ﬂ: cosg- je )

where

f@O=Y b, p=12,..)
q=0

is the antenna illumination funetion (f{r) = 1 — 1.5 + 0.8¢' used; ¢ is the normalized radial distanee in the
aperture). These components are normalized and are ultimately scaled by the field in the aperture of the
transmitting antenna. Other parameters in (13) are now defined.

W, (q.mu)=W,(q.mu)+ jW,(q,m,u)

are the speeial funetions of three variables approximated by first-kind Bessel functions (orders 0, 1, and 2)
and Lommel funetions of two variables. The speeial funetion approximations are not shown here, but are
included in the referenee.

Other parameters are

m= k"%

k= 2%

. = (l = rz%
7,
u=tP/



and

u, =-025 /'(l)[z'~ Jl(u)—sz(u)]
. =1, (u)

where

with distances

a — antenna aperture radius (m)

— distance along RLOS to plane parallel to aperture containing observation point (m)
distance from RLOS to observation point in plane parallel to aperture (m)

— wavelength (m)

AN
I

The squarc of the near-field model output, normalized cleetric ficld strength, is scaled by the
aperture power flux, which is known through the transmit power meters, the transmit losses between the
meters and free space, and the antenna illumination function (i.c., taper). In fact, the free space impedance
close to a complex antenna strueture is not known, and so the actual energy balance between eleetric and
magnetic fields at any given point close to the antenna is not known. For this reason, the near-field results
presented below should be considered approximate indicators of radiation strength only.

Figure 4 shows a map of the E, component amplitude over a region closc to the antenna. The x-axis
(m) 1s the scaled reciprocal of the distance from the aperture (the antenna is at the right), while the y-axis
(7 is the normalized distance from boresight (where 1.0 represents the aperture edge). As can be seen,
numerous “hotspots™ exist, with the most significant located at m = 19. The location of this hotspot for

cach of the LSSC radars is listed in Table 1. Also note the roll-off of field strength in the =dircetion;
unlike the far-field case. the ncar-ficld beam remains well collimated with increasing range.
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Figure 4. Near-field amplitude map. The x-axis (m) is inversely proportional to the distance from the aperture. Note
the “hotspot™ at m = 19. The y-axis (7) ranges from boresight (t = 0) to the outer edge of the aperture (t=1).

Figurc 5 shows the model field strength over the entire antenna aperture (-1 € 7 < +1) and out to
half the distance to the traditional Fresnel-Fraunhofer boundary, defined

o 2D*?
“FF /1

(14)

)

where D is the aperture diameter. This value is often used to define the boundary between the more
. =) . . . .

complex near-ficld and simpler plane-wave far-ficld (R) assumptions. The x-axis is parameterized as the

distance fraction to zpr (@ = z/zr), with the antenna now at the left.



D WV W WD P D =
OSEBLTOEDNGT

3

3

CODOOOO — ==

> ¢

Figure 5. Near-field beam amplitude map. The x-axis (@) ranges from the antenna out to half the distance to the
Fresnel-Fraunhofer boundary. Note the presence of a second “hotspot™ at a = 0.12. Y-axis (1) ranges over the
antenna diameter.

The hotspot seen in Figure 4 (m = 19) is visible at & = 0.04, and a second hotspot is now also
visible further out-range, eentered at & = 0.12. This second hotspot is weaker (|£;:| = 1.0) than the first
(|Esm| = 1.4), though still significant. In fact, the larger area of the second hotspot increases its effect on
average exposure. The locations for these hotspots for the LSSC radars are also listed in Table 1. Due to
the large aperture and short wavelength of the Haystack radar, its second hotspot is located 11 km away
from the site, furthest of the LSSC radars.
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TABLE 1

Near-Field “Hotspots” for the LSSC Radars’

(MF,;’Z) D'a(“,',‘,‘;‘e’ zur (km) | zuz (km) | zer (km)
150" MISA 440 457 0.25 0.74 6.1
220" Zenith 440 67.1 0.54 1.6 13.2
Millstone 1,295 256 0.23 0.68 57
Haystack LRIRT 10,000 37.0 3.7 1. 91.3
HAX 16,700 12.0 0.66 1.9 16.0
HUSIR W-band | 96,000 37.0 359 1059 876.7

2.6 NUMERICAL NEAR-FIELD MODEL

Computation of the near-ficld of an ideal antenna can be performed through integration of its far-
field pattern, or plane-wave spectrum. Lewis and Newell [3] note that difficultics arise, however, when
the problem is diseretized for evaluation on a computer. Special care must be taken to properly sample the
spatial frequency domain so that numerieal stability is achieved.

The far-field plane wave spectrum b(K) is expressed (using the symbology of the reference) as

P e KR
blK)=C—e I_léo(ﬁ)f’ dpP (15)

where the underscore denotes a vector. K is the cartesian spatial frequeney veetor in the plane of the far-
field (where K=k a, +k a ). BiP) represents the complex field at cartesian point P in a known

planar cut of the near-ficld, A is the wavelength, ¥ = vk + K* , where k = 2m/Aand K’ = K - K, and C

is a constant that scales the result for the input power to the antenna. In the reference B)(P) represents a
planar measurement of the near-field on a compact antenna range (a distance d from the aperture), where
such a measurement is possible, but is used here to describe the illumination of the aperture itself (i.e.,
d = 0). It can be seen that the form of the relationship between the near-field and the far-field resembles
the Fourier Transform and is exploited computationally by the Fast Fourier Transform in the computer
implementation.

For the numerical version, a two-dimensional array representing By(P) is loaded with equiphase
samples of the antenna illumination, accounting for input power and taper. The samples are spaced by no
more than A/2 for a sufficient Nyquist representation. The array is zero-padded, out to N, by N, samples,
where

" First hotspot (Zy;) normalized amplitude is approximately 1.4. Second hotspot (Zy,) normalized amplitude is
approximately 1.0. Antenna diameters and Fresnel-Fraunhofer boundary distances are also shown.
" Also HUSIR X-band.



N =N 24 |/, (16)

and Z,,, is the maximum z-distance from the aperture that a near-ficld representation will be computed
for, such that the resulting planc-wave speetrum has sufficient speetral resolution for subsequent
operations. A two-dimensional FFT of this array produces the far-field plane-wave spectrum 5(K).

Analytic computation of the complex near-field at a point r (where r=xa_+ya, +:za. asin

Figure 3) from the far-ficld representation is by

E@)=-1 [ &)k
2 -[-[ (17)

:2L Jer ferr pl)e™ " ak b,
- .

where k = K + ya_ . This is performed numerically through an inverse 2D FFT after first performing the
@” phase shift to the plane-wave spectrum samples as indicated in (17).

In the interest of numerical stability. the plane-wave spectrum is also masked to remove the
contribution of small high-frequency components that analytically average out to zero, but numecrically
can integrate to large values because they are undersampled. The maximum spatial frequency represented
must allow for adjacent sample phase change (change in ¥z) of not more than m. As such, spectrum
samples are¢ set to zero when

JLANERY: N

where R = /4, A is the frequency spacing of the plane-wave spectrum samples, and D is the diameter of
the antenna aperture.

The resulting inverse 2D FFT is a cut of the near-field in the x-y plane at a distance z from the
aperture. An x-z map of the predicted field similar to that shown for the Pazin model in Figure 5 is shown
below in Figure 6. The z-axis is cleetric field strength for the Millstone L-band radar in V/m.




a.05 a.10 0.15 0.20 0.25 0.30 a.35 a.40 0.45 0.50

Figure 6. Predicted beam near-field for the Lewis/Newell model. The x-axis (@) ranges from the antenna out to half
the distance to the Fresnel-Fraunhofer boundary. Y-axis (1) ranges over the antenna diameter.

Once the fine adjustments of the Lewis/Newell numerical model are sorted out, it agrees well with
the Pazin analytic model, with a less than 1% difference in computed results between the two. For this

reason, the results shown in the next section were computed with the Pazin model due to its faster
exceution speed.
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3. RESULTS

Far-field and near-field model results for the fixed-wing aireraft case are now presented, and each
for a set of flight seenarios. Far-field results are presented as minimum allowable distanees, indicating the
minimum RLOS cross-over distances while staying below the state limits based on that model. Near-field
results are presented as exposure levels for cross-over distances at the two model hotspots: the worst-case
distanees. Maximum exposure time maps for near-field results for helicopters are also presented.

Nonionizing radiation limits are cstablished as 30-minute power flux averages. The power flux
results presented below are equivalent 30-minute averages, produced by scaling computed average flux
levels for the beam transit intervals. The radar system parameters and aireraft flight seenarios used in
computation of the results are presented first.

3.1 RADAR SYSTEM PARAMETERS

The system values used in this study are shown in Table 2 for the five systems located at the LSSC.
The transmit powers listed are the highest levels used; typical power levels are somewhat lower. The
transmit losses are not routinely measured, though the actual values are probably not significantly lower
than those shown.

TABLE 2

Radar System Parameters’ Used in Analysis of Aircraft RF Radiation Exposure

Fo Py Duty L Gy Beam Size 1% Sidelobe

(MHz) | (kW) (%) | (dB) (dB) (deg) (dB)
150" MISA 440 2,500 6 0.5 43.5 6 -23
220' Zenith 440 2,500 6 0.5 46.5 4 =21
Millstone 1,295 2,500 4 1 47 1 2 -16
Haystack LRIR* | 10,000 250 30 0.9 68 0.2 <-35
HAX 16,700 50 20 0.7 64 0.4 <-35
HUSIR W-band | 96,000 1 40 3.3% 89 0.02 -25

3.2  FIXED-WING AIRCRAFT FLIGHT PARAMETERS

Determining the minimum distance an aireraft has to maintain from a radar depends on its
groundspeed and the angle between its flight path and the radar line-of-sight. For the results shown below,
two speeds and a number of angles were used.

A groundspeed of 28 ms™' (63 mph) has been chosen to represent the worst case of a single-engine
private aireraft near its stall speed, where 45 ms™' (101 mph) represents a more typical speed.

" Beam size is defined as the angular distance between the first sidelobes of the antenna far-field radiation pattern.
Height of the first sidelobes is relative to the pattern peak (boresight). Loss factors are approximate.

* Also HUSIR X-band

¥ Includes radome losses




A worst-case flight path angle of 3° has been chosen to represent an aireraft in level flight lined up
with the radar azimuth while the radar traeks at its minimum operating elevation of 3°. Angles of 5° and
10° were also ehosen as still stressful, but more likely, seenarios. The minimum angle for the 150' MISA
far-field results is 6° due to its 6° beam size, and the 60° angle shown for the 220" Zenith system
represents an aireraft with a 30° deseent angle passing directly over the antenna.

For estimating exposure of birds in flight, groundspeed of 5 ms™ was ehosen. This is typical of the
slowest avian groundspeeds reported by some observers [4]. The bird exposure levels were estimated
using the near-field model only.

3.3 FIXED-WING FAR-FIELD MODEL RESULTS

Results for the flight parameters described above are now presented for the far-field model. Beam
transit times and mimimum allowable ranges are shown, as are the approximate Fresnel-Fraunhofer
boundaries (zz¢; see (14)) for eomparison. Results are not presented for the HUSIR system due to its
extremely distant far-field transition. Note that all the minimum ranges fall well within the zzr boundaries,
suggesting this model is not well suited to the situation at hand.

The results are tabulated for two antenna beam representations: the triangular response
approximation deseribed above and the numerically estimated antenna pattern beam faetor between the
first sidelobes of the measured Millstone antenna sum-channel pattern (Fpe., = 0.31). This measured
pattern better approximates the sinx/x-like behavior of a eireular aperture.

TABLE 3

MISA UHF System Far-Field Model Transit Time and Minimum
Range Results for Various Flight Scenarios

. Transit (sec Min. Range (m
150"MIBA Triang. glum)eric Triang. Surfnez'ic 2 (o)
6°/28 ms" 39.08 23.83 820 500
6°/45ms" 15.12 9.19 510 310 63
10° /28 ms™' 11.59 7.09 490 300 '
10° /45 ms™ 4.56 2.80 310 190
TABLE 4

Zenith UHF System Far-Field Model Transit Time and Minimum
Range Results for Various Flight Scenarios

; : Transit (sec) Min. Range (m)
G20, 2enith Triang. Numeric | Triang. | Numeric Zee (k)
60° /28 ms” 0.40 0.23 140 80 _—
60° /45 ms” 0.16 0.09 90 50 '




TABLE 5

Millstone L-Band System Far-Field Model Transit Time and Minimum
Range Results for Various Flight Scenarios

Transit (sec)

Min. Range (m)

Millstens Triang. | Numeric | Triang. | Numeric | - ()
3°/28 ms’ 7.23 4.29 270 160
3°/45ms” 2.83 1.67 170 100 o
10° /28 ms™' 0.58 0.36 80 50 '
10° / 45 ms™ 0.23 0.14 50 30
TABLE 6

Haystack X-Band System Far-Field Model Transit Time and Minimum
Range Results for Various Flight Scenarios

Transit (sec)

Min. Range (m)

Haystack LRIR Triang. | Numeric | Triang. | Numeric Zerikim)
3°/28 ms’ 4.84 2.96 2030 1240
3°/45ms’ 1.88 1.14 1270 770 e
~10°/28ms” 0.45 0.27 620 | 380 | '
10° /45 ms™' 0.17 0.11 390 240
TABLE 7

HAX K,-Band System Far-Field Model Transit Time and Minimum
Range Results for Various Flight Scenarios

Transit (sec)

Min. Range (m)

IV-I-A‘X-”L Triang. | Numeric | Triang. | Numeric 2z Hikm)
3°/28ms’ 1.10 0.67 230 140
3°/45ms’ 0.45 0.27 150 90 -
10° /28 ms’’ 0.10 0.07 70 50 ;
10° /45 ms’ 0.04 0.03 50 30
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3.4 FIXED-WING NEAR-FIELD MODEL RESULTS

Results for the flight parameters deseribed above are now presented for the near-field model.
Worst-case exposure levels for flights through the two hotspots (denoted H1 and H2), the positions of
which are tabulated in Table 1, are shown. The field strength limit established by the Mass. Dept. of
Public Health [5], which is a funetion of radiation frequeney, is also shown. Quoted exposure levels are
average power fluxes for a 30-minute period, as specified by the state standard.

TABLE 8

MISA UHF System Near-Field Model Results for Various Flight Scenarios®

Exposurze
150' MISA (mW/cm?) Limit (mW/cm?)
H1 H2
3°/28ms’ 0.27 0.25
3°/45ms’ 0.17 0.15
5°/28 ms’ 0.16 0.15
5°/45ms’ 0.10 0.09
6°/28 ms’ 0.13 0.12 0298
6°/45ms” 0.083 0.077
10°/28 ms™' 0.080 0.074
10° /45 ms” 0.050 0.046
TABLE 9

Zenith UHF System Near-Field Model Results for Various Flight Scenarios*

Exposure
220' Zenith (mWicm?) Limit (mW/cm?)
H1 H2
60° /28 ms’' 0.011 0.010
0.293
60° /45 ms’’ 0.007 0.006

" Computed exposure is equivalent 30-minute average power flux for beam transit through field hotspot H1 or H2.



TABLE 10

Millstone L-Band System Near-Field Model Results for Various Flight Scenarios*

Exposure
Millstone (mW/cm?) Limit (mW/cm?)
H1 H2
3°/28ms’ 0.33 0.31
3°/45ms’ 0.21 0.19
5°/28 ms’ 0.20 0.18
5°/45ms’ 0.12 0.11 8863
10° /28 ms” 0.098 0.092
10° /45 ms”’ 0.061 0.057
TABLE 11

Haystack X-Band System Near-Field Model Results for Various Flight Scenarios”

Exposure
Haystack LRIR (mW/cm?) Limit (mW/cm?)
H1 H2

3°/28ms’ 0.16 0.15

3°/45ms’ 0.10 0.095

5°/28 ms’ 0.098 0.092 -

5 /45ms’ 0.061 0.057 '

10° /28 ms™' 0.049 0.046

10° /45 ms ' 0.031 0.029

TABLE 12

HAX K,-Band System Near-Field Model Results for Various Flight Scenarios*

Exposure
HAX (mW/cm?) Limit (mW/cm?)
H1 H2
3°/28ms’" 0.067 0.063
3°/45ms” 0.042 0.039 -
10° /28 ms' 0.020 0.019 '
10° /45 ms’’ 0.013 0.012

Computed exposure is equivalent 30-minute average power flux for beam transit through field hotspot H1 or H2.




TABLE 13

HUSIR W-Band System Near-Field Model Results for Various Flight Scenarios*

Exposure
HAX (mWicm?) Limit (mW/cm?)
H1 H2
3°/28ms’ <0.001 <0.001
3°/45ms” <0.001 <0.001 o0
10°/28 ms™ <0.001 <0.001 '
10°/ 45 ms™ <0.001 <0.001

Though the amplitude of the second hotspot (H2) is lower than the first (H1), its broader extent
causes the exposure levels to be close to those encountered at H1.

For the 1 kW HUSIR W-band transmitter, the H1 peak power density is only 0.486 mW/em®. The
average power density with 40% duty cycle is 0.194 mW/em®. The exposure limit at W-band for general
population is 1 mW/em’, so the W-band beam exposure is safe for an unlimited amount of time. Exposure
for all fixed-wing flight scenarios is less than 0.001 mW/cm”.

HUSIR will be a dual-band radar, with X-band and W-band beams co-boresighted and radiating
simultancously, so a cumulative X- and W-band exposure could be a concern. However, in W-band, the
H1 hotspot is at 36 km, or 25 km beyond the X-band H2 hotspot. Since the X-band and W-band hotspots
arc so widely separated, there is no significant cumulative effect.

Note that under ¢ven these unlikely flight conditions, an aircraft transiting the beam is not exposed
to RF radiation that exceeds the statc maximum limit. The only case that is close is where the aireraft is
almost stalling and traveling only 3° off boresight of the MISA UHF radar (sce Table 8).

A similar model can be applied to calculate the exposure level for birds flying through the HUSIR

beam. The primary concern here is the X-band radar beam due to its much higher power density (HI
average power density is approximately 40 mW/em?®). Table 14 summarizes the results.

TABLE 14

HUSIR X-Band System Near-Field Model Results for Bird Flight Scenarios”

Exposure

Haystack LRIR (mW/cm?)
H1 H2
3°/5ms’ 0.9 0.8
5°/5ms’ 0.5 0.5
10°/5 ms” 0.3 0.3

" Computed exposure is equivalent 30-minute average power flux for beam transit through field hotspot H1 or H2.
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While the exposures in Table 14 are below the allowable limits for genral human population, the
Commonwealth ef Massachusetts does not speeify safe exposures for birds. However, Bruederer, Peter,
and Steuri [6] studied the effects of tracking birds with X-band (9 GHz) radar on their behavior. The
average power densities of their radar beam ranged from 40 mW/em® at 250 meters to 2.5 mW/em’ at
1,000 meters. Birds were tracked for a minimum of 60 see and no changes in behaviour were observed.
These results imply that there is no significant effeet on birds from short duration exposures to RF
radiation at these power densities. As in the aireraft seenarios, the flight geometries used in Table 12 are
extreme. Most exposures due to birds aceidentally erossing the beam are expeeted to be at higher angles
and, thus, of mueh shorter duration. Table 15 summarizes the exposure times to various RF power density
levels for birds erossing the radar boresight at a more typical 45 degree angle and 5 ms™' air speed. The
MISA UHF radar is the worst ease due to its large beam width. For this seenario (45 deg, 5 ms™), the 30
minute average power density for a bird erossing any LSSC radar beam is less than 1 mW/em”.

TABLE 15

Summary of RF Exposure Times to Birds Crossing the Radar Boresight at 45 Degree
Angle and 5 ms™ Air Speed

Al;l:r:asl?te E:\‘er Exposure Time (sec) | Exposure Time (sec) Exposure Time for
yLre for MISA UHF for HUSIR X-Band HUSIR W-Band
(mW/cm®)
>100 mW/cm? 0 0 0
>10 mW/cm? 14 6 0
>1 mWicm? 21 11 0

3.5 HELICOPTER NEAR-FIELD MODEL RESULTS

After studying the necar-field models, it quickly beeomes apparent that the only place where the
field is significantly strong is within the near-field beam itself, which is to say within one antenna
aperture radius of the radar line-of-sight. For the helicopter case, where the aireraft ean hover and dwell at
a particular loeation for many minutes, the best way to visualize the problem is by eomputing the
maximum amount of time the helicopter can stay at a fixed position in the beam before the exposure
exceeds the maximum limit. This maximum dwell time assumes neither the aireraft nor the radar antenna
moves during the encounter.

Shown below (Figures 7-11) are x-z maps of the near-fields of the LSSC radars indicating the
maximum time a helicopter may dwell at a particular position.
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Figure 7. MISA UHF system map of maximnm allowable exposure times for a hovering helicopter. X-axis is range

Jfrom radar antenna aperture, y-axis is cross-range spanning the diameter of the apertnre, and z-axis is seconds of
dwell time.
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Figive 8. Zenith UHF system map of maximnm allowable exposnre times for a hovering helicopter. X-axis is range

from radar amtenna apertnre, y-axis is cross-range spanning the diameter of the apertnre, and z-axis is seconds of
dwell time.
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Fignre 9. Millstone L-band systemi map of maxinimm allowable exposure tinies for a hovering helicopter. X-axis is
range from radar antenna apertnre, y-axis is cross-range spanning the diameter of the aperture, and z-axis is
seconds of dwell time.
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Figore 10. Haystack X-band systent map of miaxinimm allowable exposure times for a hovering helicopter. X-axis is
range from radar anutenna apertmre, y-axis is cross-range spamiing the diameter of the apertwe, and z-axis is
seconds of dwell time.
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Figure 11. HAX K,-band system map of maximum allowable exposure times for a hovering helicopter. X-axis is
range from radar antenna aperture, y-axis is cross-range spanning the diameter of the aperture, and z-axis is
seconds of dwell time.

As can be seen, a helieopter must be within the eylinder of the antenna aperture before the risk of
over-exposure is significant. Further, for the higher-frequency radars, Haystack LRIR and HAX, the
aireraft must be within only a few meters of boresight. In all eases, onee the helieopter is outside of the
near-field beam, it may hover for five minutes and more without reaching the maximum limit. Due to the
narrow beams of these radar systems, the exposure to objeets outside of the beam is low.

As shown in Figure 12, the HUSIR W-band peak power flux density is below the Commonweaith
of Massachusetts exposure limit for general population, so a helieopter can stay in any part of the W-band
beam indefinitely. Due to the relatively low power of the W-band transmitter, the results for HUSIR
eumulative exposure (X- and W-bands simultaneously) are essentially identieal to Haystack LRIR (X-
band only).
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HUSIR Near-Field Power Density
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Figure 12. HUSIR W-band near-field power flux density map. X-axis is range from radar antenna aperture, y-axis
is cross-range spanning the diameter of the aperture, and z-axis is peak power flux density in m W/em®. Since the
maximum dwmy cvele of the W-band radar is 40%, these values need to be multiplied by 0.4 to obtain the average
power flux density.
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4. CONCLUSIONS

The RF radiation exposure levels to fixed-wing aircraft, rotary-wing aircraft, and birds have been
studied. The sclected near-field model, necessary for the close ranges in question, has becen corroborated.
Results from the addition of the HUSIR radar system have been shown along with carlicr findings for all
of the other LSSC radar systems. Both likely and unlikely scenarios for the anticipated operations of the
Millstone Hill radar systems have been included. Even though the potential for main-beam thermal effects
exposure exists for these special-purpose, high-power, deep-space radar systems, the beam size,
pulsed/high-speed scanning operational scenarios reduce the likely exposure to airborne aireraft to levels
that arc extremely small and that are below the Massachusetts and FCC exposure limits for the general
public. While there are no well established exposure limits for birds, studies such as [6] indicate that birds
accidentally crossing the Haystack or HUSIR beam will not be affected.

The likelihood of exposure of helicopters to RF levels above the state and federal exposure limits,
while still very small, is greater than to fixed-wing aircraft due to their ability to hover and dwell. If a
helicopter were to dwell very close to the middle of the beam of any of the LSSC radars, it may be
exposed to levels exceeding the maximum limit in under 90 seconds, depending on the distance from the
antenna and the proximity to the radar line-of-sight. Based on the result for the MISA radar, a minimum
safe distance of 3000 or 3500 meters may be appropriate, though the likelihood of a helicopter pilot
positioning himself directly in front of an antenna at that range is not great. For Haystack LRIR, HUSIR,
and HAX, the distances are much greater, though the likclihood of positioning within a few meters of
boresight i1s very small, particularly given the curiosity element is not present due to the radomes covering
these antennas.

To give an idea of the extent of the distances mentioned above, Figure 13 shows a map of the arca
around Millstonc Hill. A circle of radius 3500 meters (11,550 feet, or almost 2% milcs) is shown,
centered on Haystack. Pilots often use the large radome of the LRIR as a visual reference, so any potential
alert zone should be centered there. The distance from Haystack to Millstone is approximately 690 m, and
Haystack to the MISA antcnna 1s approximately 480 m. If a 3500 meter radius and a 5° beam clevation is
considered, the beam altitude at 3500 meters is approximately 300 meters (1000 fect) above Haystack
ground level, or 425 meters (1400 feet) above mean sea level.

As shown in Table 15, the potential for main-becam short duration exposure to birds exists. The
results indicate that only the UHF radars may present a small risk to birds of thermal cffects due to
exposure to RF power densities greater than 10 mW/em® (less than 14 seconds exposure for birds crossing
the radar boresight at 45 degrees) with all other exposures significantly lower.

The analysis summanzed in this report shows that there is a very low probability of impact on
fixed-wing and rotary-wing aircraft, migrating birds as wcll as resident bird populations.
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Figure 13. Map of the area around Millstone Hill. The red circle, centered at Haystack, has a radius of
approximately 3500 m.
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