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Diffraction analysis of a double-shielded antenna
in the Fraunhofer and Fresnel regimes:
Model predictions

C. Tello,* T. Villela,! C. A. Wuensche,! N. Figueiredo,? S. Torres,>*
M. Bersanelli,” M. Bensadoun,® G. De Amici,®” and G. F. Smoot €

Abstract. We analytically investigate the use of a wire mesh ground screen
(fence) and a halo of extension panels around a helically fed parabolic reflector in
order to estimate the ground contribution to the antenna noise temperature in an
experiment aimed at surveying the sky at decimeter wavelengths. We use geometric
diffraction theory to model the effect of these screening and blocking shields when
scanning in azimuth at tilt angles from zenith in the range 0° > Z > 45°. We report
estimates based on existing formulas for monofilar axial-mode helical antennas
with expected low-level sidelobes in the direction of the halo region. As long as
there is no significant coupling between the near-field patterns of both the feed
and the diffracting halo, estimates using the Fraunhofer approximation agree with
those calculated with the Fresnel approach at a tilt angle Zeq, which increases
with the proximity of the diffracting edge from the near-/far-field boundary of the
feed pattern. Our estimates show that for a fence of some 10-dB attenuation and
high enough to level out the horizon profile at the prime focus of the antenna,
the diffracted components dominate the contribution for tilt angles Z < 35°. The
fence is the main diffractor when Z 2 20°, but for Z 2 25° its contribution becomes
insensitive to the presence of the halo. On the other hand, if the attenuation is low
(<1dB), the increase in ground solid angle with tilt angle makes the contribution

due to transmission and ground exposure the dominant one.
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1. Introduction

The remarkable progress of microwave astron-
omy and cosmology achieved in the last decade
has brought renewed interest to producing reli-
able all-sky surveys of the galactic radio contin-
uum [De Amici et al., 1994; Kogut et al., 1996a,
b; Davies et al., 1996]. In particular, the need
to determine the precise level of contamination
of the measurements of the cosmic microwave
backgound radiation by diffuse foreground sig-
nals (galactic synchrotron, free-free, and dust
components) led to the creation of the Galactic
Emission Mapping (GEM) project [De Amici et
al., 1994], an international collaboration whose
observational program is presently under way
to produce all-sky maps of the total brightness
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at 408 and 1465MHz and 2.3, 5, and 10 GHz.
The GEM experiment was conceived to over-
come the base level and temperature scale un-
certainties that plague existing surveys [Haslam
et al., 1982; Reich and Reich, 1986] in deriv-
ing the distribution of the synchrotron spectral
index over the sky [Lawson et al., 1987; Reich
and Reich, 1988; Platania et al., 1998]. Pre-
liminary results of the collaboration have been
presented in the form of partial sky maps by Tor-
res et al. [1996] at 408 MHz, by Tello [1997] at
1465MHz, and at 2.3 GHz by S. Torres (internal
report, 1997).

One of the major causes for the striping seen
in the preparation of previous maps is the vary-
ing level of sidelobe contribution due to trans-
mitted and diffracted radiation from the ground.
In this paper we model the novel approach in-
troduced by the observational technique of the
GEM project to minimize this effect at 408 and
1465MHz. Our goal is to present an analytic
description of the intended performance of the
experiment. A forthcoming paper (C. Tello et
al., manuscript in preparation, 1998) includes
the measured response of the feeds to estimate
the actual performance.

2. Experimental Design

The GEM antenna consists of a portable 5.5-m
radio telescope with an extension halo made of
2.1-m-long aluminum sheet panels. The instru-
ment mount is an altazimuth rotating base for
circularly scanning the sky around the zenith at
lrpm. The daily rotation of the Earth spreads
out the scans to map a full declination band in
the sky. The experiment was designed so that
the halo would intercept much of the solid an-
gle in the direction of the ground, thereby redi-
recting the spillover sidelobes toward the sky.
However, in order to minimize the response from
the diffraction sidelobes which see the edges of
the halo (a problem that worsens with increas-
ing wavelength), a ground screen, or fence of
hexagonal wire mesh, was erected around the ra-
dio telescope (Figure 1). In addition, this outer
shield should act as an effective means for level-
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Figure 1. Side view of the instrument showing a
ray-tracing diagram (dashed lines) for the reflector
and the shields. Sidelobes into region I will fall upon
the halo and pick up the sky instead of the ground,
while the fence causes partial reflection of the sky
signal and partial transmission of the ground signal
into the sidelobes of region II. The projections s and
d are used in the Fresnel method of diffraction to
represent full range in aperture distance from the
diffracting edge and distance to the assumed aper-
ture plane, respectively.

ing out at the prime focus the increased propor-
tion of ground seen above the lower edge of the
tilted dish.

Kraus coils in the backfire mode were devel-
oped as feeds for a prime focus ar-angement at
408 and 1465MHz [De Amici, 1995]. Conven-
tionally speaking, a Kraus coil is made of a heli-
cal conductor rising above a ground plane near
the feed point, and the radiation mode is deter-
mined by the relative size of the ground plane.
If the diameter of the ground plane is made less
than the diameter of the helix, the excited waves
are launched backward in the direction of the
feed point (backfire mode); whereas if the diam-
eter of the ground plane is larger than twice the
diameter of the helix, the waves are launched
from the open end of the helix (end-fire mode).
The advantages of backfire antennas as feeds for
a relatively small sized 5.5-m dish are consid-
erable: (1) reduced aperture blockage and (2)
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sensitivity to circular polarization. The latter
becomes important because galactic radio emis-
sion is dominated by intrinsically polarized syn-
chrotron radiation at these wavelengths. Unlike
dipoles and horns, helical feeds use coaxial ca-
bles for transmission lines and avoid unneces-
sary system noise due to the absence of coaxial
adapters and /or orthomode transducers for total
intensity measurements. Besides, in the backfire
mode the length of the coaxial cable can be made
conveniently short to minimize line losses. Ta-
ble 1 summarizes the geometrical characteristics
of our feeds.

In view of the analytical approach intended in
this paper and the difficulty in assessing the the-
oretical aspects of the radiation pattern in the
backfire mode [De Amici, 1995, and references
therein], we use in our calculations of the pri-
mary the far-field pattern (its normalized elec-
tric field) for monofilar axial-mode helical anten-
nas [Kraus, 1988]:

. {90° sin (ny/2)
En = sin (T) Wcose,

where the phase difference ¢ = 360°[S\(1 —
cos @) + 1/2n] is given for increased-directivity
condition, @ is the backfire polar angle, and »
(= 9.5 for our feeds) is the number of loops
spaced at regular intervals of S units (see Ta-
ble 1). Despite our inadequacy to supply, at this
stage, a more realistic functional expression for
the backfire mode of our feeds, the axial-mode
prime feed pattern we have chosen displays low-
level spillover and diffraction sidelobes in the

(1)

Table 1. Backfire Helices of the Galactic
Emission Mapping Project

Frequency, A, Free-Space Wavelengths a,

MH:z cm C,? Syt prs deg
408 73.48 0.919 0.209 0.013 12.8
1465 20.39 0.990 0.215 0.023 12.3

2The length of the circumference of each loop.
>The spacing between neighboring loops.
¢The diameter of the helical conductor.

4The pitch angle o = arctan(Sx/Ch).
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Figure 2. Side view of the shields superposed on the
polar diagrams of the monofilar axial-mode patterns
used in our calculations of the prime feed response at
408 MHz (dashed lines) and 1465 MHz (dotted lines).
The tilt angle Z is 30°.

halo region (see Figure 2), as required by our
experiment.

3. Ground Emission

The presence of the shields modifies the re-
sponse of the feed in the direction of the side-
lobes exposed to ground radiation. We evalu-
ate this effect by using the geometric theory of
diffraction, which makes a clear distinction as
to the treatment of such phenomena in terms
of the separation of the source of radiation (the
ground), the physical obstruction responsible for
the diffraction (the shields), and the location
where the variation of the source intensity is ver-
ified (the feed).

When the phenomena become independent of
the distance to the source, the variation of its
intensity exemplifies the well-known Fraunhofer
diffraction pattern, or far-field pattern. If the
phenomena under investigation, on the other
hand, depend on the distance, the result is a
Fresnel, or near-field, diffraction pattern. Thus
the modification of the feed response is seen as
the effect of the diffraction pattern of the shields
on the diffraction pattern of the feed.

For either pattern, the threshold between the
two regimes is usually given in terms of the dis-
tance d, & 2a?/)\, where q; is the linear dimen-
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sion of the aperture associated with the diffract-
ing obstruction. In the case of the shields, we
shall assume that the obstructions are effectively
represented by the upper edge of the fence and
the outer edge of the halo. The correspond-
ing aperture can be given, approximately, by
the height of a diffraction slit with a linear di-
mension of 1A. The implied thresholds lie at
~1.5m at 408 MHz and at ~0.5m at 1465 MHz.
For the feed, however, the linear dimension of
its aperture has been estimated from the square
root of its effective area (A% / feed solid angle).
So d.(408 MHz) ~ 2.75m and d,(1465MHz) =~
0.77m, which places the edges of the shields im-
mediately outside the near-field zone of the feed
pattern.

Analytically, the rather close proximity of the
deduced thresholds between the diffraction pat-
terns of the feed and the shields (of the halo,
in particular) poses an interesting problem as
to their mutual coupling in practice. Although
we do expect our estimates of the diffraction ef-
fects to represent a distance dependent Fresnel
regime, we also would like to know how signif-
icantly different this approach could be when
compared with a distance independent Fraun-
hofer approximation. Therefore we will start
by making the simplifying assumption that the
bulk of the emission from the ground arrives
at the fence in the form of parallel wave fronts
(source at infinity) and estimate the diffraction
effects with the Fraunhofer formalism. Then, we
will make the more precise assumption that the
blockage of the ground by the shields produces a
Fresnel diffraction pattern. The analytical tools
are given in sections 3.1-3.3, while the estimates
from both approaches are compared in section
4.

3.1. The Transmitted Component

The relative importance of the diffracted radi-
ation at the fence and, consequently, the trans-
mitted power diffracted at the portion of the
halo hidden by the fence are directly related
to the attenuation properties of the wire mesh
screen. In order to model the fence we sim-
plify the mesh treatment to a superposition of
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two mutually orthogonal sets of parallel wires.
Mumford [1961, and references therein] improved
on existing attenuation formulae to account for
the experimental results quoted by other authors
and assembled an empirical nomograph for the
case of plane waves arriving at an arrangement
of parallel wires of diameter 2r and separated by
a spacing a, such that the ratio x of the trans-
mitted to the incident power, P,/ F;, is given by

B (%)_2 @)

0.83 exp C,\17?
exp C, — 1 )] ()

v

K

with

A(A,rya) = A, [In (

where A, is the wavelength and C, = 27r/a
is the circumference of the wire in units of the
spacing a. This is the case for normal incidence
and linearly polarized waves in the direction per-
pendicular to the orientation of the wires. In the
more general situation of unpolarized radiation
arriving at an angle ¢ to the fence, the incident
power may be decomposed as the sum of two
equal and independent contributions. One will
originate a transmitted component in the fash-
ion outlined by (2), whereas the other will yield
a component just like in (2) but with an effec-
tive spacing scaled by sin¢. Thus the overall
attenuation becomes

k=2 [A‘z()\,r,a) + A%\, r,asin ga)] . @

Figure 3 shows the effect of conductor diame-
ter and spacing on the attenuation coefficient
k for the working frequencies in our mapping
experiment. As meant by our design considera-
tions, the open circle in Figure 3 indicates that
the present fence (¢ = 5c¢m, r = 0.5mm, and
¢ = 50°) should provide a reasonable level of
attenuation (~10dB) at our lowest frequency.
For a fence that levels out at the prime fo-
cus of the paraboloid, the increased proportion
of ground seen in front of the tilted dish, the
transmitted power will contribute to the antenna
temperature through the solid angle of region II
(halo present) or of regions I and II (halo ab-
sent) in Figure 1. The total ground solid angle
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Figure 3. Expected wire mesh screening of the fence

as (a) a function of wire radius r and spacing of 5cm

and (b) a function of spacing a for 1-mm-diameter

wires. The full circles indicate the expected attenu-
ation at 408 MHz.

is bounded above by the edge of the fence at
05, = 05(¢) and below by the edge of the halo
at O, such that the transmitted antenna tem-
perature component will amount to

Tt ~ To—— /ZW%/G"” 8)dQ, (5)
s, Ui

where ¢, is the azimuth at which the line of sight
to the edge of the halo intercepts the edge of the
fence (6n = 6y,), Q24 is the solid angle of the
feed, and Ty is an average physical temperature
of the ground.

3.2. The Diffracted Components in the
Fraunhofer Regime

The diffraction of plane waves by a slit of
height y and width z will produce a variation
in the intensity of the radiation at a point Q
given by [Jenkins and Harvey, 1981]

I sin22ﬂy « sin22'yz ’ (©)
Ik Yz

where 8, = (wy/A)sinb,, v, = (rz/A)sind,
and 6, and ¢, specify the direction of @ from
the center of the slit. For the circular arrange-
ment of the wire mesh screens of the fence and
of the sheet metal panels of the halo, a collec-
tion of diffraction slits along their edges may be
thought of as an overall annular slit. (These
edges do not conform to strictly circular shapes.
Those of the halo make up a regular polygon of
24 sides, while the ones of the fence assemble
into a dodecagon. The annular approximation
is justified in view of the relatively long wave-
lengths under consideration.) In the limit of in-
finitesimally wide slits and the location of Q at
the prime focus of the paraboloid, the deviation
in azimuth from ¢, = 0° is small compared with
the range in 6, so that the diffracted compo-
nent of the ground contribution to the antenna
temperature can be approximated by

. - Te /“‘“ /"w sin?
40 Q4 | /s o B2

‘9f¢+'\ sin? ﬁy _
+ /9 ) =L - =(6) ng] do

/ /9h+A sin ,By St Py g2 (g) dQ} (7)

k() dFy
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where %(6) corresponds to the mean attenuation
from 6y to 85, and dFy = EZ(6)sin6d6. Note
that the contribution due to the halo is sepa-
rated into two parts. The second integral inside
the brackets accounts for the diffraction of the
component transmitted by the fence, while the
integral outside of them refers to the diffraction
of direct ground pickup at the portion of the
halo that looms above the fence.

3.3. The Diffracted Components in the
Fresnel Regime

A more precise approach to the antenna tem-
perature contribution from the ground can be
investigated if we apply the well-known optical
analysis of Fresnel diffraction by a straight edge
to our double-shielded antenna configuration.
Thereby we extend the notion of plane waves
arriving in the aperture planes of the shields to
a distance dependent source. For such, let §2y
be the solid angle that the fence profile fills out
from the prime focus of the paraboloid. Then,
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if (1) we treat the ground source as a uniform
temperature distribution over ¢, (2) we choose
the aperture plane of the fence to lie perpendic-
ular to the line of sight that clears the edge of
the halo, and (3) we choose the aperture plane
of the halo to lie perpendicular to the line of
sight that bounds ¢ from below, an estimate
of the ground contribution to the antenna tem-
perature is readily obtained by convolving the
ground temperature distribution with a modi-
fied feed response according to [Kraus, 1966],

Tao = 22 [[Plos(os - Os(O)E20) a2

f
TGB /2r-¢c/9f¢
— Plqs(0¢, — 0
vEo [T [ pigstoy, - 0)

x [1— K(6)]E2(6) 492, ®)

where P(gs) is the relative power response of the
feed as given by

relative power response

60 70 80

90 100 110 120

backfire polar angle 0 (degrees)

Figure 4. Profiles of the relative power response of the feed for the dish with and without
the halo and sampled at 10° intervals in the azimuth range ¢, < ¢ < 27 — ¢.. The tilt

angle Z is 30°.
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Figure 5. Total and transmitted component of the antenna temperature contribution due
to ground emission for the dish with the halo on (solid symbols) and for the dish alone

(open symbols).

P(gs) = %

1 2 n 2
{[5-cw] +[5-sw]} @
and ¢gs models the geometry of the blockage in
terms of the distance d(= 2/¢%)) to the aper-
ture plane and the aperture distance s from the
diffracting edge (see Figure 1). In 9 the quan-
tities C(¢gs) and S(gs) are the cosine and sine
Fresnel integrals:

Tu?
2

C(gs) =/0qscos( 2
m?

S(gs) =/0qssin ( 5

with 4 = gz for 0 < z < s. Figure 4 illus-
trates the amount of distortion the feed response
is subject to, as the halo partially blocks the in-
ner aperture plane in the exposed region of the
fence (4. < ¢ < 27—¢.). Still, in (8) it should be

) du and (10)

) du , (11)

noted that the first term of the convolution inte-
gral includes the transmitted component given
by (5), which has to be subtracted to obtain
the diffraction component due to the entire halo
alone. The second term in (8) makes up for the
diffracted component by the fence.

4. Results and Discussion

Our estimates of the overall ground contri-
bution to the antenna noise temperature cover
the allowed instrumental range of 0 < Z < 45°
at 1° steps from zenith and are shown in Fig-
ure 5. The displayed calculations include, in
addition to the difference in obtaining diffrac-
tion estimates with the Fraunhofer and Fresnel
methods, the effect of removing the halo. Also
shown are the sole contributions from the com-
ponent transmitted through the fence and, at
large tilt angles, picked up directly from un-
screened ground below the fence (see Figure 6).
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Figure 6. The solid angle fraction filling out the ground seen between the upper edge of
the fence and the rim of the halo (solid symbols) or the dish (open symbols). Unscreened
portions are revealed when the line of sight to the rim of the halo drops below the lower

edge of the fence.

Because ground shielding acts directly on the
bulk of the radiation, we see immediately how
crucially important efficient screening can be
in keeping the ground contribution at a low
level. In this case, the diffracted components can
dominate the overall contribution for tilt angles
Z 5 35° (halo on) and Z < 30° (halo off). In or-
der to better understand the specific role of the
shields in this context, though, we shall separate
their diffracted components as described below.

Figure 7 compares the effect of efficient screen-
ing on the level of the diffracted component of
the fence. At 408 MHz, where the screening is
significant, the level of the sidelobes in the direc-
tion of the halo is low enough to make diffrac-
tion effects at the fence insensitive to the pres-
ence of the halo for Z 2 25°. At lower angles
(Z < 25°), fence visibility (see Figure 8), rather
than low sidelobes, brings up distinct contribu-
tions for the dish with and without halo.

Also, since the attenuation of the fence is al-
ready low at 1465MHz, not even changes in
fence visibility should affect the diffraction at

the fence. Figure 7 shows that the Fresnel ap-
proach is consistent with this expectation, but
the Fraunhofer approximation only agrees for
Z 2 30°, when the halo-independent condition
is more likely to apply due to low sidelobe level.

If we take the case at 408 MHz to be repre-
sentative of the diffraction by the fence, then
Figure 7 tells us that the Fraunhofer approxi-
mation overestimates the results of the Fresnel
approach. Their discrepancy gets worse in the
interval 15° § Z < 25°, where the estimates dif-
fer by a full order of magnitude (~10dB), but
improves steadily down to the 3-dB level toward
the largest tilt angles. Diffraction at the rim of
the halo or dish, on the other hand, shows ac-
cording to Figure 9 that eventually, Fraunhofer
and Fresnel estimates will reach equal noise lev-
els at some tilt angle we have denoted as Zq.
With the exception of the diffraction at the edge
of the dish in the 408-MHz case, the Fraunhofer
approximation underestimates the Fresnel cal-
culations for tilt angles Z > Zq.

If we now express the distance of these diffract-
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Figure 8. Fence visibility at the prime focus ex-
pressed as the angular extent of the upper edge of
the fence between ¢. and 27 — ¢..

ing edges from the prime focus in units of the
threshold distance to the near-/far-field bound-
ary of the feed pattern, then, as summarized in
Table 2, the above behavior argues in favour of
a distance dependent effect.

Thus, as Zq increases in cases A-C, the diffract-
ing edges will appear closer to the feed thresh-
old. In case D, the Fresnel diffraction patterns
of the feed and of the dish edge may already be
overlapping considerably. Still, when comparing
the estimates by size between those at small and
large tilt angles, there is again a good 10-dB dif-
ference when the halo is present, but only some
5dB when it is removed.

The relative importance of the shields in con-
tributing through their diffracted components
to the antenna noise temperature can be ob-
tained by comparing Figures 7 and 9. Keeping
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Table 2. Equivalence Between Fraunhofer
and Fresnel Diffraction Estimates

Location Zeq,

Case Diffracting Edge dr units®* deg
A halo at 1465 MHz 5.8 <5
B dish at 1465 MHz 3.6 22
C halo at 408 MHz 1.6 35
D dish at 408 MHz 1.0 21

*Here dy = 2X Q412

the discussion this time to the estimates in the
Fresnel regime, we verify that with the efficient
screening at 408 MHz the fence dominates the
diffraction effects for Z 2 20°. An extreme is
reached around Z = 30°-35°, when the diffrac-
tion at the fence is about 7 dB noisier than at the
halo. If the halo is absent, however, the fence
will dominate only in the halo-independent re-
gion (Z 2 25°), while still attaining a 7-dB dif-
ference at the largest tilt angles. Despite the
lack of efficient screening at 1465MHz, which
makes the halo at least 16 dB noisier than the
fence for tilt angles near Z = 30°, the absence
of the halo would contribute with an additional
5dB to this relative noise level. From Figure
5, however, we know that even so, the diffracted
components here are some 14 dB below the noise
due to transmission alone.

5. Summary and Conclusions

We have developed a model for a double-
shielded antenna to estimate the transmitted
and diffracted components of the radiation emit-
ted by the ground. We apply the geometrical
methods of Fraunhofer and Fresnel diffraction to
test the performance of the antenna as a func-
tion of antenna tilt angle Z (from zenith) in the
range 0° > Z > 45° against screening efficiency
of an outer shield (a fence) and removal of an
inner shield (a halo). Definite predictions were
found for a Kraus coil as feeder for the radio-
metric system.

By requiring a low response of the feed side-
lobes that illuminate the halo, we find evidence
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that diffraction will contribute more than trans-
mission to the antenna noise temperature as long
as the screening efficiency of the fence is signifi-
cant (~10dB). This condition is realized in the
Fraunhofer regime for all tilt angles, but in the
Fresnel regime it is tilt angle limited (Z < 35°
with halo and Z < 30° without halo). Similarly,
whereas in the Fraunhofer regime the diffrac-
tion component is dominated by the fence (ex-
cept for Z < 15° when the halo is on), in the
Fresnel regime the contribution of the halo/dish
becomes more relevant and exceeds that of the
fence for Z < 20° (halo on) and for Z < 25° (halo
off). For tilt angles Z 2 25° the contribution
of the fence not only makes up for most of the
diffracted component but also becomes indepen-
dent of the presence of the halo in either regime.
If screening is inefficient (<1dB), transmission
becomes dominant and reflects directly the in-
creased proportion of ground seen in front of the
antenna with tilt angle.

We also conclude that there is a correlation be-
tween tilt angle and the proximity of the diffract-
ing edge of the halo from the near-/far-field
boundary of the feed pattern, such that as long
as there is no significant coupling between the
near-field patterns of both the feed and the
diffracting halo, estimates using the Fraunhofer
approximation agree with those calculated with
the Fresnel approach at a tilt angle Z.q. In these
cases, the Fraunhofer method will produce esti-
mates that are higher than those obtained with
the Fresnel method for Z < Z.q and lower for
Z 2 Zeq. The higher estimates in the Fraunhofer
regime are also found for the fence, as expected
for a location in a region still farther away from
the near-/far-field boundary.
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