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Abstract—Typically, large radar antennas are covered with
radomes in order to protect them from weather conditions and
to enable them to operate continuously without loss of preci-
sion. Due to their large size, the radomes are assembled from
many panels connected together forming joints or seams. In
many applications the panels are type-A sandwiches that are
optimized for minimum transmission loss over moderately nar-
row bandwidths. The seams and joints in a sandwich radome
introduce scattering effects that can degrade the overall electro-
magnetic performance of the radome. Tuning the dielectric
seams with conductive wires and optimizing their geometry is,
therefore, crucial to enhancing the electromagnetic performance
of the radome. This paper addresses the problem of systemati-
cally tuning the dielectric seams and presents both numerical
and experimental results to illustrate the tuning procedure. Also
included in the paper are results showing the effect of the tuning
of the radome on the radiation pattern of an enclosed aperture
of circular or elliptic shape.

INTRODUCTION

HE common shape of large radomes is a spherical dome

as shown in Fig. 1. This shape is chosen not only
because of structural and manufacturing considerations, but
also because it provides symmetry during the antenna scan-
ning. For moderately narrow bandwidths and high transmis-
sivity (95%), the radome can be a type-A sandwich panel
construction with dielectric panel-to-panel seam connections.
The radome is constructed from many panels with a quasi-
radome geometry to reduce the cumulative effect of scattering
from the seams. The degree of randomness of the seam
geometry can increase as the seam length decreases. How-
ever, such a decrease in the seam length also has associated
negative effects, e.g., increase in the total blockage due to the
seams and decrease in the cost effectiveness of the panel
manufacturing process. Consequently, there is a trade-off
issue to be considered in the use of randomness in the design
of radomes.

The physical dimensions of the seams are usually deter-
mined by structural considerations, such as maximum wind
speed and the resultant stresses the seams have to sustain.
Without electromagnetic consideration, however, radome
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Fig. 1.

Sandwich radome geometry.

seams may degrade the total system performance by introduc-
ing high scattering levels. The reduction of the scattering
effect from the seams can be obtained by introducing conduc-
tive wires in the dielectric seams. The conductive currents
induced in the wires can be designed to partially offset the
effects of polarization currents induced in the dielectric seam
and thereby produce a net reduction of the scattering effect.

The scattering analysis from such a tuned dielectric seam
with parallel (transverse magnetic (TM) case) and perpendic-
ular (transverse electric (TE) case) conductive wires /strips to
the seam axis have been addressed in the literature. Most of
the investigators of the TM case [1]-[4] have employed the
electric field integral equation (EFIE) volume integral equa-
tion in conjunction with the method of moments (MM) and
have regarded the scattering from the seam to be equivalent
to the superposition of the scattering from a multifilament
structure confined in the cross section of the seam. The TE
case of a dielectric seam tuned with conductive strips perpen-
dicular to its axis has been analyzed by Michielssen and
Mittra [5] using the spectral domain formulation and an MM
solution.

The analysis of the total scattering effect from all the seams
in front of the antenna’s aperture is similar to that described
by Kay [6] for metal space frame radomes. Both Kay [6] and
Chang [7] considered a circular aperture enclosed in the
radome illuminating the seams with a collimated beam. This
approach is valid only for relatively large apertures (in
wavelengths) enclosed in the radome. We will extend the
analysis to the case of elliptical apertures and will include the
divergence effects of small or asymmetrical antennas en-
closed in the radome. Finally, we will present computed
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results which show the importance of the randomness in the
seam geometry on the antenna pattern.

II. TUNING A SINGLE SEAM

The reduction of the radome scattering effect or improve-
ment in the radome transmissivity can be obtained by mini-
mizing the scattering level from the individual seams. De-
pending on the incident field polarization, both vertical (TM
case) and horizontal (TE case) polarization currents will be
induced in the seam. The magnitude of those currents in-
crease with frequency, therefore, it is crucial to offset those
currents for high performance radome applications at mi-
crowave frequencies. Fig. 2 shows the tuning mechanism
with vertical and horizontal conductive strips.

The basic parameters which determine the performance of
a seam are the induced field ratio (IFR) and the seam’s
scattering pattern. The IFR concept was introduced by
Kennedy [8] to characterize scattering from cylinders and
was used extensively by Rusch et al. [9] and Ruze [10] to
analyze the scattering from reflector antenna struts. The IFR
is the ratio of the scattered field by the seam to the field
radiated by the geometrical shadow area of the seam contain-
ing that incident field.

Using the Michielssen and Mittra [4] formulation we have
computed the IFR dependence with frequency for a dielectric
seam of rectangular cross section with dimensions 2 in X 4
in. The IFR dependence of a tuned and an untuned seam is
shown in Fig. 3. The electrical properties of the seam are
€, = 4.6 and tan & = 0.014. The seam is tuned with a grid of
conductive strips located on its center line, spaced 0.277 in
apart and with a strip width of 0.062 in. The data presented is
for the TM case and at normal (¢ = 0) incidence. The
computed data is compared to the measured data.

At the tuning frequency 5.6 GHz the magnitude of the IFR
drops significantly compared to that of the untuned seam. In
addition, the IFR phase goes through the 180 degree value
close to the tuning frequency, a feature common to resonant
devices.

Fig. 4 shows the field distribution amplitude and phase in
the tuned and untuned seam cross section. At the locations of
the strips the total electric field goes to zero. Moreover, the
phase of the electric field is more uniform compared to that
of the untuned seam. The uniformity of the phase distribution
is a good indicator of the transparency of the seam because it
resembles the uniform phase front of the incident field.

Fig. 5 shows the comparison between the computed scat-
tering pattern of the untuned and tuned dielectric seam. One
can observe the significant reduction of the scattering levels
in the forward direction compared to that of the untuned
seam.

The seam’s IFR of two adjacent sandwich panels was
measured by moving two type-A sandwich panels with a
seam in between on a track in front of a pair of receiving and
transmitting horns. The amplitude and phase of the receiving
signal throughout the panel movement were recorded. Typi-
cal recorded signals (amplitude and phase) for both the
parallel (TM case) and perpendicular (TE case) polarizations
are shown in Fig. 6. One should notice the reference signal

127

TZ

Einc
B
Y
v
X
P

X’ 1)
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Fig. 3. IFR versus frequency for a tuned /untuned dielectric slab 2 in x 0.4

in (TM case) at normal incidence.

before the panels cross the boresight line between the horns,
the diffraction effect when the panels begin to cross this line,
the insertion phase delay (IPD) and the insertion loss of the
panel and the phase and amplitude perturbation in the seam
area. The recorded signal is symmetric with respect to the
seam axis. The perturbation of the amplitude and phase in the
seam region is significantly reduced for the tuned case.
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Fig. 5. Calculated scattering pattern for tuned and untuned dielectric slab 2
in X 0.4 in (TM case) at 5.6 GHz.

Based on the measured phase and amplitude perturbation in
the seam region, one can compute the IFR of the seam using
the following formula [9]:

) e*j45° Y 7
IFR = (10008egia® _ ) ___ | o0y
W\ m+
where
Aa(dB) amplitude change due to the tested seam in

the forward direction

phase change due to the tested seam in the
forward direction

A¢ (degree)

W the width of the shadow area of the seam’s
geometrical cross section on the incident
wavefront

A wavelength

Mo distance between the tested seam and the
transmitting horn

Mo distance between the tested seam and the

receiving horn
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Fig. 6. Recorded signals (throughout the panel movement for tuned (- - - -)
and untuned (—) seams at 5.625 GHz. (a) Vertical polarization (TM case).
(b) Horizontal polarization (TE case).

ITII. SCATTERING ANALYSIS OF THE SEAMS

Fig. 7 shows a schematic diagram of the scattering mecha-
nism from the seams. For increased generality, the aperture
of the antenna is chosen to be of elliptical shape with its
major axes 2a X 2b and its center offset from the radome
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Fig. 7. The geometry of the radome and the scattering mechanism.

center (¥g, Zo). Due to the divergence effect of the antenna’s
radiation beam, the incident angle on the mth seam and its
peak scattering angle is (8", ¢'). The coordinate system for
the scattering analysis is shown in Fig. 7. To determine the
perturbation due to the seam scattering we compute initially
the unperturbed far-field pattern of the antenna enclosed in
the radome. In our analysis we have assumed that the aper-
ture distribution f(x, y) [11] of the antenna’s elliptical
aperture is

X2 2 p
f(x,}’)—C+1(1—C)[1——2———2] (2)
a b

where C is the pedestal illumination and p is an exponential
factor which determines the shape of the aperture distribu-
tion. Given the aperture distribution f(x, y) one can com-
pute the far field pattern F(8, ¢) [11]

F(8,)
a b N . .
= / / j‘(xl7 yl)ejk(x’ sin @ cos ¢+’ sin 6 sin ¢) dxr dy/ (3)
—-av —b

Substitution of (2) into (3) and introduction of a new set of
variables (r, ¢") in place of (x’, y") via the equations

’

x' = arcos ¢’

’

¥’ = arcos o sin ¢’ (4)

where cos a = b/a, yields a closed-form expression for the
far field from an elliptical aperture

2J
F(0,9) = ma*cos a|C ()
u
27% 0 (p + D) J ,any (1)
+(1 _ C) o (p+1) (5)

in which J,(U) is the Bessel function of pth order, I'(p + 1)
is the Gamma function, and

u = kasin6(1 — sin’ ¢ sin’ oz)l’/2

(6)

To evaluate the incident field upon the seams we have
assumed that the radiated near field from the elliptical aper-
ture can be approximated by a Gaussian beam [12] with two
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independent waists W,(z) and W, (z) in elevation and az-
imuth, respectively. In general, the waist W(z) is given by
[12],

1/2

(7)

where W, is the Gaussian beam waist at z = 0 and it can be
cither W, , (elevation) or W, ., (azimuth). We have com-
puted W, by equating the actual 3 dB beamwidth of the
aperture to the 3 dB beamwidth of the Gaussian beam approx-
imation. The radius of curvature R(z) of the Gaussian beam
is given by [12]

W(z) = Wol 1+ (ha/ 75|

2
R(z) = 2[1 + (xWi/na) ] (8)
and there are two radii of curvature, viz., R,, and R in
azimuth and elevation, respectively. Given W(z) and R(z)
one can compute the field intensity f(x, y, z) of the Gauss-
ian beam at any distance (z) from the antenna’s aperture,

az.

1/2 2 2
WO.elWO,az:| _ al - Y

f(xay,Z)=[ W Wl wd

y Ar(x2+y:) ) 71( AZ )
.o ikze—iT\ 5 Jan
e ¢ IN\R, Ru./€ TWo.elWo.ar / (9)

One can observe that the intensity of the electric field decays
exponentially transverse to its propagation axis. The intensity
of the Gaussian beam drops by more than 30 dB at a lateral
distance of 4W,, x 4W,,. In view of this, we have ignored in
our calculations the scattering effect from the seams beyond
this distance and have designated the aperture 4W,, X 4W,,
as the effective illuminated antenna aperture. Let the coordi-
nates of the mth seam center of the radome be (X ,,, Vs Zpm)>
and let this seam be projected on the effective illuminated
antenna aperture. Let the angle of inclination of the projected
seam with respect to the y axis be 8,. The peak of the
scattering pattern from the mth joint is determined by the
incident angle (8", #5") of the corresponding constituent ray
of the Gaussian beam at its center as shown in Fig. 7. In the
derivation, we have used the coordinate systems (6, ¢) in
which 6 is the elevation angle measured from the x — z
plane and ¢ is the azimuthal angle measured from the z axis
and confined to the x — z plane.

For the purpose of computing the scattering from the
seams, we have assumed that the field radiated by the mth
seam is equivalent to that from a straight current strip with
length /,,, width W,, and with a constant transverse and axial
current distribution. This is a valid approximation for the
purposes of computing the radiation field. An alternative
would be to consider the actual scattering pattern from the
tuned seam on an individual basis; however, this approach
significantly complicates the computation. Using the approxi-
mation mentioned above, the far-field scattering pattern
1,(8, ¢) from the mth seam is written as

sin 4,, sin B
S VIS C PP S R

(10)

1,(8.0) = W,l,
(0. 8) = Wl —

m m
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Fig. 8. Comparison between the scattering patterns from a randomized geometry with (a) untuned and (b) tuned seams.

where

u, =cos(6,0;)sin (¢, o7)

v, = sin (0, 877)

d,, = cos (0,07") cos (¢, ¢g) (11)
and

A, = il sin 6’ cos (¢' + §,,) (12)

B, = % sin 8’sin (¢’ + 5,,) (13)

sin @’ = [sin? (§ — 6f7)

+cos® (8 — 657) sin” (¢ — o)] v (14)

sin (6 — 677)

sin§’ = —
' sin 6

(15)

The scattering from the seams is weighted by the illumination

n 1

function f(x,,, Y,.. Z,,) given by (9), and proportional to the
IFR and the scattering pattern 7, (8, ¢) given by (10). Thus
the total scattered field from M seams can be computed by

M
F(6,9) = Zlgmlm(0‘¢/9'",¢6")ﬁn(xm,ym, Zm)
o
(16)

in which {7]

&m =8y cos?d, + g, sin’5,

(17)
g, > &, are the parallel and perpendicular components of the
IFR of the seam. Given that the unperturbed pattern of the
antenna is F(f, ¢) as given by (5) and the scattered pattern
from the seams is F(6, ¢) as given by (16), one can compute
the perturbed pattern F'(6, ¢) from

F(0,6) = F(8,8) + F(0,9). (18)

Fig. 8 shows a typical projection of a randomized radome
geometry on a 25 ft diameter aperture operating at 5.6 GHz
(vertical polarization). A comparison is presented between
the scattering patterns for untuned and tuned seams. The
seams are 4 in wide with the untuned seam IFR equal to
—0.4 — j0.022 while the tuned seam IFR is equal to —0.16
+ jO. One can observe the reduction (approximately 15 dB)
in the scattering level in the tuned case. In both cases, the
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Fig. 9. Comparison between the scattering patterns of the seams with and without the divergence effect. (a) Aperture with
divergence effect (29.7 ft x 13.1 ft). (b) Aperture without divergence effect (27 ft X 5.8 ft).

scattered energy is uniformly distributed in space due to the
randomized geometry of the radome.

As an example of the beam spreading effect on the scatter-
ing pattern of the seams, we have considered a passive array
27 ft x 5.8 ft operating at 1.09 GHz with vertical polariza-
tion enclosed in a 56 ft tuned sandwich radome. In the
computation we have assumed that the tapering over the
aperture is 15 dB with p = 2. The parallel polarization IFR
is —0.013 + ;.013 and the perpendicular polarization IFR is
—0.12 + j.001 with a seam width of 4 in. Due to Gaussian
beam spreading, the illuminated aperture on the radome
surface is 29.7 ft x 13.1 ft, which indicates that more seams
are illuminated than evident from the 27 ft X 5.8 ft aperture
projection. Fig. 9 shows the comparison between the com-
puted scattering patterns with and without the inclusion of the
divergence effect of the radiating aperture. One can observe
that the divergence causes a reduction of approximately 5 dB
at the peak of the scattered energy and a more uniform
distribution over a wider sector. This result can be explained
by the quadratic phase error introduced in the illumination of
the seams located over the spherical surface of the radome
compared to the almost uniform illumination if this effect is

neglected. In addition, the total transmission loss (with illu-
mination divergence) from the radome improves from 0.06
dB to 0.02 dB.

IV. GEOMETRY OPTIMIZATION

In many radar applications, and especially those which
involve low sidelobes, it is important to reduce the scattering
effect due to the radome in a specified solid angle (9, ¢). In
the previous sections, we have shown how this task can be
accomplished by tuning the seams and quantifying the scatter-
ing level. The next step would be to optimize the seam
geometry. The basic parameters which characterize the scat-
tering effect are the peak of the scattered energy level and its
distribution in space. The peak scattering level is propor-
tional to the total length of the seam and its IFR. We have
reduced the IFR by tuning the seams. The next step is to
reduce the total seam length while maintaining a high degree
of randomness. Although this approach reduces the total
seam blockage which is beneficial from the aspect of the
transmission loss, it increases the size of the panels, which
may or may not be desirable from a manufacturing or
installation point of view. Continuing to increase the individ-
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Fig. 10. Comparison between (a) a randomized and (b) a regular geometry and their scattering patterns.

ual seam lengths will decrease the randomness or increase the
array factor. Both effects have negative implications on the
scattering distribution. Fig. 10 shows a comparison between
the scattering patterns from a typical seam geometry with a
low blockage and a low degree of randomness and a random-
ized geometry. The seams are projected on a 25 ft diameter
reflector antenna and the scattering patterns are computed at
5.625 GHz with both parallel and perpendicular tuned seam
IFR’s. One can observe that for the regular geometry on the
+45° planes the scattering level is significantly higher than
in other planes. This pattern has an undesirable distribution
of the scattered energy. On the other hand, for the random-
ized geometry, the scattered energy is seen to be more
uniformly distributed.

Another factor to be considered in the design is the varia-
tion of the projected seam geometry on the antenna aperture
as the antenna scans in azimuth and elevation. A qualitative
parameter of this effect is the variation of the seam blockage
for different antenna aspect angles. For a “‘good”’ geometry,
the blockage varies mildly with antenna aspect angle.

V. CONCLUSION

In the design of large sandwich radomes, scattering effects
from the seams play an important role. To obtain a high
performance radome, one should consider both reducing the
scattering from the individual seams and optimizing the seam
geometry. The calculated data backed by experimental results

show that with proper tuning of the seams with conductive
strips one can significantly reduce the IFR of the individual
seams and improve their scattering pattern. In the scattering
analysis, we have demonstrated the importance of including
in the divergence effect of the beam of the radiating antenna,
especially for small antennas. The presented results also
show how an increase in the ‘‘geometrical randomness’’
makes the scattering effect from the seams more uniform.
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