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Abstract

Radome diagnostics are acquired in the design process, the delivery control,
and in performance verification of repaired and newly developed radomes. A
measured near or far field may indicate deviations, e.g., increased side-lobe
levels, but the origin of the flaws are not revealed. In this paper, radome di-
agnostics are performed by visualizing the equivalent surface currents on the
3D-radome body, illuminated from the inside. Three different far-field mea-
surement series at 10 GHz are employed. The measured far field is related
to the equivalent surface currents on the radome surface by using a surface
integral representation. In addition, a surface integral equation is employed
to ensure that the sources are located inside the radome. Phase shifts, in-
sertion phase delays (IPD), caused by patches of dielectric tape attached to
the radome surface, are localized. Specifically, patches of various edge sizes
(0.5 — 2.0 wavelengths), and with the smallest thickness corresponding to a
phase shift of a couple of degrees are imaged.

1 Introduction and background

A radome encloses an antenna to protect it from e.g., environmental influences.
Depending on the properties of the shielding antenna and the environment in which
it operates, the radome has different appearance and qualities. The radome is ideally
electrically transparent, but in reality, radomes often reduce gain and introduces
higher side-lobe levels, especially flash (image) lobes caused by reflections on the
inside of the radome wall and reflections within the wall appear [6,20]. Moreover,
the electromagnetic wave radiated by the antenna changes its direction when passing
through the radome, and, if not compensated for, boresight errors occur [6, 20].

New radomes must fulfill specified tolerance levels, and repaired radomes must be
checked according to international standard and manufacturers maintenance manu-
als [20]. Consequently, there is a demand for diagnostic tools verifying the electrical
properties of the radome. The verification test is often performed with a far-field
analysis. Due to the radome, a measured far field may indicate boresight errors,
amplitude reductions, introduction of flash (image) lobes, and increased side-lobe
levels. However, it is not feasible to determine the cause of the alteration, ¢.e., the
location of defect areas on the radome, from the far-field data alone. Further investi-
gations are often required, e.g., cracks can be localized by employing ultrasonics [31].
Moreover, the phase alteration caused by the radome, 7.e., the insertion phase delay
(IPD) on the surface of the radome, is commonly investigated to localize deviations.
One way to measure the IPD is with two horn antennas aligned at the Brewster
angle [29].

An alternative diagnostic method is presented in this paper, where the tangential
electromagnetic fields — the equivalent surface currents — on the outside of the
radome surface are reconstructed from a measured far field. The reconstruction is
performed on a fictitious surface in free space, located precisely outside the physical
surface of the radome, i.e., no a priori information on the material of the radome
is assumed. Both amplitude and phase are investigated. The effect of metallic



defects attached to a radome has previously been investigated in [26-28]. In this
paper, we focus on imaging the phase changes introduced by a monolithic (solid)
radome and patches of dielectric tape attached to its surface. These phase changes
are interpreted as the IPD.

Three different far-field measurement series (at 10 GHz) are employed. In each
series, both polarizations are collected over a hemisphere. Moreover, for each series,
three different configurations are investigated; (0) antenna, (1) antenna together
with the radome and (2) antenna together with the radome where patches of metal
or dielectric material are attached to the surface. To clarify, different defects are
applied to the radome in conf. (2) in the different series; defects consisting of copper
plates (first series), squares of dielectric tape (second series), and the letters LU
of dielectric tape (third series). The results of the first measurement series (metal
defects) are employed to set the regularization parameters used in the subsequent
series. In the two last measurement series, patches of dielectric tape, which mainly
effect the phase of the field, are attached to the radome. The sizes of the patches
vary, with a smallest dimension of 0.5 wavelengths. The dielectric patches model
deviations in the electrical thickness of the radome wall, and the results can be
utilized to produce a trimming mask for the illuminating areas. A trimming mask
is a map of the surface with instructions of how the surface should be altered to
obtain the desired properties, e.g., a smooth IPD or low side- and flash-lobe levels.
Diagnosis of the IPD on the radome surface is also significant in the delivery control
to guarantee manufacturing tolerance of radomes.

The method to reconstruct the equivalent surface currents is based on a surface
integral representation combined with an electric field integral equation (EFIE). The
set-up is axially symmetric and a body of revolution method of moments (MoM)
code is employed, with special attention taken to the calculation of the Green’s
function [13]. Regularization is performed by a singular value decomposition (SVD).

Prior radome diagnostics of spherical radomes utilizing a spherical wave expan-
sion (SWE), applicable to spherical objects, are given in e.g., [12|, where the IPD
and defects in the radome wall are investigated. Moreover, an early attempt to
employ the inverse Fourier transform in radome diagnostics, is reported in [11].

The interest in surface integral representations as a tool in diagnostics has in-
creased rapidly over the last years where different combinations and formulations
based on a surface integral representation, the electric (EFIE) and magnetic (MFIE)
field integral equations are utilized |1,4]. Specifically, the influences of metallic de-
fects attached to a radome are diagnosed in [26-28|. In [3] an iterative conjugate-
gradient solver is utilized to find and exclude radiation contributions from leaky
cables and support structures and in [10] antennas are characterized. Defect ele-
ments on a satellite antenna and a circular array antenna are localized in [18,19],
where a MoM code with higher order basis functions are implemented together with a
Tikhonov regularization. Higher order basis functions and multilevel fast multipoles
are utilized in [9] to recreate equivalent surface currents on a base station antenna
from probe corrected near-field measurements. A surface integral representation is
applied in [22,23] to diagnose antennas. Furthermore, in [22] a conjugate-gradient
solver and a singular value decomposition are shown to give similar results.
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Figure 1: Description and notation of the configurations referred to throughout the
paper. The middle figure shows the unit vectors of the coordinate system in which
the reconstructed fields are expressed.

The focus of this paper is radome diagnostics, i.e., to localize patches of dielectric
tape attached to its surface from measured far-field data. In Section 2.1, the set-up,
the compact test range, and the measured far field are described. The IPD and
different visualization options — the electric or the magnetic field — are discussed
in Section 2.2. In Section 3, an outline of the reconstructing algorithm is given.
Imaging results are viewed and analyzed in Section 4, whereas conclusions and
discussions of future possibilities are finally given in Section 5.

2 Radome diagnostics

A measured far field of an antenna and radome configuration may indicate unwanted
deviations; e.g., increased and changed side lobes, and boresight errors. To find the
origin of the errors, diagnostic tools are essential. Here, far-field measurements from
a compact test range is utilized to localize phase shifts, insertion phase delays (IPD)
on the radome surface, caused by the radome and attached patches of dielectric
tape.

2.1 Measurement data and set-up

Three different measurement series are conducted at 10 GHz. Each measurement
series consists of three configurations; antenna — conf. (0), antenna together with
the radome — conf. (1), and antenna together with the radome where defects are
attached to the surface — conf. (2), see Figure 1. Different defects are applied to the
radome in conf. (2) in the different series; defects consisting of copper plates (first
series), squares of dielectric tape (second series), and the letters LU of dielectric
tape (third series). To clarify, conf. (0) and (1) are the same in all three series.



Figure 2: Photo of the measurement set-up in the compact test range.

The reason for doing these all over is that the measurement series were obtained
at different times. In this way, we avoid the influence of small deviations in the
mechanical and electrical set-up together with relative phase and amplitude shifts
between the series. The configuration number is indicated as a superscript on the
fields, whereas the field component is showed by a subscript, .e., Héo) =o-HO is
the magnetic component directed along the height of the radome surface when only
the antenna is present (cf., notation in Figure 1).

The far-field measurements were carried out at a compact test range at GKN
Aerospace Applied Composites, Linkoping, Sweden, see Figure 2 [33|. The far field
is measured on a hemisphere by turning the radome between 0° — 90° in the polar
plane (described by 6) for each azimuthal turn (described by ¢), where 6 and ¢ are
standard spherical coordinates, see Figure 3 for definitions and notational system.
Measurements in the polar plane are continuously recorded at 1°/s, whereas the
measurements along the azimuthal plane are discrete and thereby more time con-
suming. The field is sampled every second degree in the azimuthal plane and every
degree in the polar plane. A reduction of the sample density by a factor of two in
the polar plane is not noticeable in the imaging results, indicating that the sample
densities are satisfactory [14,34]. Measuring one configuration, both polarizations,
took approximately nine hours.

The measured far field for both the co- and cross-polarization and the three dif-
ferent configurations is given in Figure 4, for measurement series number three. The
figure shows a cross section in the polar plane of the fields through the main lobe,
and it is observed that the radome — conf. (1) — changes the far field. Attach-
ing patches of dielectric tape in the form of the letters LU to the radome surface
— conf. (2) — alters the field a little more, which is hardly visible in the figure.
Moreover, the origin of the defects can hardly be determined from the far-field data
alone. The far fields of the other two measurement series have similar appearance.

In the far-field measurements no probe compensation is necessary |34]. Moreover,
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Figure 3: The geometry of the antenna, radome and far-field hemisphere. The
center of rotation is located at the origin. The dominating polarization of the electric
field on the antenna aperture is directed along the y-axis. The incline of the antenna
is a = 22.3°. An approximation of the incident angle is given by 6; ~ 60°. The far
field is described in a spherical coordinate system with the polar angle 6.

in a compact range, where the radome and antenna is moved instead of the trans-
mitting feed antenna, the off-set between the aperture of the antenna and the center
of rotation causes a negligible amplitude change and a small phase shift during the
measurement rotations. This can be corrected by probe compensation where the
antenna aperture is mathematically translated to the center of rotation [14]. How-
ever, we have no interest in the absolute phase, only the phase difference between
measurement, configurations. This means that, as long as the set-up is rotated in
the same way during all measurements, the off-set causes no problem. The far-field
radius, 7 in Figure 3, is set to 1800m. Larger radii give only negligible differences
in the results.

The antenna is a pyramidal X-band horn antenna. The square aperture is
8 x 8cm?. The antenna is mounted at an angle o = 22.3°, and it has a domi-
nating electric field component in the y-direction, see Figure 3. The feed in the
chamber is a linearly polarized standard X-band feed. The feed is turned 90° in
order to measure both polarizations.

The radome is monolithic (solid) and covered with a thin layer of varnish. The
dielectric material of the bulk has a relative permittivity of 4.32 and a loss tangent
of 0.0144. The varnish has a, to us unknown, higher relative permittivity. The
thickness of the radome wall varies between 7.6 — 8.2mm. The geometry is shown
in Figure 3, and the height of the radome corresponds to 36 wavelengths at 10 GHz.
In the investigations, patches of dielectric tape (Scotch Glass Cloth Electrical Tape
69-1") are attached to the radome. Waveguide measurements of the relative permit-
tivity of the tape at Saab Dynamics, Linkoping, Sweden, gave a value of €, ~ 4.1
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Figure 4: Co- and cross-polarization of the measured far field at 10.0 GHz through
the main lobe (¢ = 0). The top three lines correspond to the three different con-
figurations of the co-polarization, £ = FE,, and the three lower ones to the cross-
polarization, E' = Ey, respectively. In conf. (2) the radome has dielectric letters LU

attached to its surface, see Figure 1. All values are normalized to the maximum
value of the co-polarization when only the antenna is present (conf. (0)).

assuming the thickness of one layer to be approximately 0.15 mm. The losses of the
tape are assumed negligible.

2.2 IPD and visualization options

In performance evaluations of radomes, the phase shift of the electromagnetic field,
due to the passage through the radome wall, is important. This quantity is called
the electrical thickness of the radome or the insertion phase delay (IPD), and it
relates the phase shift in the radome wall to the phase shift in free space [6]. For a
plane wave applies
IPD = /T — Cﬁdcos 0, (2.1)
0
where T is the complex transmission coefficient, which depends on the incidence
angle, the parameters of the radome wall, and the polarization of the electromagnetic
field |[6]. The last term of (2.1) removes the phase shift of free space, where w is
the angular frequency, cq is the speed of light in free space, d is the thickness of
the radome wall, and 6; is the incident angle of the plane wave. In this paper,
we consider reconstructed phase differences to visualize the IPD. In Section 4, the
phase change of one field component, due to the radome, the defects, or both, is
imaged.
The phase change, due to the attached dielectric patches, is reconstructed in
Section 4. To verify the results, an approximate value of the phase change, due to
one layer tape, is calculated. Thus, under the assumption of negligible reflections
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Figure 5: The reconstructed phase differences between conf. (1) and conf. (2). In
conf. (2), dielectric patches in form of the letters LU are attached to the surface.
The horizontal arc length corresponds to the center value of the height viewed on
the y-axis, and this definition is utilized throughout the paper. a) The magnetic
component H,. b) The electric component E,.

and a homogeneous dielectric patch, the IPD can be expressed as [6]

IPD = 2{Re Ve&(l —jtand) cos b, — cos Qi}dp (2.2)

Co

for both polarizations. The relative permittivity of the tape is ¢, &~ 4.1, the loss
tangent (tand) is negligible, the thickness of one layer tape is d, ~ 0.15mm, and
the transmission angle of the field is denoted 6;. Assuming the incident angle to be
in the interval [40°,80°], see Figure 3, gives an approximate phase shift of 2° — 3°,
per layer.

For large homogeneous slabs, the phase difference is the same for both the electric
and the magnetic fields. However, a difference occurs when small patches of dielectric
material are attached to the surface of the radome. In our investigations we conclude
that the magnetic field gives the best image of phase defects, see Figure 5. As a
consequence, this component is the one imaged in Section 4. In Figure 5a, the
phase change, due to the dielectric letters LU, is visualized for the magnetic field
component H,, whereas the same phase difference is showed in Figure 5b for the
electric field component E,. A qualified explanation of this difference is obtained
by considering the induced current J,, = jeoxewE® | see Appendix A for details.
If the induced current is of electric nature, the electric field dominates in the near-
field region, whereas the magnetic field is smoother [16]. A plausible assumption
is that the induced charges in the dielectric give rise to dominating irrotational
currents (electric charges) instead of solenoidal currents (loop currents). Hence, it is
conjectured that this extra contribution to the electric near field, due to the defects,
makes the defects appear less clear.

To further investigate the near fields, we have simulated the transmission using
the software CST Microwave Studio, see Figure 6. An electric field polarized in the
x-direction, propagating along the z-axis, illuminates the dielectric letter L located
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Figure 6: The phase differences simulated in CST. The incoming electric field is

polarized in the z—direction. a) Magnetic component Hy. b) Electric component
E..

in free space. The dielectric patch is 0.9 mm thick and has an relative permittivity
of 4.32. The surrounding box of vacuum has the dimensions 100 x 100 x 60 mm?.
In Figure 6, the field differences are visualized 0.02mm above the dielectric, i.e.,
z = 0.92mm. The phase of the magnetic component H, gives clearly a sharper
image of the dielectric than the electric component Ey. Simulations with an electric
field polarized in the y-direction give similar results, i.e., Fy is less distinct than Hy.

3 Reconstruction algorithm

To localize the defective areas on the radome, we have utilized a surface integral
representation to relate the equivalent surface currents on the radome surface to the
measured far field [7,30]. In addition, an electric surface integral equation is applied
to ensure that the sources are located inside the radome [7,30].

A surface integral representation expresses the electric field in a homogeneous
and isotropic region in terms of the tangential electromagnetic fields on the bound-
ing surface. In our case, the bounding surface, Siaqome, 1S a fictitious surface, located
just outside the physical radome wall, with smoothly capped top and bottom sur-
faces to form a closed surface. This fictitious surface is located in free space, but for
convenience, it is referred to as the radome surface throughout the paper. Combin-
ing the source-free Maxwell equations and vector identities gives a surface integral



representation of the electric field [25, 30]

JJ (it gtrn ey < 0] = 2 gt {95 e  E )]

Sradomc

— V'g(r',r) x [n(r') x E(r')}) ds’ = {

E(r) r outside Sadome

0 r inside Siadome

(3.1)
for the exterior problem where all the sources are located inside Siaqome- 1The used
time convention is ¢!, w is the angular frequency, and 7 is the intrinsic wave
impedance of free space. The surface divergence is denoted Vg- [8], the unit normal
n points outward, and the scalar free-space Green’s function is g(7/,r) = %,
where the wave number is k = w/cq and ¢ is the speed of light in free space. The
representation (3.1) states that if the electromagnetic field on a bounding surface
is known, the electromagnetic field in the volume, outside of Siaqome, can be deter-
mined [30]. If these integrals are evaluated at a point r lying in the volume enclosed
by Sradome, these integrals cancel each other (extinction).

The representation (3.1) consists of three components, two tangential fields and
one normal component of the field. Since the normal component can be determined
by the knowledge of the tangential parts, this representation contains redundancies.
As a consequence, specifying only the tangential components suffice [25]. The mea-
sured far field consists of two orthogonal components, @ (azimuth) and 6 (polar).
The tangential fields on the radome surface are decomposed into two tangential
components along the horizontal, ¢, and vertical, v, arc lengths coordinates, see
Figure 1. The lower representation in (3.1) is transformed into a surface integral
equation letting 7 approach S;aqome from the inside [8,30]. To simplify, the operators
L and K are introduced as [17]

( L(X)(r)=jk // {g(r',’r)X(’r’) — % Vig(r',r) [V - X(r")] } ds’
s

radome (32)
K(X)(r) = / Vig(r' r) x X(r')dS

\ Sradome

In this notation the surface integral representation and the surface integral equa-
tion for the electric field (EFIE) yield

] Comnnssno)-|

o(r)-

E(r) ,
o(r) - B 1 € Smeas  (3-3)

(r)

A(r) x {c (o) () — KC (M) (’r)} - %M(’r) T € Spadome (3.4)

where Speas is the set of discrete sample points (cf., Figure 3), and Siaqome is the
fictitious surface located precisely outside the physical radome wall with a smoothly
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capped top and bottom. In a similar manner, a surface integral equation of the
magnetic field (MFIE) can be derived,

a(r) x {L£(M) () + K (nJ) (1) } = =2 T () 7€ Srutome (3:5)

In (3.3)—(3.5) we have introduced the equivalent surface currents on the radome
surface, J = nx H and M = —nx E [17]. As mentioned above, the tangential fields
on the radome surface are decomposed into two components along the horizontal and
vertical arc lengths coordinates of the surface, that is [, v, n] forms a right-handed
coordinate system. Throughout the paper we use the notations, H, = H -v = —J,,
H,=H -¢p=J,, B, =FE-v=M,, and E, = E - ¢ = — M, for the reconstructed
tangential electromagnetic fields.

The representation (3.3) can be used together with EFIE (3.4), MFIE (3.5), or a
combination of both (CFIE), to avoid internal resonances [5,7]. We have solved the
problem by using both EFIE and MFIE separately together with the representation.
The results do not differ significantly from each other. As a consequence, there are no
problems with internal resonances for the employed set-up and choice of operators,
since the internal resonance frequencies of EFIE and MFIE differ [5]. In Section 4,
the results using (3.3) together with (3.4) are visualized.

The surface integral equations are written in their weak forms, i.e., they are
multiplied with a test function and integrated over their domain [5,21]. The set-
up, see Figure 3, is axially symmetric. Consequently, a Fourier expansion reduces
the problem by one dimension [24]. Only the Fourier components of the fields with
Fourier index m = [—40, 40] are relevant, since the amplitudes of the field differences
of higher modes are below —60dB, for all measurement series and configurations.
Convergence studies show that this choice is sufficient.

The system of equations in (3.3)—(3.5) is solved by a body of revolution method
of moments (MoM) code [2,24]. The evaluation of the Green’s functions is based
on [13|. The basis function in the ¢-direction consists of a piecewise constant func-
tion, and a global function, a Fourier basis, of coordinate . Moreover, the ba-
sis function in the v-direction consists of a piecewise linear function, 1D rooftop,
of the coordinate v, and the same global function as the basis function in the ¢-
direction, see Figure 1 for notation. Test functions are chosen according to Galerkin’s
method [5], and the height (arc length) is uniformly discredited in steps of \/12.
The surface is described by a second order approximation.The in-house MoM code is
verified by scattering of perfect electric conductors (PEC) and dielectric spheres [32].

The problem is regularized by a singular value decomposition (SVD), where the
influence of small singular values is reduced [15]. A reference measurement series
is performed to set the regularizing parameter used in the subsequent series, see
Section 4.1. The inversion of the matrix system is verified using synthetic data.
Moreover, the results, which localize the given defects, serve as good verifications.

The described method are applied in [26-28], to reconstruct equivalent surface
currents from a measured near field. A slightly different approach is found in [18, 19].
Specifically, the surface integral representation, the EFIE, and the MFIE are solved
utilizing higher order bases functions in a MoM solver with a Tikhonov regulariza-
tion. In [3,4,10], the EFTIE and MFIE are evaluated on a surface located inside the
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surface of reconstruction, and the matrix system is solved by an iterative conjugate-
gradient solver. Yet another approach is given in [1,22, 23], where a surface integral
representation is employed together with a conjugate-gradient solver as well as a
singular value decomposition. In [9] the authors make use of dyadic Green’s func-
tions.

4 Reconstruction results

Three different configurations are investigated at 10 GHz; (0) antenna, (1) antenna
together with the radome, and (2) antenna together with the radome where patches
of metal or dielectric material are attached to the surface, see Figure 1. The field is
measured in the far-field region, as described in Section 2.1. The equivalent surface
currents, both amplitude and phase, are reconstructed on a fictitious surface shaped
as the radome. Observe, even in the case when only the antenna is present —
conf. (0) — the field is reconstructed on a radome shaped surface.

The magnetic component, H,, is analyzed in this section, since it gives the
sharpest image of the phase shifts (¢f., the discussion in Section 2.2). Moreover, the
components H, and FE, are small cross-polarization terms, and a pronounced influ-
ence of the phase shift due to a thin dielectric patch of tape are not visible in these
components. For this reason, these components are not investigated. The notation
used in visualizing the phase difference between the fields from e.g., conf. (1) and
(2),is £HY — 2HP = %Z{H\(,l) [H\(,Q)}*}, where the star denotes the complex con-
jugate. The employed time convention, ¢!, gives a negative phase shift, indicating
that ZH" — ZHP > 0°.

4.1 Reference measurement

First, a measurement series is conducted where copper plates are attached to the
radome surface in conf. (2). The imaging results agree well with the ones presented
in [26-28|, where near-field measurements are utilized, and these results are not
further investigated in this paper. However, this first measurement series acts as a
reference measurement and sets the regularization parameter of the SVD used in the
subsequent measurement series. Typical graphs of the singular values are shown in
Figure 7. Each curve shows the singular value for the operator with Fourier index
m, normalized to the largest singular value (i = 1) for m = 0. As |m| increases, the
"knee" of the graph, where the singular values start to rapidly decrease, appears
more quickly. The regularization parameter is chosen where the "knee" bends.
Investigations have shown that the chosen value is robust for a given set-up and
frequency. Furthermore, the results are not significantly altered if a slightly different
value is employed. The interval A in Figure 7 indicates where the regularization
parameter gives a reliable outcome. The regularization parameter is set to —29.8 dB,
and this parameter is then utilized in the processing of the succeeding measurement
series.
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Figure 7: Singular values o}". Each curve depicts different Fourier index m, and
the curves are normalized to the largest singular value for m = 0. The interval, A,
where the regularization parameter gives a reliable outcome, is drawn.

4.2 Imaging of dielectric material

Obtaining a constant phase shift over the illuminated area is often important to
trim radomes. The trimming is achieved by adding or removing dielectric material
to the radome surface. To investigate if the proposed method can be utilized to
map areas of the radome surface with a deviating electrical thickness, patches of
dielectric material (defects), are attached to the radome surface in conf. (2). Defects
of dielectric material mainly affect the phase of the field, and the phase differences
of the fields for the different configurations give us an understanding of how the
defects delay the fields.

Measurement series number two and three are employed. In each series the field
from the antenna (conf. (0)), the antenna together with the radome (conf. (1)),
and the antenna together with the radome where dielectric patches are attached to
the surface (conf. (2)), were measured, cf., Figure 1. In the second measurement
series, squares are added to the area where the main lobe illuminates the radome,
see Figure 8a, where the size and the thickness of the patches are shown. In the
third measurement series, the letters LU are attached to the radome, see Figure 8b.

4.2.1 Dielectric squares

Eleven dielectric squares of the sizes 0.5\, 1\, and 2\ are added to the radome
surface, see Figures 8a and 9. In Figure 9b, the illumination of the area of conf. (1),
to which the dielectric squares will be applied to create one case of conf. (2), is
shown. The largest squares are located in a field region of [—23, —6] dB, the middle
sized in the region [—12,0.3] dB and the smallest ones in [—9, 0.3] dB, respectively. In
Figures 9¢ and 10, the reconstructed phase shifts due to the defects, /HY — AHV(Q),
are visualized. The squares of size 2\ are clearly visible even though they are partly
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Figure 8: The dielectric defects attached to the radome in conf. (2) — measurement
series number two and three, respectively. The numbers on the patches indicate the
number of tape layers. a) The size of the squares are; 30 x 30 mm? on the top row,
15 x 15 mm? on the middle row, and 60 x 60 mm? on the bottom row. b) Each “leg"
has a width of 15mm. The drawn square indicates where the centered lower square
in the left figure was located.

located in areas with lower illumination. The ones of size 1\ are also easily found.
The defects of size 0.5\ with thickness of four and eight layers are also clearly visible,
even though the phase shift is not as conspicuous here. The thinner, small squares
tend to blend into the background phase deviation, but since we know where to look,
even these can be identified. The rounded corners are due to the limited resolution.
According to (2.2), each layer gives rise to a phase shift of approximately 2° — 3°.
To get an estimate of the phase shift due to the added squares, an average value is
calculated over the areas indicated in Figure 9b. These areas are drawn according
to the given coordinates of the squares, i.e., their positions are not approximated
from the reconstruction. The average values of the phase shifts are given in Table 1

and they agree very well for the larger squares.

’ H 1 layer \ 2 layers \ 3 layers \ 4 layers \ 8 layers ‘

0.5\ 2° 3° 4° 5° 10°
1A 6° 12° 22°
2\ 2° 10° 19°
Phase shift || 2°—3°] 4°—6° | 6°—9° | 8 —12° | 16° — 24°
due to (2.2)

Table 1: The average phase shift due to the dielectric squares. The bottom row
gives an approximate theoretical calculation, based on (2.2).
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Figure 9: a) A photo of the radome with the dielectric squares (defects). b) The re-
constructed field, H,, on the radome — conf. (1). The drawn squares indicate where
the defects will be located to create conf. (2). ¢) The phase of the reconstructed
field difference between conf. (1) and (2).

4.2.2 Dielectric letters LU

In the third measurement series, defects of dielectric tape in the form of the letters
LU, are investigated, see Figures 8b and 11. The thickness of the tape is six layers
for the lower LU and two layers for the top one. The illumination of the area
of conf. (1), to which the dielectric letters will be applied to create one case of
conf. (2), is shown in Figure 11b. The ranges of the field within the defects are,
from the top left to the bottom right; [—8, —4]dB, [-5,0.3] dB, [-8, —6] dB, and
[—9, —1] dB, respectively. In Figures 11¢ and 12a, the reconstructed phase shifts due
to the defects, Zﬂél) — LH\(,Q), are visualized. All letters are clearly visible in the
reconstruction. As stated above, each layer of tape shifts the phase by approximately
2° — 3°. This agrees very well with the results given in Figure 12b, where the line
plots reveal how the phase difference changes due to the dielectric letters. The
defects on the bottom have a maximum deviation of about 16° and the top ones
circa 6°.

4.2.3 Differences with the antenna as a reference

In the previous sections, we have looked at phase differences between the radome
with attached defects and the radome itself, i.e., the differences between conf. (1)
and (2). This has given an estimate of how well phase objects can be reconstructed.
In practice, it is advantageous to visualize the influence of the non-optimized radome.
In our measurements, this corresponds to the difference between conf. (0) and
conf. (1) or (2). The reconstructed phase shift over the illuminated area can act
as a trimming mask, indicating areas where a thickness alteration is required, in



15

10

vertical arc length (m)

—

)

0.10 0.15 020 0.25 0.30 0.35 040
horizontal arc length (m)

Figure 10: Enlarged view of the area with the dielectric squares in Figure 9c. The
phase of the reconstructed field difference between conf. (1) and (2) is depicted.
Each contour line represents one degree. The drawn squares indicate the given
coordinates, i.e., their positions are not approximated from the reconstruction.

order to get the phase shift into a pre-defined interval.

The influence of the radome in the main lobe, /HY — AHVU), is visualized for
the second measurement series in Figure 13a. The same difference (ZH‘SO) - AHv(l))
is shown in Figure 14a for the third measurement series, and it becomes clear that
there is a small deviation between the conf. (0) and (1) between measurement series.
Instead of a desired constant phase shift in the main lobe, Figures 13a and 14a
indicate a phase shift of 115° + 10°, implying that the radome surface needs to be
trimmed. The drawn squares and letters, in the figures, point out where the defects
are to be located to create conf. (2).

In Figures 13b and 14b, the phase difference in the main lobe between conf. (0)
and conf. (2) (AH‘(,O) — ZHQ)) is shown for the dielectric squares and letters LU.
The phase shift introduced by the dielectric patches in conf. (2) is now added to
the phase shift caused by the radome itself. The upper squares in Figure 13b are
mainly located in areas where the phase shift due to the radome itself is already
large, therefore these squares are clearly seen. The lower ones, to the left and right,
are thick enough to give rise to a visible phase shift by themselves. The square in the
middle on the bottom row is only one layer thick and located in a region with a low
phase shift to start with, and it cannot be resolved in the dynamic range showed.
Most parts of the letters LU are seen in the reconstructed images, see Figure 14b.
However, the left “legs" of the U:s are not as visible. The reason is that these parts
are attached to an area, where an added patch (with the appropriate thickness)
increases the phase shift to the level of the surrounding areas, and it is thereby not
localized by itself.
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Figure 11: a) A photo of the radome with the attached dielectric letters LU (de-
fects). b) The reconstructed field, H,, on the radome — conf. (1). The drawn lines
indicate where the letters will be located to create conf. (2). ¢) The phase of the
reconstructed field difference between conf. (1) and (2).

4.2.4 Trimband

A horizontal band in the phase images is discovered during the investigations, see
Figure 15. Visual inspection reveals a small indentation on the inside of the radome
wall, originating from an earlier attempt to trim the radome. The indentation starts
at the approximate height 0.6 m (arc length) with a width of 0.1 m. In Figure 15a, the
reconstructed field from the antenna (conf. (0)), projected on the radome surface,
is shown, to visualize the illumination. The black lines indicate where the band
is located. The phase deviation between the band and the surrounding areas is
approximately —15° to —10°, see Figure 15b.

To verify the phase deviation, the phase deviation is related to a wall thickness
by employing the approximate formula in (2.2). The utilized material parameters
are €, ~ 4.32 and tan 0 ~ 0.0144 (c¢f., Section 2.1). Estimating the angle of incidence
to 60°, see Figure 3, results in a wall thickness of 0.6 — 0.9 mm. This approximated
value agrees well with the actual indentation on the radome. The phase differences,
at the top and the bottom of the radome in Figure 15b are not reliable due to low
illumination.

5 Conclusions and discussions

Techniques to diagnose radomes are requested in e.g., performance verifications.
In [26-28|, the influence of copper plates, e.g., amplitude reduction and appearance
of flash (image) lobes, are investigated together with the localization of the defect
areas on the radome surface. In this paper, we investigate how reconstructed equiv-
alent surface currents from a measured far field can assist in localizing phase defects
on a radome. The phase defects introduce a hardly noticeable change in the far-field
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Figure 12: a) Enlarged view of the area with the dielectric letters in Figure 11c.
The phase of the reconstructed field difference between conf. (1) and (2) is depicted.
b) Line plot through the letters showing the phase deviations. The solid line in the
left image corresponds to the solid line in the right plot etc.

pattern. However, by visualizing the insertion phase delay (IPD) in the illuminated
area of the radome, the locations of the defects are revealed.

Dielectric squares of size 2\ — one layer thick, squares of size 1\ — two layer
thick, and squares of size 0.5\ — 4 layer thick, are clearly visible in the reconstructed
phase differences. One layer tape corresponds to a phase shift of a couple degrees.
Furthermore, the dielectric tapes of two layers and the smallest dimension of 0.5\
in the form of the letters LU are resolved. The phase shifts of the larger squares
and the letters coincide well with the approximated theoretical ones. The radiance
at the upper left corner of the lower dielectric L, see e.g., Figure 12a, needs to be
investigated further. Possible explanations might be constructive and destructive in-
terference due to edge effects, noise influence, or a combination thereof. Analyzes of
other field components might explain this phenomenon. Future studies will address
the questions of how to combine the components to increase the resolution.

Reconstructing the fields on the radome surface, the magnetic field gives sharper
images than the electric field. A qualified explanation is that the induced currents on
the attached patches are of electric nature. This effect is also verified by simulations
in CST Microwave Studio.

The results indicate that the diagnostic method, beyond what is proposed in [26—
28|, can be used in constructing a trimming mask for the illuminated areas of a
radome. The mask gives instructions of how to alter the radome surface, in order to
change the IPD, side and flash (image) lobes, to their preferable values. To indicate
how this can be implemented, we have explored the phase influence of the radome
itself, and then the radome with attached patches of dielectric tape. Even if the main
purpose of this paper is not to suggest how to trim the radome, we observe that
adding dielectric patches gives a smoother phase shift in areas where the phase shift
due to the radome itself is smaller than in the surrounding areas. In an upcoming
paper, these images and their potential to alter the IPD and flash (image) lobes will
be addressed.
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Figure 13: Enlarged view of the area illuminated by the main lobe. Phase differ-
ences reconstructed from measurement series number two. a) Phase changes due to
the radome. The drawn squares indicate where the dielectric patches will be located
to create conf. (2). b) Phase changes due to the radome together with the dielectric
squares.
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Appendix A Induced currents due to dielectrics

A dielectric material introduces induced currents in the Maxwell equations. To see
this, start with the Maxwell equations for time harmonic fields in a source free
region (time convention e/“?),

VxE = —jwB
VxH = jwD
where F is the electric field, B is the magnetic flux density, H is the magnetic
field, and D is the electric flux density, respectively. The constitutive relations
read D = ¢pe, EE and B = pugpu,.H, where ¢ is the permittivity of free space, ¢, is
the relative permittivity, o is the permeability of free space, and p, is the relative
permeability, respectively.
In the absence of defects, and outside the radome (conf. (1) in Figure 1) we have
VxEY = —juwHY
VxHY = jequwEY
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Figure 14: Enlarged view of the area illuminated by the main lobe. Phase differ-
ences reconstructed from measurement series number three. a) Phase changes due
to the radome. The drawn lines indicate where the dielectric letters will be located

to create conf. (2). b) Phase changes due to the radome together with the dielectric
letters.

On the other hand, in the presence of a dielectric material (conf. (2)) the defects
have an electric susceptibility x. = ¢, — 1, giving [16]

VxE® = —juwH®?
Vx H? = jeowE(2) +jeoxewE(2)

The field differences E = E® — EM and H = H® — HW satisfy

VxE = —juwH
VxH = jewE+J,,

where J,, = jeoxewE® is interpreted as the induced current.
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