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Abstract—Antenna characterization in presence of obstacles requires
removing multipath effects in order to retrieve the non-distorted
antenna radiation pattern. In this contribution a new approach based
on the Sources Reconstruction Method is proposed. The idea is to
characterize the Antenna-Under-Test (AUT) and the region where the
scatterers are located through a set of equivalent currents. Finally, the
reconstructed equivalent currents on the contour enclosing the AUT
can be used to recover the AUT radiation pattern, removing most of
the distortion effect due to the presence of the scatterers.
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1. INTRODUCTION

Antenna measurement and characterization are affected by multiple
sources of distortion, as for example, multipath effects due to signal
reflection in the floor or walls of the measurement facility [1]. The
effects of distortion in the measured radiation pattern are more
significant in semi-anechoic chambers, and outdoor measurement
facilities, where absorbers are not placed in all the surfaces.

Different methods have been proposed for multipath effect
correction, being most of them based on Ultra-Wide-Band (UWB)
channel characterization: the idea is to identify the reflected
components in the time domain, then applying time domain gating
to remove the non-desired contributions. Different procedures have
been developed: [2] makes use of FFT and matrix-pencil methods,
a correlation-based technique is described in [3], and [4] presents a
narrowband technique based on recursive data.

Regarding this topic, the next improvement would be echo
cancellation achievement when working at one single frequency. A well-
known method is the so-called IsoFilter™ technique [1,5], based on
spherical wave expansions, which allows the isolation of an individual
radiation from multiple contributions that distort the measured
radiation pattern. Another technique related to RCS measurements,
based on the characterization of the contribution of two scatterers, is
presented in [6].

Following the idea presented in [5] regarding the isolation of
different radiators, this contribution proposes the introduction of an
equivalent currents distribution to characterize the Antenna-Under-
Test (AUT) and the surface/object where the signal is reflected.
Assuming that the coupling effects between the object and the AUT
are not significant, the non-distorted AUT pattern can be calculated
by using the reconstructed equivalent currents on the AUT, i.e., taking
out the equivalent currents that characterize the object.

The AUT and the object characterization by means of equivalent
currents is achieved by using the Sources Reconstruction Method,
an integral equation-based technique, which has been used for near-
field to far-field transformation as well as for antenna diagnostics and
characterization [7-12]. The equivalent currents-based AUT model can
be applied for an accurate prediction of the radiated field in the AUT
vicinity [13] as well as for the study of the antenna interaction with
other structures, as explained in [14].



Progress In Electromagnetics Research, Vol. 116, 2011 187

ORIGINAL PROBLEM EQUIVALENT PROBLEM
E:C'"!(E) Excarf (p) = Escan‘,] (p) +E5ratt,2 (p)
e o S ~ C‘l s > N
J -—— — —
U(pm,): S . I’;/‘\ Evus () N
\ ! I
‘I \\~__/’ Emm,z (p/' "
I RECHRTH 91‘2, ..... g’; )
- =, ~-.___--’7
J (P,,) ’ —_—— = =TTy
ind bj . P /CObS ‘]eq( pz) N Mq( 2)— . P ,C’,)hl\v
(@) (b)

Figure 1. Antenna characterization in the presence of a scatterer. (a)
Original problem. (b) Equivalent problem.

2. THE SOURCES RECONSTRUCTION METHOD

The Sources Reconstruction Method is based on the electromagnetic
Equivalent Principle, allowing the replacement of the AUT by an
equivalent currents distribution retrieved on a surface enclosing the
AUT (see Fig. 1). The field in the outer region (Escatt) can
be represented by the field generated by these equivalent currents
distribution Eq. (1). For a two-dimensional problem and TM-
polarization [15]:
R @) N N TN
Escart(p)2 = a7 {HO (ko ‘p_pl‘) < Jeq(P1) - z} dCy
&

ko 2 " Y p—p
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where H(()Q) is the Hankel function of 0-th order and second kind, 7
is the intrinsic impedance of the medium, ko is the wavenumber. C
is the contour enclosing the AUT. p' = plx,y) is the vector defining
the points where the field is observed, and gy = g} (2}, v}), the vector

defining the points where the currents are placed. |p'— g'| is defined as
Eq. (2):

15— = ((az—x/l)2+(y—y/1)2)l/2 (2)

From the Fqq calculated (or measured) on an acquisition contour

Cops, the ﬁq(ﬂl) and Meq(p_’l) on Cf are determined by solving the
integral equations relating fields and sources Eq. (1).
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Numerical solution of Eq. (1) is done by means of a 2D-Method-
of-Moments (MoM), yielding a linear system of equations, (FEseqtt) =
(Z) - (Jeg) (in matrix form). To solve it an iterative solver, the
Conjugate Gradient method [16,17], is proposed [8,9]. The goal is to
minimize a cost function relating the difference between the acquired
scattered field and the field radiated by the equivalent currents Eq. (3).

Escatt(p_') — Zj(ﬁ, /71) ZM(ﬁ?ﬁl) Jeq(ﬁl)
. . - (3)
0 251 p1)  Zm(pYy; 1) Mey(7))

Note that the zero internal field condition is enforced to ensure
that there is a correspondence between the reconstructed equivalent
currents on C] and the tangential field components on that surface, as
stated in [11,12].

Once the AUT is characterized, next step is to consider the
multipath contribution due to signal reflection on a scatterer. If an
estimation of the placement and size of the scatterer is provided,
an equivalent currents distribution J, () and M. (#,) on C} are
calculated by solving the following system of equations, Eq. (4):

E)scatt(“) Z (ﬁ’ﬁ/) Z (ﬁ» _‘,) T
0" - ( CACHARAGES ) ()
0 Z1(p; 1) Z1(Py; p3) eq(72)
oy [ TealPD) 2 Tel) (4)
L) = (e ) = (e )

Z1(P; Prn) = (Z5(05 ) Zm(Pifr)), m=1,2
Zl(ﬁn;ﬁm) = (ZJ(ﬁn;ﬁm) ZM(p_yn;p_ym))v n,m=1,2

In Eq. (4), the zero internal field condition is enforced inside C] and
CY. The reconstructed equivalent currents on C radiate the same field
as the induced currents on the scatterer surface (see Fig. 1).

—

Therefore, the acquired field (Fgequ) is the sum of the field
radiated by the AUT and the field reflected on the scatterer Eq. (5):

Escatt (,5') = Escatt,l (ﬁ) + E_:scatt,Q (ﬁ) (5)

Then, the reflection in the object can be characterized by jeq(p"z)
and My(ph) on Cj, while Jo,(7)) and M.,(,) on C} are used to
characterize the AUT.

As mentioned before, if the coupling effects between the AUT and
the scatterer were negligible, the AUT radiation pattern without the
scatterer distortion will correspond to Escatt,l(ﬁj, which is the field

radiated by Jo,(7,) and Me,(7)).
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2.1. Method Refinement

Equivalent currents reconstruction from two independent domains
supposes an increase on the degrees of freedom, so that the system
of equations to be solved may be quite sensitive to noise. In order
to overcome this problem, it is proposed the use of near-field data
collected or calculated as close as the reconstruction domain. For this
purpose, a near field-to-near field (NF-NF) transformation, also based
on the Sources Reconstruction Method, is introduced as a previous
step prior to the retrieval of the equivalent currents on both domains.

The resulting method consists on an two-step strategy, depicted
in Fig. 2: first, the NF-NF transformation is done by means of an
equivalent currents distribution retrieved on a domain (denoted as
C})) enclosing all the radiating elements. The reconstructed equivalent
currents, Lq(ﬁg) and Meq(%), will radiate the same field as the original
problem radiators outside C, domain, and so the near field in a region
surrounding C{, can be obtained.

In a second step, equivalent currents in domain C] and C}

Step 1 L
Esr'ar/ (p)

B ear (P)

Figure 2. Method refinement using a two-step strategy. Black solid
lines represent the reconstruction domain on each step.
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are retrieved from the near field calculated around Cf), using the
methodology described before (Eq. (4)).

3. APPLICATION EXAMPLES

Aiming to test the proposed method for multipath effects removal,
three application examples are presented in this section. All cases are
2D, being the fields z-polarized (TM case) [14].

3.1. Horn Antenna Alone

The first example illustrates the SRM for antenna characterization.
A horn antenna radiating in free space is selected as AUT, which is
enclosed by an elliptical contour C]. The ellipse major axis is 8\, the
minor axis is 6, and it is centered at z = 3\, y = 0\ see Fig. 3).

1] 10 20 30 40 1] 10 20 30 40
% axis (A) ¥ axis (A)

(a) (b)

Figure 3. Electric field (normalized amplitude, in dB) (a) Original
problem: horn antenna radiating in free space. (b) Equivalent problem:
Jeq and M., on C] radiating in free space.

The field radiated by the AUT is acquired in a circumference of
R = 50A(Cgyps). According to the field sampling criterion [18] the
minimum number of field samples would be Eq. (6):

N = [koRg + 10] = 42 ©)
Apmin = 360°/42 ~ &°

where Ry is the minimum radius of the circumference enclosing the
AUT, that is Ry = 5A. Thus, the minimum sampling rate in the
Observation Domain is 8°. It was decided to oversample, by taking a
field sampling rate of Ay = 1°.

The equivalent currents are reconstructed on the elliptical contour
(C1) enclosing the horn antenna from the acquired field in the



Progress In Electromagnetics Research, Vol. 116, 2011 191

observation domain (Cyps). The reconstruction domain (Cf) is
discretized in 360 segments of variable length (ACY) ensuring that
AC] < 0.5) (AC] = 0.24) at most). Thus, the resulting matrix system
has 1440 equations (360 field observation points +720 points inside
C] where the zero internal field condition is enforced, as indicated
in [11,12]) and 720 unknowns (equivalent electric and magnetic
currents).

The field radiated by the AUT and by the reconstructed Jo,(7})

and Meq(p_’l) on (1 is plotted in Fig. 2. No discrepancies between the
radiated fields can be appreciated, which confirms the validity of the
AUT model based on the equivalent currents.

3.2. Horn Antenna with Metallic Plate

In the second example, a metallic plate of 10\ (along z-direction)
centered at x = 30\ and y = —20 is placed in the measurement setup,
trying to be realistic with a practical antenna measurement setup, as
the one described in [19-21]. The field observation domain (Clps) is
the same as in the previous example.

Three reconstruction domains are considered in this example:

1) C{, an ellipse containing both C{ and Cj, as depicted in Fig. 4.

The ellipse is centered at z = 17\, y = —10\, having a major
15 . . , . ; . | + Reconstruction domain 2
: + Reconstruction domain 1
101 : E Near-field observation domain
+ Reconstruction domain 0
Eln : + Objects-under-test

yaxis (o)
=

201

250

-30r

_as i i i i i i i i i i i i i
3—50 -5 10 -5 0 5 10 15 20 25 30 35 40 45 50
X axis (1)

Figure 4. Domains on Example 2. Dark blue: C{ reconstruction
domain. Green: near-field observation domain. Dark blue: Cf
reconstruction domain. Red: C) reconstruction domain. Black: horn
and metallic plate.
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axis of 48\, a minor axis of 10\, and rotated 34.5°. The contour
is discretized in 360 points, ensuring that AC) < 0.5\ (0.4\ at
most).

2) C1, the same as in the first example, enclosing the AUT.

3) CY, another ellipse which encloses the metallic plate. The ellipse
has a major axis of 14\, a minor axis of 5\, being centered at
x = 30\, y = —20A. This elliptical contour is also discretized in
360 points, so that AC) < 0.15.

The first step implies the solution of a system of equations having
1080 equations (360 field observation points 4720 internal points
where the zero internal field condition is enforced) and 720 unknowns
(equivalent electric and magnetic currents). The near field is calculated
in 4 ellipses concentric to C{), and scaled by 1.05, 1.1, 1.2 and 1.5 factor
(see Fig. 4).

Regarding the second step, a system of equations having 2880
equations (1440 near-field observation points 41440 internal points
where the zero internal field condition is enforced) and 1440 unknowns
(equivalent electric and magnetic currents in Cf and C%) has to be
solved.

Results are plotted in Fig. 5. Fig. 5(a) corresponds to radiated
fields of the original problem (horn antenna radiating in the presence
of the metallic plate — the black line —), which is analyzed by means
of a 2D-MoM.

Fields radiated by the equivalent currents reconstructed on C}) are
plotted in Fig. 5(b). It can be seen that, due to the enforcement of
the zero internal field condition (Eq. (4)), the fields inside C{, are zero,
being the fields outside the reconstruction domain almost the same as
in the original problem (Fig. 5(a)).

Next, from the near field radiated by the equivalent currents
reconstructed on Cf, the equivalent currents on C] and C) are
retrieved. Fields due to these equivalent currents reconstructed are
plotted in Fig. 5(c). Once again, fields outside the reconstruction
domains C] and C% match Fig. 5(a) results.

Figures 5(e) and 5(d) represent the fields radiated by the

equivalent currents Jo,(7)) and M., (7)) reconstructed on C (horn

antenna), and J.,(p) and M, (7)) reconstructed on Cj (metallic
plate), respectively. In the case of Fig. 5(e) results, it can be
appreciated that the blockage due to the presence of the metallic plate
is almost removed.

In order to provide a quantitative comparison of the results, the
radiation pattern of the horn antenna is plotted in Fig. 6 (black
dashed line). This pattern is compared with that one distorted due
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to the presence of the metallic plate (green line, Escatt) together
with the radiation pattern calculated from Jeq(pl) and Meq(pl) (blue
line, Escatt 1), and Jeq(pQ) and Meq(pQ) (red line, Escattjg) It can be
appreciated that the radiation pattern corresponding to J_;q(ﬁ’l) and
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Figure 5. Field distribution (normalized amplitude, in dB). (a)
Original problem: AUT and metallic scatterer. (b) Field radiated
by the equivalent currents reconstructed on the contour C} enclosing
all the radiators and scatterers. (c) Field radiated by the equivalent
currents reconstructed on the contours enclosing the AUT (C]) and
the metallic plate (C%). (d) Field radiated by the equivalent currents
reconstructed on the contour enclosing the metallic plate (C%). (e)
Field radiated by the equivalent currents reconstructed on the contour
enclosing the AUT (C]). Black line: AUT and metallic plate. White

line: reconstruction domains.
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Figure 6. Comparison of the radiation pattern (amplitude, in dB)
calculated from the reconstructed equivalent currents with the AUT
radiation pattern.
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Figure 7. Antenna characterization in terms of equivalent currents.

M_4(7)) (blue line) almost matches the non-distorted horn radiation
pattern (the ripple and the —40° null caused by the multipath
interference is removed).

Another interesting comparison is related to the equivalent
currents and the tangential field components on the reconstruction
domains. According to the Equivalence Principle, the equivalent
currents on the reconstruction domain (Fig. 7) satisfy (7):

T €)= i x (Hous — i)

“ (7)

Meg(€) = =i 5 (Bt = Ein)|

When the zero internal field condition (Ey, = 0, H;, = 0) is enforced
(Love’s Equivalence Principle [11,12]) (8)

—
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Figure 8. Reconstructed equivalent currents and tangential fields on
the reconstruction domains. Top: C{ domain. Center: C] domain.
Bottom: C domain.

j;q(cl) =n X
Meq(cl) =

—n X Eout

H out

C/

(8)

Using the 2D-MoM analysis, the tangential fields on Cj, Cj
and C% domains have been calculated, with the aim of comparing
them with the reconstructed equivalent currents on these domains.

The comparison is plotted in Fig. 8.

It is possible to appreciate a

good agreement between the tangential fields and the reconstructed
equivalent currents on C{j domain, while there are some discrepancies
in C1 and CY, except for the contour corresponding to the horn antenna
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Figure 9. Fields radiated by the reconstructed equivalent currents on
C7 and C) when noise is added to the observed field.

main beam (electric and magnetic field levels of —10 and —60dB
respectively).

Method performance in the presence of noise is also analyzed. For
this purpose, noise is added to the field acquired in C,p; according to
different signal-to-noise ratio (SNR). As shown in Fig. 9, the method
is able to recover the horn antenna pattern when the SNR is up to
40dB. When noise is added according to a SNR of 30dB, it can be
noticed that the predicted fields do not match the correct ones. This
distortion is also shown in Fig. 10, where the fields calculated from the
reconstructed equivalent currents (when SNR is 30 dB) are plotted.

Finally, the influence of the sampling rate on the field observation
domain (Cpps, a circumference of R = 50\) is analyzed. In this case,
the minimum radius of the circumference enclosing both the AUT and
the metallic plate is Ry = 41\, so according to the field sampling
criterion [18] the minimum number of field samples would be Eq. (9):

N = [k‘oRo + 10—| = 268 (9)
Apmin = 360°/268 ~ 1.35°

Thus, the method is expected to fail if the field sampling rate is larger
than Appin. To prove this, the equivalent currents are reconstructed
for different sampling rates on the observation domain (Cyps). The
fields radiated by these equivalent currents are plotted in Fig. 11,
showing the method failure when Ay > Apmin.
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Figure 10. Field distribution (normalized amplitude, in dB) when
noise is added to the observed field according to a SNR of 30dB. (a)
Field radiated by the equivalent currents reconstructed on the contour
C|, enclosing all the radiators and scatterers. (b) Field radiated by
the equivalent currents reconstructed on the contours enclosing the
AUT (C]) and the metallic plate (C4). (c) Field radiated by the
equivalent currents reconstructed on the contour enclosing the metallic
plate (C}%). (d) Field radiated by the equivalent currents reconstructed
on the contour enclosing the AUT (C7). Black line: AUT and metallic
plate. White line: reconstruction domains.

3.3. Horn Antenna Mounted onto a Metallic Positioner

The third example presents the method applicability in a real scenario,
using a similar setup as the one presented in [5]. A horn antenna is
mounted onto an AUT positioner at the spherical range in anechoic
chamber of the TSC-UNIOVI research group [19-21]. No absorbents
have been placed between the horn antenna and the AUT positioner
metallic structure, as depicted in Fig. 12, resulting in a slightly
pattern distortion. The horn antenna (AUT) is measured at the
working frequency of 17 GHz, and the radiated field is acquired in an
observation domain Cpyps (R = 5m, ¢ = [—90°, 90°] with Agp = 1°).
First, an equivalent currents distribution is reconstructed on an
elliptical domain (C{) enclosing both the horn antenna aperture and
the metallic structure, as shown in Fig. 13(a). It can be appreciated
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Figure 11. Fields radiated by the reconstructed equivalent currents
on C] and CY for different sampling rates on the observed field.

Figure 12. Detail of the horn antenna mounted onto the AUT
positioner.

some ripple in the area surrounding the reconstruction domain, due to
the interference between the horn antenna and the metallic structure,
as well as the fact that the backward radiation is almost zero (80dB
below the maximum) because of the presence of the metallic structure
behind the horn antenna.

Once again, the near-field around the reconstruction domain Cf
is calculated, being used to recover the equivalent currents on C and
CY. C1 is an elliptical domain enclosing the horn antenna aperture,
and C) another elliptical domain containing the metallic parts of the
AUT positioner.
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o

@

Figure 13. Field distribution (normalized amplitude, in dB). (a)
Field radiated by the equivalent currents reconstructed on the contour
C|, enclosing all the radiators and scatterers. (b) Field radiated by
the equivalent currents reconstructed on the contours enclosing the
AUT (C7) and the metallic structure (C%). (c) Field radiated by
the equivalent currents reconstructed on the contour enclosing the
metallic structure (C5). (d) Field radiated by the equivalent currents
reconstructed on the contour enclosing the AUT (C}). White line:
reconstruction domains.

The fields radiated by equivalent currents reconstructed on Cj
and C) are plotted in Fig. 13(b), presenting a good agreement with
Fig. 13(a). Fig. 13(c) represents the fields due to reflections on the
metallic structures behind the horn antenna, and Fig. 13(d), the
contribution from the equivalent currents retrieved on the horn antenna
aperture. It can be observed that the ripple due to interaction with
the metallic structure is removed.

Pattern comparison is plotted in Fig. 14: first, the measured
radiation pattern (dashed black line) is compared with that one
calculated from the reconstructed equivalent currents in both domains
(green line). Next, the radiated field due to equivalent currents on Cj
and CY are calculated separately. It is found that the radiation pattern
corresponding to C] currents presents a smooth shape, i.e., without the
ripple that can be attributable to the reflections on the metallic AUT
supporting structure.
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Figure 14. Radiation pattern of the reconstructed equivalent
currents, and measured AUT radiation pattern.

4. CONCLUSIONS

From the results presented in the previous section it can be proved
the effectiveness of the proposed SRM application for multipath
contribution characterization and removal, when working at one
single frequency. It has been also studied the method sensitivity to
random noise, being able to work with SNR higher than 40dB. It
must be noticed that this SNR value can be only achieved in high-
quality measurement facilities, as it requires that all the random and
systematic measurement errors must be below this level. Further work
will be focused on the method improvement to make it more robust
for lower SNR, as well as the benchmarking with UWB-based echo
cancellation methods.
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