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Abstract — This paper presents a blind phase center esti-
mation method for hemispherical near-field automotive
antenna tests. The previous method only satisfies the less
edge-scattering affected conditions, whose phase center
estimation stability and accuracy are not satisfactory.
While, the newly proposed method utilizes image theory
as filtering process to characterize the electric fields with
reduced edge-scattering effects, and the phase center is
more accurately derived by the local searching strategy
combined with a fast least-squares-based method along
the x-, y- and z-axis. Correspondingly, the improvement
of the calibrated pattern is significant. The simulation
and measurement results both demonstrate the superior-
ity of the proposed method with less time cost and better
accuracy for different types of automotive antennas than
the previous method. More importantly, the proposed
method does not need to distinguish the edge-scattering-
affected condition and non-edge-scatteringaffected con-
dition, which will lead to an easy work for estimating
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the phase center and ensure the accuracy of the pattern
offset calibration.

Index Terms — Blind phase center estimation, cali-
bration for displaced antenna, edge-scattering reduction,
field projection, spatial convolution-deconvolution.

I. INTRODUCTION

The spherical near-field measurement is widely
used in characterizing the far-field pattern and rele-
vant radiation parameters [1-3]. However, the issue of
the measurement misalignment of the antenna under
test (AUT) usually causes significant deviations for the
derived far-field pattern [4—10]. This is especially true
for automotive antenna tests [11], where the actual posi-
tion of the AUT may not be known. Besides, accurate
pattern measurements are critical to engineering appli-
cations of automotive wireless communications [12],
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electromagnetic compatibility tests, and the multiplex-
ing performance based on the electronic control unit
level [13]. What is more, the edge-scattering interference
of, e.g., the automotive roof and lifting platform, can
also lead to the inaccuracy of the near-field test [14—16].
Consequently, it is necessary to find an effective method
to estimate the phase center with less edge-scattering to
enable accurate pattern calibration.

Regarding the edge-scattering effect, the authors
in [15] used virtual vertices and image theory to elimi-
nate the numerical errors caused by the boundary edges.
The research in [16] pointed out the feasibility of using
the mode expansion theory to reduce the edge-scattering
effect to improve the accuracy of the near-to-far-field
transformation (NFT) pattern. As for the phase center
study, the conventional method in [17] used the mini-
mum phase variation and the far-field analysis based on
known antenna structures to determine the phase center,
which can now be realized by full-wave simulation
when the AUT is constructed in the software. Refer-
ence [18] discussed feasible phase center calculation
methods for the planar near-field measurement, which
provide some useful explorations for spherical phase
center estimation. Reference [19] used the path length
and probe-pattern-based method to calibrate the far-field
displacement.

In this work, an improved antenna calibration
method with fewer truncation errors and less time cost is
proposed. Specifically, the method uses spherical mode
characteristics to reduce the edge-scattering effect for
the near-field automotive antenna test [20], and a fast
least-squares-based method is combined with a local
searching strategy to swiftly obtain the phase center
estimation, leading to an accurate far-field result.

II. THEORY

A. Image-theory-based mode expansion analysis

The automotive antenna is mounted on the automo-
tive roof, which is a finite plane with finite thickness.
Thus, the current on the automotive roof edge will expe-
rience a scattering effect, making it difficult to accurately
estimate the phase center. To solve this problem, the
image theory and edge filtering are given as follows: The
hemispherical wave expansion of the near-field can be
expressed as [1]

N n
E(r,@,(p) = Z Z {amann(rvea(P)

n=1m=-n
+ bnn Ny (1,6, 9) }, (D
where a,,, and b,,, are the spherical wave expansion

coefficients, M,,, and N, are the spherical wave
generating functions. According to the image theory,
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the hemispherical near-field can be calculated by the
superimposition of the direct and the image field as

Er72(r’97(P) :Er(raev(p)_Er,l(r,TE—97(P)
Eg,z(r,G,(p)=E9(r,9,(p)—|—E971(r,71:—9,(p) ) (2)
Eg(r,0,9) =Ey(1,6,0) —Eg i (r,m—6,9)

where E,g o is the component of E in equation (1),
E, g1 is the image component, and E,g o> is the
image-processed near-field. Besides, the generating
function P,‘,m‘ (cos 0) of M, and N, is odd when the
sum of n order and |m| degree is odd, and becomes even
when n + |m| is even. Correspondingly, the derivative
dP,‘f"| (cos0)/dO of M,,, and N, is even (or odd) when
n+ |m| is odd (or even). Based on these characteristics,
the spherical wave coefficients a,,, and b,,, of equa-
tion (2) can be represented as [16]

, 2amp
Ay = 0

-
mn — 2bmn

The boundary condition for & = 7/2 in this situ-

|m| +n is even

|m| +n is odd
3)

|m| 4 n is even

|m|+nis odd

ation will satisfy P,‘,m‘(cos 6) = 0 when n + |m| is odd
and dpP)" (cos0)/d0 = 0 when n+ |m| is even, which
will effectively reduce the edge-scattering effect for the
hemispherical near-field test [16]. By substituting the
new coefficients a,,,, and b, into equation (1) and using
the boundary condition for 8 = 1/2, the reprocessed
automotive near-field E;.g o> will be more accurate for
the phase center estimation and subsequent NFT pattern
calibration.

B. Improved phase center estimation

A least-squares-based fast phase center estimation
method [21] is used to approximately estimate the initial
phase center O;. Then, a local searching strategy is
chosen to find the phase center along the positive and
negative axes in x,y and z directions starting from O;.
The searching range is set as +AH, and the phase center
O, corresponding to the minimum phase difference can
be found within =AH, that is: if O, lies in the endpoint
of +AH,+AH will be expanded as +tAH,t = 2,3...
until O, is not at the endpoint of the searching range, and
the local minimum point within +tAH will correspond
to the O,. The specific method of searching O, follows.

As shown in Fig. 1, the hemispherical near-field
data is sampled on §,, where the measurement center
is Og and the radius is ryp. The phase center of the
automotive antenna is O,, which is usually different
from Oy due in practical automotive measurement setup.



The deviation projection of O, onto the coordinate
system of the aperture plane Sy, whose plane center is
Oy (the same as S,), is (dy, dy,d;) or dy, ; for short. Thus,
the displacement of dy . can be compensated when the
phase center O, is determined.
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Fig. 1. Parameters of the hemispherical automotive

antenna test.

Since the data on S, can be projected onto the three
planes along the x,y and z axes, the z-axis projection is
selected as an example to illustrate the estimation of O,.
A plane S1, which is tangent to S, is chosen with lengths
of Ly and Ly to project near-field data, and the maximum

(L2 +L)2,)/2/d1) is
determined, where d; = ry. The projection from S, to S

includes the electric field transformation and coordinate
transformation, which can be expressed as

projection angle Opax = arctan(

E,=I(E;>sinOcos @ +Egcos0cosp —Epsing)

X e*jk()Ad

E, =I(E;>sinfsin@+ Eg>cosOsin@ +Ep>cos @),

% e~ JkoAd “)

E =1 (E,.Q cos 0 — Eg > sin 6) e~ koAd
Xn = d tan(6,) cos @,
yn = dj tan(6,) sin @, , ®)

Ad = \/X%+y,21+d%*r()

where E g ¢ 18 the reprocessed image near-fields on S,
in equation (2), E, , ; is the projected fields on Sy, ko is
the wavelength of frequency fy,Ad is the propagating
distance, x, and y, are the nth sampling position on
S1,6, and @, are the nth sampling position on S,. I =
sin@, = dy //x2 +y2 + d? transfers the oblique incident
wave from S, into the vertical wave on S, as shown in
Fig. 1.

The spatial convolution-deconvolution method, as
described in [22], is used to backwardly and forwardly
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derive the near-field and far field, respectively

E\(x1,y1) = F '[F[Eo(x0,50)] © F[g(x1,31)]], (6)
Eo(x0,y0) = F '[F[E1(x1,y1)] @ Fg(x1,y)]], (1)

where g is the Green function, ® and © are the entry-
wise multiplication and division between the pattern
matrices, .% and .Z~! are the Fourier and inverse
Fourier transformations, FEy and FE; are the electric
fields on planes Sy and Sy, (x0,y0) and (x1,y;) are the
coordinates on Sy and S.

By combining equations (1)—(7), the phase center
estimation processes of O, can be summarized as fol-
lows:

1. The image-processed near-fields E,g o> on S,
are obtained by equations (1)-(3), and the least-
squaresbased method is used to estimate the initial
phase center O;, based on which the desired O, will
be found within =tAH,t = 1,2,3.... Then E;g ¢
are projected onto S| as Ej| using equations (4)—
(5). The aperture near-field Ey on Sy is obtained by
equation (7) from E; on Si, and an extrapolation
distance Ad; is selected away from S; (as shown
in Fig. 1), where Ad; lies in the range of +tAH,
r=1,2,3....

2. Equation (6) is used to convolute E( with distance
Ad) to derive E| on S. Meanwhile, two close far-
field planes S, and S, corresponding to distances
d, and d,, 11 are chosen and fixed.

3. Ej is convoluted by equation (6) to obtain the two far
fields E, and E, | on the two planes S, and S,1,
and the sum of the planar phase differences between
E, and E, are calculated as Dy, 11 =Y. [Py — Py,
where P, and P, are the phases of E, and E, .

4. Changing the value of Ad; and reperforming steps

two and three, different phase differences D:w 41
between different B, and P,; (notably, d,, and d),1
keep unchanged) are obtained. After multiple groups
of iterations, the minimum value of D;, . | is found.
Notably, the minimum value of D:;,n}l is derived
from the sum of the two spherical phase differences,
and the phase center corresponds to the radiating
center with minimum phase difference. Therefore, the
minimum D/, , ., corresponds to the minimum phase
center, i.e., the phase center. Then the corresponding
Ad is the optimal phase center along the z axis, which

is noted as d, = Ad}.

5. Subsequently, the x-axis and y-axis phase center esti-
mations can be realized by projecting the near-field
data of S, onto the planes along the x and y axes,
and the phase centers O, = (d,dy,d;) can be finally
determined.
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C. Pattern offset calibration

Once the phase center is determined following
the above procedures, pattern offset calibration can be
readily conducted as follows. Since the samples on
S, have two coordinates of (ry,0;,¢;) and (2,62, @)
corresponding to Op and O, the compensated NFT
pattern can be expressed as EnprACAC,, where AC| =
r/r,AC; = e‘jkoAp,Ap =r1 —ry [19]. The compen-
sated pattern is in the coordinates of (1,6, ¢,), and
should be projected into the coordinates of (ry, 01, ¢r)
to match the measurement origin Oy.

III. SIMULATION AND MEASUREMENT
RESULTS
A. Simulation

The automotive model with a monopole antenna is
simulated by FEKO software and the geometrical center
of the monopole antenna is fixed at (0 m,1.5 m,1.5 m)
to simulate the near-field phase center deviation, as
shown in Fig. 2, where the frequency fy is 3 GHz,
the measured near-field radius ry is 604, the sampling
ranges are 0 = (0° ~ 120°) and ¢ = (0° ~ 360°), and
the sampling intervals are A@ = A¢ = 1°. Besides, the
projection angle Oy,x is 80°, and the projection interval
on Sy is AL = 0.4A9. The maximum searching range
along the x,y and z axes is limited within 2 m (i.e., less
than rg).

The previous global phase center searching method
without edge-scattering reduction in [23] is firstly used
to obtain the estimated phase center result to make
comparisons with the newly proposed method, as shown
in Fig. 3 (a), where the red, green and blue curves
are the phase centers varied in different plane positions
with a searching step of 0.1 m along the x, y and z
axes, and the estimated phase center is denoted as OZ =
(O m, 1.1 m, 1.6 m). Next, the initial phase center is first
determined as O; = (0.2 m,2.4 m,1.2 m). The range
+AH is set as 0.5 m. Notably, the simulated edge-
scattering effect is mainly contributed by the automotive
roof and bottom enclosed within the range of 6 =
(0° ~ 120°). The variations of the phase differences
Dy, ny1 calculated by the proposed method under the
local searching strategy are shown in Figs. 3 (b)—(d),
where the red, green and blue curves are the phase
centers varied along the x, y and z axes, respectively.
Therefore, the phase center is determined as O, =
(0.1 m,1.3 m, 1.6 m) (marked as asterisks in Fig. 3).
Besides, the theoretical phase center calculated by
the classical method in [17] is presented as O;) =
(0m,1.4 m,1.2 m). Then, the estimated phase centers
O, and O} are compared with O, and summarized in
Table 1.

After the phase centers are acquired, the next step is
to calibrate the displacement between the real center Og
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and the virtual center O, (and OZ). Therefore, by using
the proposed calibration method and the method in [23],
the theoretical and compensated NFT patterns in ¢ = 0°
and ¢ = 90° are shown in Fig. 4, where the red, yellow,
black and blue curves are the theoretical pattern derived
from FEKO, uncalibrated NFT pattern, calibrated NFT
pattern by [23], calibrated NFT pattern by the proposed
method, respectively. Besides, the purple, grey and green
curves are the errors between red and yellow curves,
errors between red and black curves, errors between red
and blue curves.

Monopole
~ Antenna

Automotive
model

Fig. 2. Automotive model mounted with a monopole
antenna.
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Fig. 3. Variations of D, ,.; for (a) global searching

strategy in [23], and local searching strategy along the
(b) x-, (¢) y - and (d) z-axis.

Table 1: Simulated phase centers and error comparisons
(unit: meter)

Axis [ 0, | 0, [0l []0,- 0, [0, -0}
x o1 ]ooo0 | 14 020
y 1A A oa 320
z [le[12]16] 4i 40

B. Measurement
A monopole antenna working at fy = 3 GHz with
the main lobe lying in the xoOgyo plane is chosen to
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» Platform

Fig. 5. Near-field measurement setup of a monopole
antenna.

imitate the radiation of the automotive antenna, whose
geometrical center is fixed at (3 m,0 m,0 m) to rep-
resent the near-field phase center deviation, and the
measurement setups are shown in Fig. 5. The spherical
near-field radius rp is 6.8 m, the sampling ranges are
0 = (0° ~ 120°) and ¢ = (0° ~ 360°), and the sampling
intervals are A@ = A@ = 1°. The projection angle and
interval on Sy are Op.x = 80° and AL = 0.4Ay. The
maximum searching ranges along the x,y and z axes
is limited within 5 m (i.e., less than rg ). The results
of the previous global phase center searching method
in [23] are shown in Fig. 6 (a), where the step is 0.1 m
and O = (3.5m,0.4 m,0.4 m). Then the initial phase
center is determined as O; = (3.7 m,1.3 m,0.6 m). The
range of £AH is set as =0.5 m. The phase difference
Dy, 1 is shown in Figs. 6 (b)—(d), where the interval of
the abscissa is 0.1 m, the maximum searching range is
limited within 5 m, and the phase center is determined as
0, = (3.7 m,0.1 m,0 m). While the actual phase center
is 0}, = (3m,0m,0m), and the corresponding esti-
mated errors are summarized in Table 2. Then, the cal-
ibrated NFT patterns after the probe compensation [18]
and their pattern errors are given in Fig. 7.
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Table 2: Measured phase centers and error comparisons
(unit: meters)

Axis [ 0, [0, [ 07 []0,-0L [0, - 0%
X 37 [ 30| 35 72 520
y 0.1]00 |04 120 420
z 00| 0.0 | 04 020 420

— Reference Pattern
0

)
S
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A
o

0 50
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(a)

Uncompensated Error
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Theta (deg) Theta (deg)
() (d)
Fig. 7. Comparisons of the measured patterns in (a) ¢ =
0° and (b) ¢ = 90°, and pattern errors in (c¢) ¢ = 0° and
(d) ¢ =90°.

C. Discussions
C.1. Relative errors

In order to more accurately analyze the superiority
of the proposed method, the calculation of the relative
errors in Figs. 4 (a)—-(d) and Figs. 7 (a)—(d) is given
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0— Zefer |Eer(6, )
Zeler |EC(9,¢)|2 7

where E. is the red curve without displacement in
Figs. 4 (a), (b) or Figs. 7 (a), (b), E,, is the error curve
(purple, grey or green curves) in Figs. 4 (c), (d) or
Figs. 7 (c), (d). 6, is the reliable region of the spherical
near-field test in elevation range, which is calculated
by [24] as 101° and 117° for Fig. 4 and Fig. 7 (pink
curve), respectively. Therefore, the calculated relative
errors are given in Table 3. Notably, since the method
in [23] is only available for the model with a small phase
center offset and a small automotive roof, which leads
to less edge-scattering effect, the performance of the
method in [23] deteriorates under the current monopole
testing case in Table 3. While this does not influence the
usefulness of [23] for the normal phase center estimation
cases where the edge-scattering and the phase center
deviation is small.

®)

Table 3: Relative errors

Fig. 4 Uncompen | Previous | Proposed
sated Method | Method
o =0° 35.32% 9.05% 7.78%
¢ =90° 35.67% 17.57% 14.18%
Fig. 7 Uncompen | Previous | Proposed
sated Method | Method
o=0° 76.79% 32.19% 21.22%
¢ =90° 42.06% 33.68% 12.66%

C.2. Additional edge-scattering-affected simulation
results

An additional automotive model mounted with a
2 GHz right-handed circular-polarized (RHCP) antenna
(i.e., helical antenna), whose geometrical center is fixed
at (0m,0 m,1.5m), is simulated to verify the wide
applicability and significance of the proposed method
for the circular-polarized antenna. The basic simula-
tion setups are the same as the model in Fig. 2. The
theoretical phase center is O}, = (0 m,0 m, 1.2 m), and
the estimated phase centers O, and O/, are obtained in
Table 4. Correspondingly, the pattern errors for the left-
handed circular-polarized (LHCP) component, RHCP
component and the entire far-field component of the
calibrated NFT patterns are summarized in Table 5.

C.3. Additional non-edge-scattering-affected simu-
lation results

The following will give additional results for the
non-edge-scattering-affected cases to further verify the
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Table 4: Edge-scattering-affected simulated phase cen-
ters and error comparisons (unit: meters)

Axis [ 0, | 0, [ 02 []0,- 0, [ |0, -0}
x |01[00][00] 06k 020

y o1 o001 06 0.64

: |15 1217 2k 3.3%

Table 5: Edge-scattering-affected relative errors

Left-Polarized Uncompen | Previous | Proposed
sated Method Method
¢ =0° 33.57% 19.43% 16.06%
¢ =90° 26.92% 17.31% 16.54%
Right-Polarized | Uncompen | Previous | Proposed
sated Method Method
¢ =0° 14.26% 7.79% 6.18%
¢ =90° 16.78% 8.50% 7.31%
Total Uncompen | Previous | Proposed
Component sated Method Method
¢ =0° 12.71% 5.35% 4.29%
@ =90° 15.26% 7.40% 6.31%

effectiveness of the proposed method under normal
condition. A single monopole antenna and a single
helical antenna are chosen as the representative lin-
earand circular-polarized antennas, respectively, work-
ing at 3 GHz. The basic sampling setups are the same
as the model in Fig. 2, and the two antennas are placed
at (1.0m,1.0 m,1.0 m). The estimated phase canters
of the two antennas are summarized in Table 6. The
corresponding pattern calibration results are listed in
Table 7, where the LHCP and RHCP components of the
helical antenna are omitted and only shows the overall
polarization components of the farfield results.

Table 6: Non-edge-scattering-affected simulated phase
centers and error comparisons (unit: meters)

Mono pole | Op | O, | Oy | [Op— 03| | |0, — Oy
x 09 | 1.0 | 1.0 0 0%
y 09 | 1.0 | 10 0 0%
z 0.8 10 | 14 20 4
Helix 0, | 0, | O} [ [0,-0, | [0, -0}
X 08 | 1.0 | 09 0 70
y 08 | 10 | 1.1 0 7
Z 09 | 1.0 | 14 17 20

C.4. Advantages

Based on all the results shown above, the proposed
method has two significant advantages:

1. Reduction of time cost: The local searching num-
bers of the proposed method for the simulation and



Table 7: Non-edge-scattering-affected relative errors

Monopole | Uncompen | Previous | Proposed
sated Method | Method
o=0° 14.97% 8.14% 4.05%
¢ =90° 15.03% 7.94% 4.00%
Helix Uncompen | Previous | Proposed
sated Method | Method
o=0° 17.12% 8.83% 8.12%
¢ =90° 16.58% 8.67% 8.48%

measurement results in Fig. 2 and Fig. 5 are 41 and
62. While the method in [23] for the results in Fig. 2
and Fig. 5 are 63 and 153. Thus, the proposed method
leads to about 100 minutes and 450 minutes time
reduction (in a personal computer with 2.6 GHz CPU
of Core 19-13900H and RAM of 32 GB).

2. The wide applicability with better performance: The
proposed method is a unified phase center estimation
and pattern calibration method suitable for different
polarized antennas, frequencies, offset positions and
conditions (edge-scattering-affected and non-edge-
scattering-affected conditions).

IV. CONCLUSION

This work presented an improved phase center
estimation method. Specifically, it used image theory
with edge-scattering reduction and a fast local search-
ing strategy to achieve better phase center estima-
tion of the automotive antenna. Notably, the proposed
method unified the edge-scattering-affected and non-
edge-scattering-affected conditions, and the time cost
had been significantly reduced, which leads to an easy
task for the general spherical near-field test.
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