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Abstract — In this brief paper, an improved method of
separate amplitude and phase interpolations is presented
for the mid-field phased array calibration system. Since
the amplitude is relatively continuous and the phase suf-
fers from phase wrapping, the proposed method uses
linear and phase-unwrapping natural neighbor interpo-
lation methods to reconstruct the amplitude and phase
matrices, respectively. When compared with the existing
work, the proposed method is more accurate under the
cost-effective over-the-air testing environment.

Index Terms — Complex signal, natural neighbor interpo-
lation method, over-the-air test, phase wrapping, phased
array calibration.

L. INTRODUCTION

Phased array systems can effectively control the
excitation of array elements, meeting the requirements
of specific communication systems for signal transmis-
sion and interference suppression [1]. However, the ele-
ment branch will have characteristic variation causing
the excitation signal loaded on the array element to devi-
ate from expected values. Therefore, it is vital to cali-
brate the branches to improve the radiation performance
of the phased array [2—4].

The array calibration is by default conducted with
one element activated at a time (i.e. on-off mode). Since
the coupling effect between array elements cannot be
ignored, array calibration with all elements activated (i.e.
all-on mode) would be adopted for good accuracy in
this case [5, 6]. The all-on calibration methods can be
classified as amplitude-only and complex measurements.
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In the amplitude-only measurement, the typical rotating
element electric field vector (REV) method used phase
variation to record the composite power of the array,
and derived the relative amplitude and phase informa-
tion from power changes [7]. The improved REV method
in [8] characterized the array power response through a
high-order Fourier series to identify the amplitude and
phase errors of the elements, which was proved to have
good practicability. However, the REV method for each
element was time consuming, requiring a greater num-
ber of signal measurements than the complex calibration
method.

For the complex calibration method, [9] used a
transmission matrix to obtain the excitation coefficient
under near-field measurement, which required good
positioning accuracy and knowledge of the array config-
uration. However, [10] realized array calibration using
a recursive matrix under far-field conditions, where the
number of probe measurements is required to be equal to
or greater than the number of elements in the array. Then,
[11] enhanced testing efficiency by the matrix interpo-
lation method and reduced the number of probe mea-
surements. However, the phase interpolation was real-
ized by the complex data interpolation, which could lead
to phase wrapping between the adjacent points.

In this work, an improved interpolation and matrix
reconstruction method is developed under the mid-
field measurement (i.e., near-field w.r.t. the whole array
yet far-field w.r.t. the array element). The number of
probe moving positions under the all-on mode can be
half the number of the array elements. Meanwhile, the
branch matrix to be calibrated is obtained through the
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transmission matrix. The amplitude and phase of the
branches are interpolated by linear interpolation and
phase-unwrapping natural neighbor interpolation meth-
ods, respectively. Note that the proposed solution in this
work is essentially an improvement of the method pre-
sented in [11].

II. THEORY
This section firstly presents the on-off mode used as
the standard benchmark. Then the proposed all-on mode
method is introduced and compared with the method
in [11].

A. On-off mode

A phased array calibration system is shown in Fig. 1.
The probe moves to multiple positions to gather suffi-
cient samples and the signal model can be expressed as
follows:

S=HT, (1)
where S is the S-parameter matrix measured by the
probe using a vector network analyzer (VNA), H is the
weighted excitation signal matrix, and T is the transmis-
sion matrix. If the numbers of weighted signals, probe
positions and antenna elements are L, M and N, then S, H
and T are L x M, L x N and N x M matrices, respectively.
The transmission matrix T can be further expanded as:

T = (CRuyr) OAOR,0, 2
where C is a N x N RF branch response matrix, Rsyr
is a N X M array element radiation pattern matrix indi-
cating the pattern of the n-th array element for the m-th
probe position, A is a N x M free-space transfer function
matrix, R, is a N X M probe pattern matrix representing
the pattern of the m-th probe position on the n-th array
element and ©® is the Hadamard product.
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Fig. 1. Configuration of the phased array calibration.

Since the matrix C and Ryy7 are combined to form
the N x M signal branch matrix P to be calibrated, the
matrix element of (CRayr),,, can be written as:

N
Prun=(CRAuT ), =Y, (Oni- eI rautim, (3

i=1
where n and m are the row and column of the element
in P, o,; and ¢, ; are the amplitude and phase of the RF
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branch response C, and 74y, is the complex value of
the array element in Ryyr.

The calibration of the on-off mode applied to equa-
tions (1)-(3) can be seen as a standard benchmark to ver-
ify the effectiveness and accuracy of the proposed inter-
polation method under the all-on mode. The on-off mode
is executed by enabling the n-th path and disabling the
other N — 1 signal branches. The probe vertically aligns
to the face center of each array element forming a N x N
S-parameter matrix S. Therefore, the excitation matrix H
turns to identity matrix Iy, and the signal branch matrix
to be calibrated can be derived as:

Ponfoff: SOA® Rpr()a (4)
where © represents entry-wise division of two matri-
ces. The diagonal elements of the reconstructed matrix
P, s are the N signal branches to be calibrated for
the N array elements (noted as a 1 X N vector A1 pp—off),
and the influence of the nonuniformity can be reduced
by compensating the amplitude and phase deviation in
Al,anfo ff-

B. All-on mode

After getting the comparison result A o, under
the on-off mode, we then introduce the proposed method
using the all-on mode and interpolation method to cali-
brate the phased array.

In order to reduce the time cost, the number of probe
moving positions should be smaller than the number of
array elements, which is M < N. The minimum probe
number M should cover the aperture of the phased array.

The probe scanning configuration is shown in Fig. 1,
where the maximum probe moving distance is D, the
measurement range between the probe and array is R,
and the M probe positions are evenly distributed in the
range of D. Thus, the angle sampling interval can be cal-

culated as:
D
Oy =tan ' [ ———— ). 5
pro = tal <2R(M1)> ®)

In order to better reconstruct and interpolate the
small number of samples, an appropriate value of M is
crucial. In this case, 26, should be smaller than the
half-power beamwidth (HPBW) 63,5 of the array ele-
ment. If 634 is smaller than26,,,, the power received by
the probe drops significantly, which incurs great errors in
the reconstruction of the signal branch matrix P. Conse-
quently, 6, } 6345 / 16 is selected as the angle sampling
interval to guarantee that the amplitude of the receiving
power is large enough to reduce the signal branch error,
and the minimum number of probe positions M can be

obtained as:
D
M~ | ——————+1 6
[2Rtan(63d3/16) + —‘ ’ ©)
where [e] represents the rounding up operator. It is obvi-
ous that the probe position number M is proportional to
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D, and inversely proportional to R and 63,5. Then we set
H as a Hadamard matrix of order L, ignoring the first
L — N columns (which can be seen as virtual elements),
and the L x N all-on mode excitation matrix H can be
obtained [11]. After using the Moore-Penrose pseudoin-
verse matrix H' of H, the signal branch matrix P,;;_,,
to be calibrated can be expressed as:

Pui—on= (H+ S) QA Rprov @)
where Py, is a N X M matrix. Next, P,;_,, should be
interpolated to form a N X N matrix to calibrate the N
signal branches.

The amplitude matrix Pus;—on.amp Of Pyi—on can be
interpolated by the linear interpolation method to get the
N x N matrix P;”_ onamp* because the amplitude varia-
tion is relatively flat. However, since the phase matrix
Poii—on,pha Of Payj—on suffers from a +=360° phase wrap-
ping between adjacent points, the phase period should be
added or subtracted to get the correct interpolation result,
which can be understood as follows. If the phases of the
two adjacent points are 190° and —190°, then the direct
interpolation will yield 0°, which is not correct. Thus, the
latter phase —190° should add 360° to be 170°, and the
interpolated phase can be correctly obtained as 180°.

Then, the phase unwrapping Py o pha is interpo-
lated by the natural neighbor interpolation method, as
shown in Fig. 2. The original data are marked as x| — x¢,
the interpolated data is x,,. The Voronoi cell before
and after interpolating x,, is calculated, where the cells
of x; — x¢ before the interpolation have common areas
(81 — Se) with the hexagon Voronoi cell of x,,, and the
phase value of x;, is calculated as:

No
Xy = M, (8)
Znil Sn
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Fig. 2. Phase-unwrapping natural neighbor interpolation
method.
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Table 1: Performance comparison

Characteristics | Calibration | Dynamic | Mean
Type Range | Value

[11] Method Amplitude/ 0.92 0.33
Phase dB14.6° |dBS5.1°

Proposed Amplitude/ 0.85 0.19
Method Phase dB10.3° |dB3.1°

where N is the number of the adjacent cells of x,,. Then,
the desired interpolated N x N phase matrix P/, on,pha
is obtained.

Subsequently, the diagonal elements are extracted
from P;”ﬂmyamp and P;”wn’pha to form the N complex
signal branches to be calibrated, noted as 1 x N vector
A3 all—on- Moreover, in order to make comparison with
the proposed method, the calibration method in [11] is
used here, whose interpolation results are obtained as
A3 a11—on- The basic mechanism of [11] also uses the
interpolation method to reduce the initial sampling num-
ber, but the main difference between [11] and this work is
that the reconstructed amplitude and phase matrix in [11]
both used the linear interpolation method, which may
lead to phase-wrapping errors for the interpolated com-
plex results. Therefore, the proposed method can over-
come the phase interpolation error and obtain more accu-
rate signal branches. Finally, comparisons of A1 oy off,
A2 ali—on and A3 411 on can reveal the effectiveness of the
proposed calibration method.

III. MEASUREMENT AND ANALYSIS

The proposed method is verified in the environment
of Fig. 3. A column (with N = 14 single vertical polar-
ized waveguide antennas) of the planar array is selected
as the AUT (antenna under test). The range D is 1.124
m, the testing frequency is 2.6 GHz, and the probe is
a WR284 waveguide antenna whose H-plane HPBW is
127°. The distance R is 1.0 m, which is the far-field range
for the array element with dimension Dy, = 8.03 cm yet
still in the near-field of the AUT array. The probe posi-
tion M, calculated by equation (6), should be larger than
5, and M =7 is chosen to probe the 14 array elements.
The excitation matrix H is set to be a Hadamard matrix
of order L = 16.

Then, the reconstructed 14 x 14 P;llfon‘ump and

o I—on,pha AT€ obtained by the proposed method, whose

diagonal elements are extracted to form Aj ,;;_,,. The
14 x 14 Py, —ory, used as a standard bench, is obtained
by setting H as identity matrix Iy and M as 14
to form Aj,n—ofr. The calibrated results in [11] are
acquired as a 1 x 14 vector A3 47—on. The amplitudes
and phases of A1 on—off» A2 ati—on and A3 411, are plot-
ted in Figs. 4 (a) and (b) in red, green and blue circles,
respectively.
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Fig. 3. Measurement environment.
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Fig. 4. Comparisons of (a) amplitude, (b) phase, (c)
amplitude errors, and (d) phase errors for the extracted
elementary signal branches of Ay ,—off, A2 a11—0n and
A3,all—0n~

Finally, the amplitude/phase errors between
A1 on—oyf and Az 411 op, and those between Ay oo and
A3 al1—on» are shown in Figs. 4 (c) and (d), respectively.
To better illustrate the performance comparison between
the proposed method and the method of [11], the
dynamic ranges and mean values of the amplitude/phase
errors are listed in Table 1. It can be seen that the
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dynamic ranges and mean values for the errors of the
proposed method is smaller than that of the method in
[11]. The differences between the two methods of the
amplitude/phase errors for the dynamic ranges and mean
values are calculated as 0.07 dB/4.3° and 0.14 dB/2.0°,
respectively, implying the superiority of the proposed
method.

Thus, we can see from the results shown above that
the element branches can be more accurately calibrated
by the proposed interpolation method, and the separate
interpolation method is more effective for complex sig-
nals with significant phase variation and phase wrapping
influence.

IV. CONCLUSION

In this work, an improved interpolation method with
a small number of probe positions (e.g. the half number
of the array elements) is proposed for the phased array
calibration. The proposed method used linear interpo-
lation method and phase-unwrapping natural neighbor
interpolation method to reconstruct the amplitude and
phase matrices under the all-on mode, respectively. The
proposed method has been proved to be more accurate
than [11]. An error reduction of 0.07 dB/4.3° is achieved
for the dynamic range, and a reduction of 0.14 dB/2.0°
is achieved for the mean values.
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