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Abstract: The testing requirements of the active phased array antennas are very different from those
of traditional passive antennas, due to its beam steering capability. Usually, each beam profile of
the active phased array needs a separate radiation pattern test, which makes the overall testing time
extremely long. Thus the traditional antenna test method can no longer meet the efficiency and cost
requirements of new active phased array antennas test. In this paper, a fast test method tailored for
phased array antennas is proposed that offers significantly reduced testing time at the expense of
slight sacrifice of the accuracy. Using the simulated element pattern in array and ideal port excita-
tion, the beam profile in any direction can be predicted by testing only a certain beam profile.
Through theoretical derivation and experiments, the effectiveness of the method is verified, and the
testing efficiency of the phased array antenna is demonstrated to be improved by ten times or even
more.

Keywords: Multi-beam profile fast test method, Phased array antenna, Source reconstruction, An-
tenna test method

1. Introduction

Due to its high gain and adjustable beam pointing characteristics, phased array an-
tennas are widely used in mobile and satellite communications, radars (for automotive
sensing and unmanned aerial vehicles), as well as in military and meteorological applica-
tions [1-6].

Advances in materials (for example, GaN etc.) and manufacturing processes (AIP)
have improved phased array antenna performance and reduced costs dramatically, allow-
ing it to be widely used [7], which result in high volume production and demand in testing
of phased array antennas. Unlike conventional antennas, large phased array antennas are
characterized by thousands of beam profiles and each one needs to be tested individually.
It becomes a great challenge to the existing antenna test systems since the testing time will
drastically increase compared with that of conventional antennas [8,9]. Traditional test
methods are incompetent to meet the demand of mass production test. Methods have been
proposed to improve the testing efficiency by reducing the number of profiles tested and
the number of sampling points on individual profile [10-12]. However, the testing time is
not significantly reduced, but the error introduced is quite large. Therefore, fast testing of
multi-beam profiles is a critical problem that needs to be solved for the mass production
of phased array antennas.

In this paper, a physical model-based source reconstruction method [13-16] is pro-
posed to reduce testing time of multi beam profiles of phased-array antennas. The radi-
ated field of a phased-array antenna is considered to be an iterative addition of the radi-
ated field of each element constituting the array [17]. The proposed method uses the
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radiated field and the port excitation information of a single element to invert the aperture
field excitation coefficient matrix of the phased-array antenna by sampling the pattern of
individual beam profile. Using the obtained aperture field excitation coefficients, the
known pattern of the array element, and the port excitation associated to any beam profile,
the far-field pattern of the beam profile is predicted. This method is based on the actual
physical model of the phased array, and it utilizes the information of the radiation pattern
of the element among the actual array, and thus it has higher accuracy compared to the
conventional source reconstruction methods.

In this paper, the predicted beam profile patterns are compared with the measured
profile patterns to validate the effectiveness of the method. For a phased array antenna in
which dozens or even hundreds of beam profiles need to be tested, the conventional
method can only test each beam profile individually. However, by using the method pro-
posed in this paper, only one beam profile test is needed to obtain the excitation coefficient
of the phased array, and then the far-field radiation pattern of arbitrary beam profile can
be predicted with acceptable accuracy, which greatly shortens the testing time of all re-
quired beam profiles to be tested for a multibeam phased array antenna.

2. Theory and Methods

An array of N elements, as the one shown in Figure. 1 is characterized by the far-field
radiation pattern E(0,}) expressed in (1)

N
E©,¢) = ) I'e’"f,(6,$)et i M

i=1
Where f;(8, ¢) is the far-field radiation pattern of the i-th element within the array,
i.e., the far-field radiation pattern in the presence of all the other surrounding elements,
I'e’ “Ii is the aperture field excitation of the i-th element, 7, (8, ¢) represents the vector
from the coordinate origin to the test point, (8, ¢) denotes the vector from the position
of the i-th element to the test point. Basically, (1) implies that the far-field radiation is
obtained as combination (sum) of the radiation pattern fi(e, ¢) of all elements. The cou-
pling effect among the elements are taken into account by the far-field radiation term
7i(9, ¢), whereas other non-ideal factors such as excitation and matching of elements,
manufacturing error, and T/R component differences are considered by the aperture field

excitation term I’iej(p’i [18, 19].

Measurement
Point

Figure. 1. Schematic diagram of the array with total N number of elements.

For a particular beam profile, an ideal excitation I on all element ports can be defined
as in (2), where N is the total number of elements. Whereas I in (3) represents the excita-
tion vector at the radiating aperture for a specific beam profile, and it is obtained from I
using the aperture field excitation coefficient matrix C for each element. This excitation
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coefficient matrix C is well-defined for a specific phased array DUT since it is determined
by the port matching, element manufacturing error, T/R component differences, etc.
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A radiation pattern vector can also be defined, according to (4). By using (3) and (4),
(1) can be expressed as in (5). The objective is to solve (5) to obtain the aperture field exci-
tation coefficient matrix C of the phased array antenna, which is then used for the radia-
tion pattern prediction of the remaining beam profiles. This goal is achieved by knowing
the amplitude and phase data of the radiated field E(0,¢). By performing far-field meas-
urements on the phased-array antenna, M far-field test data can be obtained, E; (=1, 2, ...,
M), where, Ej= E(0;,¢j), and M > N; with such data available, the linear equation system in

(6) can be defined
£,(0, p)e k7o)
f jk(127o)
F, = | .00 "
fn(6, p)elkrnTo)
E(0,¢)=F"(-0) )
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Where 7,; (7=1, 2, ---, M) represents the unit vector from the coordinate origin to the j-
th test point, 7;; (i=1,2, -+, N;j=1,2,---, M) represents the vector between the i-th element
and the j-th test point, f;(6;, ¢;) represents the radiation field of the i-th element at the j-th
measurement point (9]-, 0] j),

In (6) the vector E and the matrix F can be defined according to (7) and (8), respec-
tively. Thus the compact form in (9) is obtained.. Both side of (9) are multiplied by the
term (F'F)7'F" to obtain the solution I "in (10) of the excitations at the element apertures.

E
£e| ¢ %
EM
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(F'F)'FTE = (F"F)'F'FI =1 = (1-C) (10)
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Figure. 2. Schematic diagram of port excitation and aperture field excitation of phased array ele-
ment

So far, through the M far-field measurement points obtained by testing the N-element
array antenna, and the through the radiation pattern F of the array elements obtained by
simulation or actual measurement, the aperture field excitation I of the element can be
obtained. When M=N, the number of equations is equal to the number of unknowns to be
solved, and the aperture field excitation / " can be obtained by simply solving a linear equa-
tion system of equations. However, in the more general case of M>N, the number of equa-
tions is greater than the number of unknowns, and the aperture field excitation I’ can be
obtained by applying the least square method. Since the ideal element port excitation I for
a particular beam profile is assumed to be known (theoretical value), the aperture field
excitation coefficient matrix C can be readily obtained. With the coefficient C, the radiation
pattern E,, for any beam profile can be obtained by applying (11).

E, =FI, = F(I, - C) (11)

In this way, the radiation pattern of all beam profiles of the phased array can be read-
ily predicted, thus relying only on one single radiation pattern measurement. This method
becomes obviously more effective for large antennas characterized with a large number
of elements and beam profiles.

In order to verify the feasibility of the proposed method, an active phased array an-
tenna with adjustable beam profiles is tested in the far-field anechoic chamber.

The validation steps are as follows,

1. Install the phased-array antenna on the test system turntable and adjust the center of
the antenna to coincide with the center of the rotation system,
2. Use the beam controller to adjust the phased array antenna to a certain main beam

orientation (6y, ¢,) and test the radiation pattern E,,

3. Obtain the element port excitation file I of the selected beam profile (6,, ¢,),

4. Obtain the simulation radiation pattern F of all the elements among the array with
the coupling factor taken into account,

5. Use (10) to calculate the aperture field coupling coefficient C of this antenna,

6. Apply the element port excitation I, in (11) of the beam profile to be predicted (6, ,

Px)s
7. Calculate the radiation pattern E, of the beam profile to be predicted (6,, ¢,) using

(11),

8. Adjust the phased array antenna to the beam profile to be predicted (6,, ¢,) by the
wave controller, and measure the actual radiation pattern of this beam profile,
9. Compare E, and E,.

3. Results and Discussions

A 64-element phased-array antenna was used to test and validate the proposed fast
testing methodology in a spherical test range chamber with a 2.5 m measurement distance,
as shown in Figure 3. The phased-array antenna array size is about 80*80 mm and the test
frequency is 25 GHz, thus the distance can meet the far-field test conditions.

The test radiation pattern at Step 2 is selected at (6y, ¢o) = (0, 0), with a sampling
range of p=0~180°, #=-90°~90°, and a sampling step of 2°. Based on the simulated radiation
pattern obtained at Step 4 and the ideal port excitation I of all the elements within the
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array, the aperture field excitation coefficient C of the elements is obtained by using (10),
according to Step 5. Once C is known, and by using (11), the radiation patterns of three
different beam profiles, (6, @) at (15, 0), (30, 0), (60, 0) are predicted and compared with
the measured values, as shown in Figure 4. A detailed analysis of the first side lobes am-
plitude is carried out and the errors between the measured and predicted side lobe am-
plitudes are reported in Tables 1-3 for the three considered cases. Also, the error in the
main lobe 3dB beamwidth and in the cross-polarization level are quantified.
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Figure. 3. The 64-element Phased Array Antenna in The Spherical Range Measurement System
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Figure. 4. Comparison of predicted and measured radiation pattern of beam profile (15, 0), at
cut Phi=0

Table 1. Measured vs. Predicted Pattern. of Beam at (6, ¢) = (15,0)

3dB Beam F.irst left Fi.rst right Cross-pol.
Width (%) sidelobe | side lobe (dB)!
peak (dB) | peak (dB)
Measured 4.18 -14.58 -18.19 19.568
Predicted 4.25 -15.33 -18.17 19.685
Deviation 0.07 -0.75 0.02 0.117

1 The cross-polarization is the maximum difference between the main polarization and the cross-
polarization within a 3 dB beamwidth.
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Beam profile (8, ¢) = (30, 0), at cut Phi=0
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Figure. 5. Comparison of predicted and measured radiation pattern of beam profile (30, 0), at
cut Phi=0

Table 2. Measured vs. Predicted Pattern. of Beam at (6, ¢) = (30,0)

3dB Beam Eirst left Fi'rst right Cross-pol.
Width (%) sidelobe | side lobe (dB)!
peak (dB) | peak (dB)
Measured 4.54 -14.94 -17.44 -21.752
Predicted 4.66 -15.55 -17.76 -24.461
Deviation 0.12 0.61 0.32 2.709

1 The cross-polarization is the maximum difference between the main polarization and the cross-
polarization within a 3 dB beamwidth.

Beam profile (8, ¢) = (60, 0), at cut Phi=0
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Figure. 6. Comparison of predicted and measured radiation pattern of beam profile (60, 0), at
cut Phi=0

Table 3 Measured vs. Predicted Pattern. of Beam at (6, ¢) = (60,0)

3dB Beam F.irst left Fi.rst right Cross-pol.
Width (%) sidelobe | side lobe (dB)!
peak (dB) | peak (dB)
Measured 7.84 -11.79 -22.62 -14.012
Predicted 8.11 -13.21 -22.07 -12.952
Deviation 0.27 142 0.55 -1.06
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1 The cross-polarization is the maximum difference between the main polarization and the cross-
polarization within a 3 dB beamwidth.

4. Discussion

The comparison of the data above in Figures. 4-6 and in Table 1-3 shows that the
predicted and measured radiation patterns agree well within the range of both the pri-
mary and secondary lobes at different beam profile (6, ¢), even for large scan angles, i.e.
(6, @) = (60,0). The deviation between the predicted and measured is less than 0.75dB at
the side lobe, which is over 15 dB lower than the main lobe, and less than +1.5dB at a cross-
polarization ratio about -25dB. The difference between the predicted and measured values
of the side lobes and in the cross-polarization level meets the general uncertainty require-
ment of phased array antenna test [20-23].

The standard method for testing a 64-element phased-array antenna considered for
validation in this work would require to sweep the main beam within the following range,
6=0°~60° and @=0°~360°, with 15° angular interval. Therefore, the total number of beam
profiles needs to be tested is 49. The test time for one beam profile is about 30 minutes.
The source reconstruction method, except for the calculation of the excitation coefficient
C of the aperture field, which takes about 1 minute, uses about 30 min for predicting the
full radiation pattern. A comparison of the efficiency of the fast test method and the con-
ventional method is shown in Table 4.

Table 4 Efficiency Comparison

Source . Traditional
Reconstruction Method
Method
Coefficient C calculating [min] 1 0
First beam profile measurement [min] 30 30
48 beam profiles measurement [min] 48 1440
Total duration [min] 79 1470

the proposed source reconstructed method can greatly improve the testing efficiency
and minimize the testing time and cost for multi-beam profiles of phased array antennas.
Beside the good agreement and acceptable errors in the prediction of the first side lobes,
larger amplitude differences are found for far side lobes. Such error is presumed to be
caused by the combined effect of the following factors which makes the aperture field
excitation coefficient matrix C calculated by a single beam profile different from the real
one: the difference between the simulation and the actual radiation pattern of the array
elements, the installation position deviation of the antenna, the uncertainties of the test
system and of the nominal excitation values Ix of each element.

5. Conclusions

In this paper, a multi-beam profile fast test method for phased array antennas based
on source reconstruction algorithm is proposed. Through theoretical derivation and ex-
perimental verification, it is found that the fast test method proposed in this paper can
obtain the aperture field excitation coefficient of phased array antenna element through
the radiation pattern measurement at a single beam profile, and then predict the radiation
pattern of arbitrary beam profile. The predicted radiation pattern of the beam matches
very well with the measured one on the main lobe, although a bit bad on the side lobes.
This method avoids testing the beam profiles one by one, thus greatly improving the test-
ing efficiency of phased array antennas.

A further improvement of the proposed method will be worked out in the future by
analyzing the accuracy when more than one measured beam pattern is used to find more
accurate solutions for the excitation coefficient matrix C. Further research will also be con-
ducted for the scenarios where the element radiation patterns within the array are not
known.
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