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Abstract 
Introduction. An autocorrelation method can be used for calibration of phased antenna arrays (PAA) in the presence 
of interference. In scenarios where the PAA size is substantial, the initial elements of post-calibration are designated 
as a reference element for subsequent comparison with the following antenna elements. However, this method be-
comes time-consuming when the PAA size increases, also affecting the adaptive calibration proposed in this work. 
In practical applications, the calibration of PAA may be affected by various factors, such as intentional interference, 
passive interference, weather conditions, equipment aging, etc. Therefore, the impact of different interference levels 
on the calibration accuracy of PAA should be investigated. In addition, using a calibration antenna instead of a refer-
ence antenna may decrease the calibration accuracy of the received signal. 
Aim. To design and investigate a method for calibrating a PAA with high accuracy and low complexity based 
on an autocorrelation algorithm. 
Materials and methods. The efficiency of the developed algorithm was estimated using MATLAB/Simulink-based simu-
lation and experimental validation. 
Results. To verify the feasibility of the proposed method for a large-scale antenna array, a 2 × 8 phased array anten-
na is implemented at 3 GHz. The proposed autocorrelation method for PAA exhibited superior performance over the 
conventional autocorrelation method. In comparison with the conventional autocorrelation technique, the developed 
method enhances the peak value of the combined beam in the E-plane by 3.2 and 3.7 dB, respectively. Furthermore, 
the beams at a distance between two antennas equal 0.625λ were tilted by 1.5 and 8° for the proposed and conven-
tional autocorrelation methods, respectively. 
Conclusion. The validation through actual measurement data confirmed that the proposed autocorrelation method is 
more accurate than conventional methods in determining amplitude and phase offsets. The paper points out that the 
proposed autocorrelation calibration method performs well in large-scale on-site and factory-level calibration, being 
also effective in scenarios under the presence of external interference. 
Keywords: phased array antenna, PAA, correlation function, far-field measurement system, scanning time, inter-
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Introduction. In contemporary radio and com-
munication systems, phased antenna arrays (PAA) 
find wide application [1–3]. PAAs facilitate control 
over the shape of the radiation pattern and the posi-
tion of the main lobe, referred to as a beam, of the 
respective antenna system. Each PAA channel in-
cludes ultra-high frequency components to monitor 
the amplitude and phase of the passing signal. The-
se components are characterized by amplitude and 
phase errors which adversely affect the shape of 
the radiation pattern and its characteristics [4–6]. 
In addition, mismatches in the amplitude and 
phase characteristics can be caused by external 
factors. In this context, mention should be made of 
various natural physical noises and disturbances 
generated by external influences [7–9]. Therefore, 
in order to compensate for these errors, the PAA 
must be calibrated not only at the manufacturing 
stage, but also during operation [10–12]. 

A significant objective of the PAA calibration 
process is to minimize the time required for calibra-
tion and to mitigate the impact of environmental 
factors on the resulting radiation pattern, whether in 
factory settings or at open measurement sites [13–
17]. Development of efficient measures to deal with 
the aforementioned issue require utilization of far-
field calibration techniques based on differences, 
namely the rotating-element electric-field vector 
(REV) [18–24] and autocorrelation methods [25]. 
The research presented in [25] demonstrated that 
the autocorrelation approach exhibited superior 
precision in the calibration of amplitude and 
phase, in comparison with REV methods. In cases 
where the number of antenna elements exceeds 
two, the autocorrelation method is continued to the 
last element. In scenarios where the PAA size is 
substantial, the initial elements are designated as a 
reference element for subsequent comparison with 
the following antenna elements. 

However, the time required for this method [25] 
increases significantly under an increase in the 
array antenna size, thus affecting the adaptive cali-
bration proposed in this work. In practical applica-
tions, the calibration of PAAs may be affected by 
various factors, such as intentional interference, 
passive interference, weather conditions, equip-
ment aging, etc. Therefore, it is necessary to inves-
tigate the effects of different levels of interference 
on the calibration accuracy of PAA. In addition, 

using a calibration antenna instead of a reference 
antenna may lead to a decrease in the accuracy of 
the received signal calibration.  

In this regard, this paper aims to design and 
investigate a method for calibrating a phased an-
tenna array with high accuracy and low com-
plexity based on an autocorrelation algorithm. 
The paper is structured as follows: section 1 in-
troduces the theory of the proposed autocorrela-
tion method, section 2 details the experimental 
setup of the developed algorithm, and section 3 
offers concluding remarks. 

Description of the Developed Algorithm. Fig. 1 
illustrates the PAA calibration method based on 
the autocorrelation algorithm. The method is 
composed of the following components: The 
linear PAA with N antenna elements has a total 
length ( )1 ,D N d= −  where d – distance be-
tween two calibration receive antennas; multi-
pliers; a block for determining ;iw  a block for 
calculating ia , and an adder. 

The subsequent section provides a detailed expo-
sition of the mathematical model of the PAA calibra-
tion process in the context of the specified case study: 

a) the reception of signals is to be conducted 
through channels: 

( ) ( ) ( ),i i ix t s t n t= +  

where ( )( ) ( ) ij t
i is t A t e β=  – the complex useful sig-

nal received at the i-th channel, i = 1, 2, ..., N ( ( )iA t  – 

the amplitude of the ( );is t  ( )i tβ  – the phase of 

the ( ));is t  ( )in t  – internal and external noises; 

b) multiply ( )ix t  with 0 ( ).x t  The signal 
( )iX t  is thus expressed as follows: 

( )( )0 0

0 0 0 0

( ) ( ) ( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ),

i i i i i

i i i i

X t x t x t s t n t s t n t
s t s t s t n t n t s t n t n t

= = + + =

= + + +
 

where 0 0 0( ) ( ) ( )x t s t n t= +  – the complex reference 

signal; 0( )
0 0( ) ( ) j ts t A t e β=  ( 0( )A t  – the amplitude 

of the 0 ( );x t  0( )tβ  – the phase of the )0( ) ;x t  

0 ( )n t  – the internal noise at the reference channel; 
c) determine the maximum value of the auto-

correlation function ( )iX t  in the block for finding 
the values iw : 



Autocorrelation Method for Phased Antenna Array Calibration Based on Far-Field Measurement System 

Известия вузов России. Радиоэлектроника. 2025. Т. 28, № 3. С. 106–115 
Journal of the Russian Universities. Radioelectronics. 2025, vol. 28, no. 3, pp. 106–115 

108 

( ) ( )
( )

0

0 0 0 0

max ( ) max ( ) ( )

max ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ,
i i i

i i i i

w X t x t x t

s t s t s t n t n t s t n t n t

= = =

= + + +
 

where ( )iX t  – the autocorrelation function of the 
complex received signal ( )ix t  and the complex 
reference signal 0 ( );x t  

d) the weight ia  required to compensate for 
the input signal of the i-th channel can be calculat-
ed according to the following: 
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e) multiply the complex received signal ( )ix t  
with the weight ia : 

( )
( )

( )

0 0 0 0
2 2
0 0 0 0

0 0 0 0

( ) ( )
( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

max ( ) 2 ( ) ( ) ( )
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f) the expression of the coefficient array at the 
output of the adder: 
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Fig. 1. Ray diagram for PAA calibration method based on autocorrelation algorithm 
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The proposed method for determining the phase 
and amplitude shifts of signals involves newly intro-
duced steps 3–6, which are of critical importance. 

Results and Discussion.  
1. Experimental Setup. As demonstrated in 

Fig. 2, the amplitude and phase errors of the sig-
nals are determined using a calibrated system. The 
implementation of this system is contingent upon 
the utilization of the proposed method. The cata-
logue of key components employed in the experi-
ment is presented in Tab. 1. Fig. 3, a depicts the 
signal processing block. Fig. 3, b presents the an-
tennas in the 2 × 8 to be calibrated, while Fig. 3, c 
illustrates the reference antennas, including ar-
rangements. The reference antennas in the 1 × 4 
are used to determine the maximum value of the 
autocorrelation function accurately (Fig. 3, c). The 
calibration system of PAA is subject to regulation 
using a control panel, as illustrated in Fig. 4. 

The experimental process (Fig. 5) goes as 
follows: 

Step 1. Antenna 1 (red square), antenna 2 (red 
square), antenna 9 (red square), and antenna 10 (red 
square) are calibrated through reference 1 (blue square) 
using the proposed method as shown in Fig. 4, b. 

Step 2. Antenna 3 (red square), antenna 4 (red 
square), antenna 11 (red square), and antenna 12 
(red square) are calibrated through reference 2. 

Step 3. Antenna 5 (red square), antenna 6 (red 
square), antenna 13 (red square), and antenna 14 
(red square) are calibrated through reference 3. 

Step 4. Antenna 7 (red square), antenna 8 (red 
square), antenna 15 (red square), and antenna 16 
(red square) are calibrated through reference 4. 

In comparison with the method in [25], the pro-
posed reference array allows the scanning time to 

 
Fig. 2. Schematic calibration diagram for experimental design 

Antennas to be calibrated  
Ant. 

1 
Ant. 

2 
Ant. 

3 
Ant. 

4 
Ant. 

5 
Ant. 

6 
Ant. 

7 
Ant. 

8 
Ant. 

9 
Ant. 
10 

Ant. 
11 

Ant. 
12 

Ant. 
13 

Ant. 
14 

Ant. 
15 

Ant. 
16 

Reference antennas  
Ref. 

1 
Ref. 

2 
Ref. 

3 
Ref. 

4 
22D λ  

22D λ  

22D λ  Interference 
source 

AC 

GND 

Ethernet 
Rotary 

control block 
~220 V/50 Hz 

12 V, 5 V 
Power  
supply 

Power 
Rotary control 
Encoder 
ETH Signal processing block 

Et
he

rn
et

 

En
co

de
r 

~2
20

V
/5

0H
z 

R
S-

48
5 

Rotary platform 

RX
1 

RX
2 

RX
3 

RX
4 

RX
5 

RX
6 

RX
7 

RX
8 

RX
9 

RX
10

 
RX

11
 

RX
12

 
RX

13
 

RX
14

 
RX

15
 

RX
16

 

TX
2 

TX
3 

TX
1 

TX
4 

Tab. 1. Components of experimental design 

No. Components Number of 
components 

1 Laptop with MATLAB 2024a 1 

2 Rotary control block 1 

3 Rotary platform 1 

4 Power supply 12 V, 5 V 2 

5 Zynq UltraScale + RFSoC 
ZCU216 Evaluation Kit 1 

6 Interference source 1 

7 Antennas to be calibrated 2 × 8 

8 Reference antennas 1 × 4 
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be optimized, due to using only four reference ele-
ments instead of seven reference elements in [25]. 

The subsequent research step is aimed at cali-
brating the system that is utilized to demonstrate the 
radiation patterns of the array, in the aftermath of the 
implementation of amplitude and phase perturbations 
on the received signals, employing the autocorrela-
tion techniques as depicted in Fig. 6. To investigate 
the efficacy of the developed method using the pre-
sented calibration system, 10 tests were carried out. 
The initial data are shown in Tab. 2.  

2. Measurement Campaigns and Comments. 
The developed method was investigated based on the 
experimental setup proposed in Section 2.1. The re-
sults of amplitude and phase error measurements are  

shown in Fig. 7. The superior performance of the 
proposed autocorrelation method in PAA compared 
to the conventional autocorrelation method is 
demonstrated. Fig. 7 shows that for different calibra-
tion methods, the amplitude and phase errors de-
crease with an increase in SNR. For example, for the 
first antenna element, using the proposed method, 
with the increase of the SNR from 0 to 10 dB, the 
amplitude error decreases by 0.16, and the phase er-
ror decreases by 15.49°. For comparison, when using 
the conventional method, the amplitude error equals 
0.17, and the phase error equals 8.18°. 

It is worth noting that in the conventional 
method, an increase in the PAA size is associated 
with an increase in the amplitude and phase errors. 
This is due to the consistent dependence of the  

 
Fig. 3. Components of calibration system: a – signal processing block; b – 2×8 phased array antenna for test;  

c – 1×4 reference (transmitting) antennas 

a 

b 

c 

 
Fig. 4. Control panel of the experiment 
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Fig. 5. Calibration sequence with a horizontal scanning direction in x-y plane view: before calibration (white), calibrated (red), 
after calibration (green), selected reference (blue), unselected reference (yellow) antennas 
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Fig. 6. Calibration diagram for drawing the radiation patterns after calibration using the difference-based  

autocorrelation methods: the array antennas in the X–Y plane view 
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selection of the standard calibration channel. Thus, 
with the increase of antenna elements from 1 to 
16: when SNR at 0 dB amplitude errors increase 
from 0.32 to 0.42, and phase errors increase from 
20.5 to 30°; when SNR at 10 dB amplitude  
errors – 0.15 to 0.25, and phase errors increase 
from 5.01 to 9.9°. Meanwhile, for the proposed 
method, these errors do not vary significantly from 
their mean value. For example, for the case of 
SNR at 0 dB, the amplitude errors do not deviate 
substantially from 0.3, and the phase errors do not 

significantly differ from 11.9°; for the case of SNR 
at 10 dB, the amplitude errors – 0.14, and the phase 
errors do not significantly differ from 2.79°. In addi-
tion, at each calibration step, the amplitude and phase 
of the four antenna elements are almost equal. 

As demonstrated in Fig. 8, the employment of 
difference-based autocorrelation methods yielded 
specific calibration outcomes. It is evident from 
this figure that alterations in the azimuth angle of 
the transceiver antenna, designated as tr ,ϕ  do not 
exert a significant influence on the precision of the 
calibration process, at least within the context of 
the present investigation. Fig. 8 shows that, in 
comparison with the conventional autocorrelation 
technique, the developed method enhances the 
peak value of the combined beam in the E-plane 
by 3.2 and 3.7 dB, respectively. Furthermore, the 
beams at a distance between two antennas at d = 
= 0.625λ were tilted by 1.5, 8° for the proposed and 
conventional autocorrelation methods, respectively. 

Conclusion. This paper sets forth an alternative 
methodology for the calibration of autocorrelation. 
The efficacy of this approach is confirmed by its 

Tab. 2. Initial parameter values 
No. Parameters Values 

1 Frequency of the received signal 3 GHz 

2 Distance between two calibration 
receive antennas 

6.25 cm 

3 Distance between the calibration 
antennas and the reference antennas 

3 m 

4 Distance between the reference 
antennas and the interference source 

2 m 

5 Distance between the calibration 
antennas and the interference source  

4 m 

6 SNR 0.10 dB 

 

Fig. 7. Dependence of amplitude (a) and phase errors (b) on the number of antenna elements using different calibration methods;  
the proposed autocorrelation method (red) and the conventional method (green) 
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capacity to enhance the precision of calibration, 
while concomitantly effectuating a reduction in er-
rors that may be attributable to amplitude and phase 
under the conditions of both internal and external 
noise disturbances. This comprehensive explora-
tion from theory to experiment is of great signifi-
cance for understanding the application of autocor-
relation algorithms in calibration of phased anten-
na arrays. The proposed autocorrelation calibration 
method was compared and analyzed with conven-
tional autocorrelation methods. Through actual 
measurement data, the authors demonstrated that 
the proposed autocorrelation methods are more 
accurate than conventional methods in determining 
amplitude and phase offsets.  

The results indicate that the proposed autocorrela-
tion calibration method performs well in large-scale 
on-site and factory-level calibration, being also effec-
tive under the presence of external interference. This 
finding is of great significance for applying phased 
antenna arrays in inhomogeneous environments. The 
data is recorded for use in the automatic calibration 
sub-system of the PAA during operation. However, 
this paper has not been focused on analyzing the cali-
bration process in the context of signal reception and 
processing with non-uniform distribution of antenna 
elements. Consequently, further research will encom-
pass the study and development of an algorithm for 
signal calibration in interference conditions for PAA 
with non-uniform antenna element distribution. 
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