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Abstract—It has been experimentally demonstrated that the 

antenna pattern can be reconstructed using correlation 

coefficients and spherical wave expansion in a well-stirred large 

reverberation chamber (RC) when the antenna under test (AUT) 

has little impact on the testing environment. But the method 

becomes ineffective for loaded RCs. To solve this problem, we 

apply a compensation method to the pattern reconstruction 

process by using a reference antenna, enabling AUT pattern 

reconstruction in a loaded RC. In the proposed method, the 

original radiation pattern of the reference antenna is measured in 

an anechoic chamber (AC), and the transmission coefficients of 

the reference antenna are obtained according to the spherical 

wave coefficient expansion theory. Then, by rotating the reference 

antenna in the RC, the corresponding antenna correlation and 

autocorrelation coefficients are obtained, and the radiation 

pattern of the AUT is reconstructed by using the least square 

method. Finally, the near-field spherical scattering signals of the 

reference antenna are used to compensate for the reconstructed 

results of the AUT spherical wave coefficients, and an improved 

far-field radiation pattern of the AUT is obtained. The feasibility 

and effectiveness of the proposed method are verified by 

simulation and measurement in a loaded RC.  

 
Index Terms—Antenna measurement, radiation pattern 

reconstruction, correlation coefficient, spherical wave coefficient, 

least square method.  

 

I. INTRODUCTION 

everberation chamber (RC) and anechoic chamber (AC) 

are two popular testing environments that have been 

widely used in various antenna measurements. The antenna 

radiation pattern can be readily measured in an AC. To reduce 

the AC space and to increase the testing speed, multi-probe AC 

for spherical near-field measurement is introduced (cf. Fig. 1). 

The far-field radiation pattern of the antenna under test (AUT) 

can be obtained by near-field to far-field transformation [1], [2]. 

Compared with ACs, the RC (cf. Fig. 2) has significant 
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advantages in terms of cost and testing volume [3]. Therefore, it 

finds applications in various over-the-air (OTA) tests of 

antenna systems [4]-[10]. Recently, the RC-based OTA tests 

become even more popular thanks to the success of 

Internet-of-things (IoT), because the IoT requires inexpensive 

OTA testing solutions. The RC is usually used for measuring 

non-directional metrics such as antenna efficiency [9], total 

radiated power (TRP) and total isotropic sensitivity (TIS) of a 

wireless device [10]. Nevertheless, with the help of 

sophisticated data processing algorithms, antenna patterns can 

be measured in the RCs as well (at the cost of increased time) 

[11]-[16]. This research topic attracts lots of attentions in both 

academia and industry because it is highly desirable to be able 

to measure the antenna pattern of an IoT device in the same 

testing environment as for its TRP and TIS tests. For this 

application though, it usually suffices to have a rough 

estimation of the radiation pattern (with a decent main lobe 

estimate) of the inexpensive IoT device [17]. 

Currently, the methods of measuring antenna radiation 

patterns in RCs include the K-factor-based method [11]-[13], 

Doppler frequency-based method [14], [15] and correlation 

coefficient-based reconstruction method [16]. The correlation 

coefficient reconstruction method uses the RC to measure the 

correlation coefficients of the AUT at different orientations and 

reconstructs the three-dimensional radiation pattern of the AUT 

through the least square method. Thus, it does not require 

wideband AUT or time-consuming measurement as opposed to 

other RC-based pattern retrieval methods. And it has been 

experimentally verified. Nevertheless, the method assumes that 

the AUT has little impact on the testing environment during 

measurement rotation and that the field in the RC follows the 

isotropic distribution. This dictates a well-stirred large RC. In 

order to tune the frequency selectivity (coherence bandwidth) 

of the testing channel for OTA applications, the RC is usually 

loaded with lossy objects [8], which inevitably causes 

anisotropy of the field in the RC [18]. Sometimes, a certain 

amount of loading is fixed (or glued) on the sidewall of the RC 

(to guarantee a minimum amount of mode density for OTA 

tests) in a way that it is inconvenient to remove them. 

Unfortunately, the correlation coefficient reconstruction 

method [16] (referred to as a conventional method in this work) 

does not work properly in a loaded RC. In this work, we try to 

tackle this challenging problem, i.e., to reconstruct the AUT  
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Fig. 1.  Antenna measurement in an AC environment. 

 

Fig. 2.  Antenna measurement in an RC environment. 

pattern in a loaded RC. 

This paper proposes an improved method of pattern 

reconstruction in a loaded RC. To that end, a reference antenna 

with known radiation characteristics is used to probe the small 

loaded RC. Since the AUT and the reference antenna are 

measured in the same RC environment, the samples gathered 

by the reference antenna can be utilized to partially compensate 

for the non-ideal effects of the loaded RC. The detailed method 

and measurement procedures will be given in the next section. 

II. THEORY 

In order to reconstruct the AUT pattern in the RC, the 

relationship between correlation coefficients and radiation 

pattern should be firstly expressed from a forward point of view, 

and then the reconstruction method can be derived in a reverse 

method. For the sake of completeness, this section first presents 

the spherical wave expansion theory and the correlation 

coefficient reconstruction algorithm before introducing the 

proposed method. 

According to the theory of spherical wave expansion, the 

far-field of the AUT can be expanded into a summation of 

spherical wave modes. Denoting the minimum spherical radius 

of the antenna as 0r , the electric field outside the minimum 

sphere ( 0r r ) can be expressed as [1] 

  
1

( , , ) ( , , ) ( , , )
N n

mn mn mn mn

n m n

r a r b r     
= =−

=  E M + N  (1) 

where 
mna and

mnb  represent the complex spherical wave 

coefficients, ( , , )mn r  M  and ( , , )mn r  N  represent the 

spherical wave generating functions, and 
0[ 10]N kr= +  (i.e., 

the smallest integer that is larger than 
0 10kr +  with k  being 

the free-space wavenumber) represents the order of the 

spherical expansion mode. 

From the spherical near-field expansion in Eq. (1), it can be 

seen that the far-field components of the AUT can be 

represented by the spherical wave coefficients. Besides, the 

correlation coefficients between different antennas are 

determined from the antenna radiation patterns. Therefore, the 

antenna correlation coefficients can be readily calculated by 

utilizing the orthogonality between the spherical wave modes. 

Given an AUT, we choose a proper reference antenna whose 

radiation pattern is measured in an AC beforehand. The 

radiation patterns of the reference antenna and AUT are 

denoted as  
1( , ) E  and 

2 ( , ) E , respectively. The 

correlation between the two antennas can be calculated as 

follows [19], [21]  
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where sind d d   = . According to the near-field to 

far-field transformation theory [1], [22], the generating 

functions ( , , )mn r  M  and ( , , )mn r  N  in Eq. (1) satisfy the 

following orthogonality relations 

 

' '

' '

' '

' '

*

' '

' '

*

' '

*

0, ( , ) ( , )

1, ( , ) ( , )

0, ( , ) ( , )

1, ( , ) ( , )

0

M M

N N

N M

mn m n

mn m n

mn m n

m n m n
sin d d

m n m n

m n m n
sin d d

m n m n

sin d d

  

  

  

 
= 

=

 
= 

=

=







 (3) 

where vectors ' '

*
M

m n
 and 

*
N

m n‘‘  represent the adjoint spherical 

wave generating functions under different expansion orders. 

Through the orthogonality principle of Eq. (3), Eq. (2) can be 

rewritten as 
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where 
1 1( , )mn mna b  and 

2 2( , )mn mna b  represent the spherical 

wave coefficients of 
1( , ) E  and 

2 ( , ) E , respectively. 

Now, it is clear that the forward process of deriving the 

correlation coefficients 
0  is determined by the spherical wave 

coefficients. Accordingly, the reverse problem of 

reconstructing the radiation pattern of the AUT can be 

calculated by the correlation coefficient matrix. 

The reconstruction problem is to obtain the unknown AUT 

spherical wave coefficients 
2 2( , )mn mna b  through multiple 

groups of known spherical wave coefficients 
1 1( , )mn mna b  of the 

reference antenna and the correlation coefficients vector 

0, 0, 0,( , , )T

Corr     =  in different rotation angles, where  , 

  and   mean that the antenna is rotated around the x  axis 

with angle  , then rotated around y  axis with angle  , and 
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finally rotated around z  axis with angle  .  

Then the reconstruction expression can be written as 

 
AUT REF Corr

+= M M  (5) 

where 1,1,2 , ,2 1,1,2 , ,2( )H

AUT N N N Na a b b− −=M  represents 

the AUT spherical wave coefficient vector, and 
REF

+
M  is the 

Moore-Penrose pseudoinverse matrix of the spherical wave 

coefficients under different rotation angles for the reference 

antenna, which can be expressed as 
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where NUM  is the total number of the rotation angles in any 

one of the three axes, and 
REFM  is the matrix of the 

1 1( , )mn mna b  

under different rotation angles 
1 ,…,

NUM ,
1 ,…,

NUM ,

1 ,…,
NUM , where each row represents all the coefficients 

1 1( , )mn mna b  with the expansion mode ranging from 1 to N  

under a fixed rotation angle. Since the matrix 
REF

+
M  can be 

formed by the radiation pattern of the reference antenna under 

different rotation angles, then Eq. (4) can be rewritten as 
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where 
mnaR  and 

mnbR  are the rotation coefficients for 
1mna  and 

1mnb . In addition, the correlation coefficients 
0  can also be 

obtained by measuring the S-parameters in the RC [19], [20] 
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where 
21, ,k REFS  and 

21, ,k AUTS  are the measured S-parameters 

from Tx antenna to the reference antenna and the AUT, 

respectively. 21,REFS  and 21, AUTS  are the average 

S-parameters of the 
Freq MechK N N=   samples, where 

FreqN  

and 
MechN  are the number of frequency stirring and mechanical 

stirring, respectively. If 
FreqN  and 

MechN  are large enough, 

then 21,REFS  and 21, AUTS  approaches to zero. 

Since the radiated powers of the AUT and reference antenna 

are the same (assuming negligible losses in the antennas), the 

reconstruction expressions can be derived from (7) and (8) as 
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where 
,mnaR 

, 
,mnbR 

, 
,mnaR 

, 
,mnbR 

, 
,mnaR 

, and 
,mnbR 

 are 

the projection of rotation coefficients 
mnaR  and 

mnbR  in the x , 

y , and z  axes with rotation angles of  ,  , and  , 

respectively, and 
0, , 

0, , and 
0,  are the calculated 

correlation coefficients using the measured S-parameters in Eq. 

(8) along the three axes. Then, combining Eqs. (5)-(9), the 

spherical wave coefficient matrix 
AUTM  of the AUT can be 

derived. 

The above method approximately holds for a large 

well-stirred RC without absorbing loads. When the RC loading 

causes anisotropy, the conventional reconstruction algorithm 

produces poor results. In this case, a compensation method can 

be used to improve the pattern reconstruction accuracy, as will 

be shown later. 

Since the RC environment keeps the same when the 

reference antenna and the AUT are under test, the excitation 

signals derived by the spherical wave coefficients of the two 

antennas are in good consistency. According to the antenna 

transmission coefficients [23]-[27] and the mode expansion 

theory [28], [29], and ignoring parameters which are irrelevant 

to   and  , the far-field pattern can be expressed as 
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(10) 

where v  and smnT represent the excitation signals and 

transmission coefficients of the antenna, respectively. 
3

smnF  is 

the outgoing spherical wave generating functions [29]. 

From Eqs. (1) and (10), it can be known that 1mn mnT v a=  and 

2mn mnT v b= . Thus, the relationship between the transmission 

coefficients and the spherical wave coefficients can be given as 

 ( , )smn mn mnT v a b=  (11) 

The transmission coefficients ,smn REFT  of the reference 

antenna can be calculated by [1]. Thus, when ,smn REFT  is  
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2. Measure the near-field tangential electric vectors of the

reference antenna in an AC to calculate the 

transmission coefficients           .

1. Choose a proper reference antenna for a given AUT.

3. Measure the correlation coefficients                       between the 

AUT and the reference antenna, and the autocorrelation 

coefficients                       of the reference antenna in

 a small loaded RC using Eqs. (8) and (13).

4. Reconstruct the spherical wave coefficients                  of the 

AUT and                 of the reference antenna respectively 

in a small loaded RC using Eqs. (9) and (14).

5. Compensate the spherical wave coefficients                  of 

the AUT in the small loaded RC using Eq. (12).

6. Calculate the radiation pattern of the AUT using the

compensated spherical wave coefficients.

,smn REFT

0, 0, 0,( , , )    

1, 1, 1,( , , )    

' '

1 1( , )mn mna b

' '

2 2( , )mn mna b

' '

2 2( , )mn mna b

 

Fig. 3.  Flowchart of the proposed method. 

obtained, the proposed method can be realized as follows. 

Applying the relationship of Eq. (11) to the RC correlation 

coefficient reconstruction described in Eqs. (1)-(9), it can be 

found that the ideal ( , )mn mna b  obtained in a well-stirred RC and 

the non-ideal 
' '( , )mn mna b  obtained in a loaded RC all satisfy the 

relationship of Eq. (11). Besides, the antenna transmission 

coefficients smnT  keep unchanged in any conditions, and the 

excitation signals v  also remain stable for the same RC 

environment. Then the following relationship can be obtained 

 
' '

, ,2 , ,1( )(( ) ( ))s AUT s s REF s

+ +=T B T B  (12) 

where ,s AUTT  and ,s REFT  are the (2 1)N + -by- N  transmission 

coefficient matrices of the AUT and reference antenna, 

respectively, 
'

,2sB  and 
'

,1sB  are the (2 1)N + -by- N  spherical 

wave coefficient matrices measured in the loaded RC for the 

AUT and reference antenna, respectively. When the index 

1s = , Eq. (12) can get the transmission coefficients 1 ,mn AUTT  of  

the spherical wave coefficients 
'

2mna  for the AUT; when 2s = , 

Eq. (12) can be used to derive 2 ,mn AUTT  of 
'

2mnb  for the AUT. 

Therefore, when ,smn REFT  is determined in an AC beforehand, 

and 
' '

2 2( , )mn mna b  and 
' '

1 1( , )mn mna b  are measured in the loaded RC, 

then ,smn AUTT  of the AUT can be drawn. Finally, the 

compensated pattern reconstruction of the AUT can be 

obtained in the loaded RC. 

It should be noted that Eqs. (2)-(9) are the expressions of the 

correlation coefficients between the AUT and reference 

antenna, which can be used to derive 
' '

2 2( , )mn mna b  and the 

non-ideal AUT pattern. Thus, in order to calculate the non-ideal 

reconstruction pattern and 
' '

1 1( , )mn mna b  of the reference antenna 

in the loaded RC, the autocorrelation coefficients 

1, 1, 1,( , , )T

Auto     =  should be determined. 

In Eq. (8), 21, ,k REFS  and 
21,REFS  are measured by rotating 

the reference antenna along the x , y  and z  axes, while 

21, ,k AUTS  and 
21, AUTS  are measured with the static AUT. 

Therefore, replacing 21, ,k AUTS  and 
21, AUTS  in Eq. (8) with 

'

21, ,k REFS  and '

21,REFS  of the static reference antenna, and the 

autocorrelation coefficients 1  can then be derived as 
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Since the reference antenna pattern is measured in an AC and 

1 1( , )mn mna b  can be determined beforehand, replace 
* *

2 2( , )mn mna b  

with 
' * ' *

1 1(( ) , ( ) )mn mna b  in Eq. (9) that represents the unknown 

adjoint spherical wave coefficients of the reference antenna to 

be determined. Moreover, the powers of the rotated and static 

reference antenna are equivalent. Consequently, the reverse 

reconstruction method of 
' '

1 1( , )mn mna b  of the reference antenna 

can be expressed as 
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(14) 

As can be seen, the proposed reconstruction method needs to 

know the transmission coefficients ,smn REFT , the correlation 

coefficients 0, 0, 0,( , , )      between the AUT and reference 

antenna, the autocorrelation coefficients 1, 1, 1,( , , )      of the 

reference antenna, and the non-ideal spherical wave 

coefficients 
' '

1 1( , )mn mna b  and 
' '

2 2( , )mn mna b . Through the process 

above, the AUT radiation pattern can be reconstructed and 

compensated by the reference antenna in a loaded RC. 

Fig. 3 shows a flowchart of the proposed method for better 

illustration.  
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 (a) (b) 

Fig. 4.  Configuration of the AUT and reference antenna. (a) AUT; (b) 

reference antenna. 

TABLE I 

ANTENNA MODELING PARAMETERS 

Waveguide size/cm Horn size/cm 

1a  9.48 2a  45.80 

1b  15.96 2b  58.00 

1c  30.20 2c  46.00 

3a  6.48 4a  42.80 

3b  12.96 4b  55.00 

3c  30.20 4c  46.00 

Step 1: In order to reconstruct the AUT radiation pattern, the 

reference antenna must be larger than the AUT. According to 

[1], [28] and [29], it can be found that the expansion order is 

0[ ] 10N kr= + , the diameter of the minimum sphere is 02D r=  

( 0 /r N k ), and the Rayleigh distance is 22 /R D = . Thus a 

large reference antenna will increase D , 0r  and N , and is 

more sensitive to a large number of modes, resulting in a better 

characterization of the test zone field (TZF) and more accurate 

pattern reconstruction. 

Step 2: Since the compensation method in Eq. (12) relies on 

the spherical wave coefficients and the excitation signals v , 

which are theoretically consistent for the two antennas in the 

RC environment, the radiation pattern of the reference antenna 

should be measured in an AC beforehand to obtain the 

transmission coefficients ,smn REFT , [1] and [29]. 

Step 3: In a loaded RC, the non-ideal correlation coefficients 

0, 0, 0,( , , )      and the autocorrelation coefficients 

1, 1, 1,( , , )      are measured using Eqs. (8) and (13).  

Step 4: Then, the Moore-Penrose pseudoinverse matrix can 

be used with 0, 0, 0,( , , )      and 1, 1, 1,( , , )      to 

reconstruct 
' '

2 2( , )mn mna b  and 
' '

1 1( , )mn mna b  of the AUT and 

reference antenna respectively. 

Step 5: When the non-ideal 
' '

1 1( , )mn mna b  and 
' '

2 2( , )mn mna b  are 

derived, the compensation method in Eq. (12) is used to 

alleviate the adverse effects of the loaded RC on 
' '

2 2( , )mn mna b .  

Step 6: Finally, the compensated spherical wave coefficients
' '

2 2( , )mn mna b  of the AUT can be obtained and the radiation 

pattern can then be improved. 

 

Fig. 5.  Amplitude and phase of the AUT spherical wave coefficients. 

 

Fig. 6.  Correlation coefficients between the AUT and reference antenna along 

the , ,x y z  axes under the angular restriction. 

III. SIMULATIONS AND MEASUREMENTS 

In this section, the simulation and measurement results are 

shown in order to prove the effectiveness of the proposed 

method.  

A. Simulations 

The AUT and reference antenna (cf. Fig. 4) simulation 

models are constructed in the FEKO software and the antenna 

parameters are listed in Table I. 

The voltage amplitude on the waveguide port is normalized, 

and the working frequency is 1 GHz. The data sampling 

interval in   and   is 5  with a minimum spherical radius of 

10 . In the subsequent simulation processing, the spherical 

scattering signals are limited in specific angular ranges with 

(0 360 ) =  and (40 108 ) =  to emulate the influence 

of absorbing loads in the RC (see [18] for example). 

The AUT radiation pattern can be obtained from the 

full-wave simulation in FEKO, and the decomposition into 

2 2( , )mn mna b  are then calculated and shown in Fig. 5, where the 

coefficients are expanded with a mode order of 36. In Fig. 5, the 

amplitude and phase of 2 2( , )mn mna b  are plotted as pyramids, 

and the absolute values of the amplitude are decreased with the 

increase of the mode index. Besides, it can be seen that the 

amplitudes of the spherical wave coefficients are more relevant 

when comparing differences before and after the reconstruction 

process; the phase plots offer limited information and, therefore 
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Fig. 7.  Reconstructed amplitude of the AUT spherical wave coefficients under 

the angular restriction. 

 

Fig. 8.  Autocorrelation coefficients of the reference antenna along the , ,x y z  

axes under the angular restriction. 

 

Fig. 9.  Compensated amplitude of the AUT spherical wave coefficients. 

, are omitted after. 

Appling the angular restriction of the loaded RC to the 

radiation pattern of the AUT and rotating the reference antenna 

with an interval of 1  along x , y  and z  axes, the correlation 

coefficients 0, 0, 0,( , , )      between the AUT and the rotated 

reference antenna can be calculated using Eq. (7) and plotted in 

Fig. 6. The non-ideal reconstructed spherical wave coefficients 
' '

2 2( , )mn mna b  of the AUT can be derived using Eq. (9), as shown 

in Fig. 7. It can be seen from the amplitudes of Fig. 5 and Fig. 7 

that, without any compensation in a loaded RC, the 

conventional reconstruction method has poor performance due 

to the scattering angular limitation in a loaded RC. 

Next, we follow steps 3 and 4 in the flowchart to calculate 

the autocorrelation coefficients 1, 1, 1,( , , )      as shown in 

Fig. 8, and reversely calculate 
' '

1 1( , )mn mna b of the reference 

antenna. Finally, we compensate the non-ideal 
' '

2 2( , )mn mna b  

using Eq. (12) and the compensated reconstruction of the 

spherical wave coefficients of the AUT are plotted in Fig. 9. 

From the comparison of Figs. 5, 7 and 9, it can be known that 

the compensated spherical wave coefficients are in good 

consistency with the theoretical ones and there is an obvious 

improvement compared with the result in Fig. 7. The theoretical, 

non-ideal, and compensated three-dimensional (3-D) radiation  

  

 (a) (b) 

 

(c) 

Fig. 10.  Radiation pattern of the AUT: (a) theoretical pattern; (b) reconstructed 

pattern using the conventional method; (c) compensated pattern using the 

proposed method. For better illustration, the maximum value is normalized to 1 

V/m.  

  

 (a) (b) 

Fig. 11.  Comparison of the AUT radiation pattern in (a) E-plane and (b) 

H-plane. 

  

 (a) (b) 

Fig. 12.  Comparison of the 3-D pattern errors between the theoretical AUT 

pattern and (a) the non-ideal reconstructed AUT pattern; (b) the compensated 

reconstructed AUT pattern. The relative errors in all angles are in decibel. 

patterns of the AUT are shown in Fig. 10. The theoretical gain 

of the simulated AUT is 13.8 dBi, while the compensated result 

using the proposed method is 12.5 dBi. The cutting plots in E- 

and H- planes are shown in Fig. 11, where the red curve 

represents the original theoretical pattern, the yellow curve 

corresponds to the non-ideal reconstructed pattern using the 

conventional method, and the blue curve shows the 

compensated results using the proposed method. From the 

results of the 3-D patterns and the 2-D cutting plots, it can be 

seen that the main lobe reconstructed by the proposed method  
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Fig. 13.  Antenna radiation pattern measurement environment in a multi-probe 

AC. 

 

Fig. 14.  Correlation coefficients measurement environment in a small loaded 

RC. 

has a significant improvement when compared with the 

conventional method. 

Besides, Figs. 12(a) and (b) use unit sphere to show the 

pattern errors between the original theoretical pattern and the 

two reconstructed AUT patterns obtained by the conventional 

and proposed method, respectively. Through the pattern errors 

shown in Fig. 12(a), it can be seen that the largest error between 

the theoretical and conventional reconstructed pattern is about 

-5 dB and the significant errors mainly accumulate at the top of 

the unit sphere. In contrast, the largest error introduced by the 

proposed reconstruction method is less than -15 dB (i.e., the 

maximum error is reduced by more than 10 dB) and a small 

number of errors are sparsely distributed on the unit sphere. It is 

clear that the proposed method outperforms the conventional 

one in a loaded RC. (It should be noted that the proposed 

method and the conventional method have similar performance 

in an unloaded RC. For brevity, we mainly focus on the loaded 

RC case in this work.) 

B. Measurements 

A multi-probe AC is used for the radiation pattern 

measurements of the reference antenna and the AUT (cf. Fig. 

13). The AUT pattern measured in the AC is regarded as the 

true pattern for comparison with the reconstructed patterns 

from RC measurements, while the reference antenna pattern 

obtained from the AC is used for compensation of the adverse 

effect of the loaded RC on the reconstructed AUT pattern in a 

loaded RC. For experimental verifications, two RCs with 

different sizes are used as the testing environments. A horn 

antenna is used as the reference antenna, while a different horn 

antenna and a magneto-electric (ME) dipole antenna [30]  are  

 

Fig. 15.  Measured amplitude of the AUT spherical wave coefficients in the 

AC. 

 

Fig. 16.  Measured correlation coefficients between the AUT and the reference 

antenna along the , ,x y z  axes in the small loaded RC.  

used as the AUTs. 

1) Small RC and Horn AUT 

Fig. 14 shows the measurement environment in a small 

loaded RC, where the x , y  and z  coordinates are marked in 

red lines. The RC has a size of 1.50 m × 1.44 m × 0.92 m. 

Besides, the absorbing loads are added on the top and side walls 

of the RC. Notably, the rotation of the reference antenna along 

the three directions is realized by sequentially making the three 

axes of the reference antenna perpendicular to the horizontal 

plane of the turntable platform. Foams are used as the support 

of the antenna to leave a distance of more than / 2  at the 

testing frequency between the antenna and the turntable 

platform in order to ensure statistical uniformity in the working 

area of the RC [3]. 

The working frequency of the antennas is selected to be 2.5 

GHz. The platform in RC is rotated with 1  interval. The total 

number of the measured samples along one axis is 

360Sum Mech FreqN N N=   , where the number of mechanical 

mode stirring MechN  and frequency stirring FreqN  are 5 and 200 

with a frequency step of 1 MHz. Thus, when the platform 

rotates 360  around the three axes, the number of the entire 

samples is 61.08 10 . Finally, after the samples are collected, 

0, 0, 0,( , , )      and 1, 1, 1,( , , )      can be determined. 

Moreover, it should be noted that the turntable platform and the 

mode stirring are rotated separately, which means that the 

platform rotates 360  around the axis with the mode stirrer 

fixed at one position. When the turntable platform finishes one 

circular rotation, the mode stirrers move to the next position 

and keep static, and the turntable platform rotates 360  again. 

Accordingly, the AUT measurement time is 

1 5minDirec Mech FreqT N N T=   = , while the reference antenna  
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Fig. 17.  Reconstructed amplitude of the AUT spherical wave coefficients in the 

small loaded RC. 

 

Fig. 18.  Measured autocorrelation coefficients of the reference antenna along 

the , ,x y z  axes in the small loaded RC. 

 

Fig. 19.  Compensated amplitude of the AUT spherical wave coefficients in the 

small loaded RC. 

testing time is 2 360 255minDirec Mech FreqT N N T=    = , 

where DirecN  represents the number of three directions in x , 

y , and z , and FreqT  represents the frequency stirring time. So, 

the entire test time of a single AUT is 4.3 hours ( 1T + 2T ). Note 

that in practice, however, the reference measurement ( 2T = 255 

min) can be performed beforehand, and used repeatedly for 

field compensation of different AUT measurements (each takes 

1T = 5 min). In this case, the proposed method becomes time 

efficient. 

The “ideal” spherical wave coefficients of the AUT 

measured in the AC are shown in Fig. 15, and the correlation 

coefficients 0, 0, 0,( , , )      obtained by the small loaded RC 

are plotted in Fig. 16. The non-ideal spherical wave coefficients 

obtained by using Eq. (9) are shown in Fig. 17.  

Following the processes presented in the previous section, 

the measured autocorrelation coefficients 1, 1, 1,( , , )      of 

the reference antenna are obtained and plotted in Fig. 18. Using 

the proposed method, the compensated reconstruction of the 

spherical wave coefficients and radiation pattern of the AUT 

are obtained and shown in Figs. 19 and 20, respectively. The 

theoretical gain of the AUT is 9.3 dBi, while the compensated 

result using the proposed method is 7.2 dBi. The slight gain  

  

 (a) (b) 

 

(c) 

Fig. 20.  Radiation pattern of the AUT under the small loaded RC: (a) 

theoretical pattern; (b) reconstructed pattern using the conventional method; (c) 

compensated pattern using the proposed method. The maximum value is 

normalized to 1 V/m for better illustration. 

  

 (a) (b) 

Fig. 21.  Comparison of the AUT radiation pattern in (a) E-plane and (b) 

H-plane.  

 

 (a) (b) 

Fig. 22.  Comparison of the pattern errors (in dB) between the theoretical AUT 

pattern and (a) the reconstructed AUT pattern using the conventional method; 

(b) the reconstructed AUT pattern using the proposed method. 

reduction is because that the perturbations (caused by the 

inevitable antenna stirring due to the small RC size and the 

increased uncertainty due to the RC loading) tend to increase 

the sidelobes of the reconstructed pattern. It is apparent that the 

proposed method improves the reconstructed results. 

Meanwhile, the cutting plots of the radiation pattern in E- and 

H- planes are displayed in Fig. 21. From the results of Figs. 20 

and 21, it can be seen that the conventional reconstructed 

pattern of the AUT in the small loaded RC is inconsistent with 

the theoretical one, while the proposed method has better  
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Fig. 23.  Correlation coefficients measurement of the magnetoelectric dipole in 

a small loaded RC. 

  

 (a) (b) 

 

(c) 

Fig. 24.  Normalized radiation patterns of AUT 2 in the small loaded RC: (a) 

theoretical pattern; (b) reconstructed pattern using the conventional method; (c) 

compensated pattern using the proposed method. 

  

 (a) (b) 

Fig. 25.  Comparison of radiation patterns of AUT 2 in (a) E-plane and (b) 

H-plane.  

accuracy. Besides, the 2-D pattern errors are shown in Fig. 22, 

indicating that the entire relative spherical errors are decreased 

when using proposed method in a loaded RC. 

2) Small RC and ME Dipole AUT 

In order to further verify the effectiveness of the proposed 

method, an ME dipole antenna is selected as the AUT shown in 

Fig. 23, and the same reference antenna in the previous 

experiment is used. The center frequency of the ME-dipole 

antenna is 2.5 GHz, the number of mechanical stirring MechN  

and frequency stirring FreqN  are 5 and 200, and the platform 

 

Fig. 26.  Photo of a large loaded RC.  

  

 (a) (b) 

Fig. 27.  Normalized radiation patterns of the AUT 1 in the large unloaded RC: 

(a) reconstructed pattern using the conventional method; (b) compensated 

pattern using the proposed method.  

  

 (a) (b) 

Fig. 28.  Comparison of radiation patterns of AUT 1 in the large unloaded RC in 

(a) E-plane and (b) H-plane.  

rotates 360  with 1  interval.  

For convenience, the horn and ME dipole AUTs are denoted 

as AUT 1 and AUT 2 hereafter, respectively. Thus, by applying 

the same process shown above, the pattern reconstruction 

results of AUT 2 (i.e., ME dipole) are shown in Figs. 24 and 25. 

The measured gain (in the multi-probe anechoic chamber) of 

AUT 2 is 7.0 dBi, while the compensated gain using the 

proposed method is 5.6 dBi. According to the results, it can be 

concluded that the proposed method can compensate for the 

reconstructed pattern of the AUT in a small loaded RC, and the 

main lobes shown in Fig. 25 demonstrate the superiority of the 

proposed method compared with the conventional one in a 

small loaded RC. 

3) Large RC and Horn AUT 

In order to better illustrate the impact of the absorbing loads 

on the results using the conventional method, the uniformity 

and statistical characteristics of the RC should not be 

influenced by the rotation of the reference antenna. The 

influence of the antenna rotation on the field variation can be 

reduced in a large RC, and the reconstructed results using the  
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 (a) (b) 

Fig. 29.  Normalized radiation patterns of AUT 1 in the large loaded RC: (a) 

reconstructed pattern using the conventional method; (b) compensated pattern 

using the proposed method.  

  

 (a) (b) 

Fig. 30.  Comparison of the radiation patterns of AUT 1 in the large loaded RC 

in (a) E-plane and (b) H-plane.  

conventional method in a large unloaded RC can then be clearly 

observed. Accordingly, we make the following tests in a 

well-stirred large RC with a size of 4.2 m × 3.5 m × 2.8 m.  
Fig. 26 shows the testing environment of the large loaded RC, 

while the unloaded environment is realized by removing all the 

loads of the sidewalls and ceiling. As will be shown later, AUT 

2 with wider beamwidth (lower gain) tends to yield a smaller 

reconstruction error than that of AUT 1. For brevity, only AUT 

1 is used to verify the effectiveness of the proposed method in 

the large RC.  

The numbers of mechanical and frequency stirring samples 

( MechN  and 
FreqN ) are 5 and 200, respectively, and the platform 

rotates 360  with 1  interval. We perform the same data 

collection and processing procedures as described above. Then, 

the reconstructed results using the conventional and proposed 

methods are obtained and shown in Fig. 27 and Fig. 28. Since 

the theoretical AUT pattern is the same as Fig. 20(a), only the 

two reconstructed AUT patterns are displayed in Fig. 27. The 

antenna gains of the conventional and compensated 

reconstructed AUT patterns are 8.2 dBi and 8.3 dBi. According 

to the comparisons of Figs. 27 and 28, it can be seen that, 

without the influence of the absorbing loads, the adverse effect 

of antenna rotation on the field uniformity and statistical 

characteristics can be alleviated, and the reconstructed results 

of the conventional and proposed methods both have good 

consistencies with the theoretical one in the large unloaded RC. 

The loaded results are shown in Fig. 29 and Fig. 30. The 

antenna gain obtained using the proposed method is 8 dBi. 

Through the comparisons of Figs. 27-30, it can be seen that the 

absorbing loads have a significant impact on the conventional 

method. Therefore, it can be concluded that the conventional 

method is not capable of reliably reconstructing the AUT 

pattern in the presence of absorbing loads. 

4) Discussions 

In order to further discuss the accuracy of the proposed 

method, we calculate the relative error between the theoretical 

and reconstructed patterns using the proposed method  
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where 
0 ( , )E    is the theoretical pattern in E- or H-plane (red 

curves in Figs. 21, 25 and 30), and ( , )reconE    is the 

reconstructed pattern in E- or H-plane using the proposed 

method in the loaded RC (blue curves in Figs. 21, 25 and 30). 

Then, the E- and H-plane errors of different AUT and testing 

environments are shown in Table II 

TABLE II 

RELATIVE ERRORS BETWEEN THE THEORETICAL  
AND RECONSTRUCTED PATTERNS USING THE PROPOSED METHOD  

 
D  of AUT 1 in 

Small Loaded RC 

(%) 

D  of AUT 2 in 

Small Loaded RC 

(%) 

D  of AUT 1 in 

Large Loaded RC 

(%) 

E-Plane 7.29 2.53 6.24 

H-Plane 8.41 2.92 2.80 

The comparisons of the relative errors show that AUT 2 has a 

smaller reconstruction error than that of AUT 1 in the small 

loaded RC. This is because the main lobes dominate the pattern 

values (where good accuracy can be achieved) and, therefore, 

AUT 2 with wider beamwidth (lower gain) has a smaller error 

than that of AUT 1. Hence, the proposed method has better 

accuracy for less directive antennas. Moreover, the error in the 

large RC is smaller than that of the small RC, because a large 

RC volume can reduce the adverse effect of the antenna 

rotation in the testing environment, as discussed before.  

From the measurement results shown above, both the 

conventional and the proposed methods have errors when 

compared with the theoretical one. The 3-D pattern errors are 

calculated and projected into 2-D planes in order to clearly 

show the deviation of the reconstructed pattern in the 

conventional and proposed methods. It is clear that the 

proposed method has a significant improvement of pattern 

reconstruction as compared with the conventional method. 

Nevertheless, despite the significant improvement of the 

proposed method, it can be seen that the agreement between the 

reconstructed pattern using the proposed method and the 

measured pattern in the AC is not as good as that in the 

simulation. The main reason for the discrepancy can be 

explained as follows: When the size of the RC is small, the 

rotating antenna on the turntable platform has non-negligible 

stirring effects as the mechanical mode stirring, which 

inevitably changes the testing environment of the RC. While 

the proposed method can effectively mitigate the RC loading 

effect (as demonstrated in the simulation and measurement 

sections), the effect of the changing environment cannot be 

compensated. By using a large RC, this effect can be alleviated 

to some extent, but there will be still some non-negligible 
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changes in the testing environment during the antenna rotation. 

Nevertheless, there are reasonable agreements between the 

reconstructed pattern using the proposed method and the 

measured pattern from the AC. 

The proposed method can be especially useful for measuring 

mobile (terminal) antennas, which are typically low-gain 

antennas with wide beamwidths to ensure good coverage. More 

importantly, for mobile antenna measurements, the accuracies 

on small sidelobes are less important [17], [31]. 

IV. CONCLUSION 

An effective pattern reconstruction method for large 

well-stirred RCs (i.e., the conventional method) was proposed 

in the literature. However, the method becomes less effective 

when the RC is loaded with absorbing materials. Since the RC 

loading is necessary for OTA tests in general, we proposed an 

improved pattern reconstruction method for loaded RCs. 

Specifically, a reference antenna with known radiation 

characteristics was used to compensate for the RC loading 

effect. Our simulation results showed that the proposed method 

can accurately reconstruct the antenna pattern in a loaded RC, 

as opposed to the conventional method. Our experimental 

results also demonstrated the superiority of the proposed 

method to the conventional method. However, the antenna 

stirring effect became non-negligible in a small RC. This 

causes a noticeable error in the reconstructed pattern. 

Nevertheless, this effect can be alleviated by using a large RC, 

and it is clear that the proposed method has much better 

accuracy than the conventional method in a loaded RC. 
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