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Abstract. Antenna far-field performance is normally evaluated in expensive la-

boratories that maintain strict control over the propagation environment. Alter-

natively, the responses can be measured in non-anechoic conditions and then re-

fined to extract the information on the structure field-related behavior. Here, a 

framework for correction of antenna measurements performed in non-anechoic 

test site has been proposed. The method involves automatic synchronization (in 

time-domain) of spatially separated measurements followed by their combina-

tion so as to augment the fraction of the signal that represents the antenna per-

formance while suppressing the interferences. The method has been demon-

strated based on six experiments performed in an office room. The performance 

improvement due to proposed post-processing amounts to 9.4 dB, which is rep-

resents up to over 5 dB improvement compared to the state-of-the-art methods. 

Keywords: Data post-processing, anechoic chamber, antenna measurements, 

non-anechoic experiments, time-domain analysis. 

1 Introduction 

Experimental validation is an essential step in the development of antenna structures 

[1], [2]. Far-field responses are extracted from measurements of the two-port system 

that constitutes the antenna under test (AUT), reference antenna (RA) and the wireless 

medium (air) between them. The experiments are normally performed in laboratories 

such as anechoic chambers (ACs), or compact-range test sites that maintain strict 

control over propagation environment [3], [4]. Although capable of ensuring certifica-

tion-grade accuracy, professional facilities are utterly expensive. Their high cost 

might not be justified for applications such as teaching, or budget-constrained re-

search [5], [6]. Alternatively, tests can be performed in uncontrolled environments. 

Unfortunately, interferences and external electromagnetic (EM) noise make non-

anechoic experiments useless for drawing conclusions on the AUT performance [7]. 

The quality of far field responses obtained in uncontrolled environments can be 

improved using appropriate post-processing mechanisms. The available techniques 
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fall into two main categories that include: (i) decomposition of noisy measurements 

and (ii) characterization of propagation environment [7]-[11]. The former involves 

extracting the fraction of the signal that corresponds to the line-of-sight (LoS) trans-

mission within the RA-AUT system. This task can be realized in through conversion 

of the frequency measurements to time-domain followed by modification of the im-

pulse response using appropriately tailored window functions [8], [9]. Alternatively, 

the frequency responses can be approximated using a composition of basis functions 

in the form of complex exponentials, or Chebyshev polynomials [11], [12]. The sec-

ond class of methods involves comparative analyses of multiple measurements per-

formed either in different locations within the test site, or characterized by temporal 

separation [9], [10]. Another approach includes characterization of the test site before 

and after introduction of obstacles using a suitable probe antenna [11]. 

The discussed post-processing methods are subject to challenges related to opera-

tional conditions, setup, and reliability. The algorithms are predominantly validated in 

idealized conditions that either include measurements in fully-featured ACs (yet with 

installed reflective surfaces), or in semi-anechoic chambers [8], [11], [12]. Contrary to 

non-anechoic test sites (e.g., office spaces, hallways)—not tailored to far-field exper-

iments—the mentioned facilities are optimized for suppression of interferences and 

hence represent much less demanding propagation environments [7]. Furthermore, the 

performance of available signals correction routines is subject to algorithm-specific 

control parameters which are determined manually based on engineering-experience 

[13]. Mentioned simplifications and cognition-based adjustment procedures challenge 

the applicability of existing post-processing techniques to routine experiments. 

In this work, a framework for correction of far-field measurements performed in 

challenging non-anechoic environments has been proposed. The method involves 

synchronization of spatially-separated responses in time-domain w.r.t. fraction of the 

signals that correspond to LoS transmission followed by their combination oriented 

towards augmenting the relevant part of the response while suppressing the noise and 

interferences. The main contribution of the work include automatic synchronization 

and correction of the non-anechoic data using the presented framework. The present-

ed approach has been demonstrated based on six experiments (a total of 30 measure-

ments) performed in a non-anechoic environment—in the form of a standard office 

room—using a geometrically small, spline-parameterized Vivaldi antenna [14]. A 

comparison of the proposed framework against the state-of-the-art methods from the 

literature has also been provided. 

2 Post-Processing Method 

2.1 Problem Formulation 

Let Rp = Rp(ω, θ) be a frequency-domain matrix of uncorrected transmission respons-

es obtained for the RA-AUT system within the non-anechoic site at pth test setup, p = 

1, 2, …, P, (i.e., the specific location of the antennas). The exact distance and/or posi-

tion of the radiators are not important as they will be automatically extracted from the 

impulse responses in the course of post-processing. The vector ω = [ω1 … ωk]
T
 de-

ICCS Camera Ready Version 2024
To cite this paper please use the final published version:

DOI: 10.1007/978-3-031-63759-9_3

https://dx.doi.org/10.1007/978-3-031-63759-9_3
https://dx.doi.org/10.1007/978-3-031-63759-9_3


 Post-Processing for Accurate Measurements of Antennas 3 

notes the k-point sweep (k = 1, …, K) defined over a bandwidth B = ωK – ω1 around 

the frequency of interest f0 = 0.5B, whereas θ = [θ1 … θa]
T
 (a = 1, …, A) represents 

the angular positions of AUT w.r.t. RA. The goal of the method is to extract the in-

formation from all R = [R1 … Rp]
T
 non-anechoic measurements to obtain the correct-

ed response Rc(f0, θ), which approximates the AC-based radiation pattern.  

 

2.2 LoS Delay Extraction 

Precise determination of LoS (i.e., the transmission delay on the shortest RA-AUT 

path) is crucial for time-domain-based synchronization of the Rp measurements. The 

latter is crucial to augment the useful part of the response while suppressing the inter-

ferences and noise from the external EM sources [14]. Note that the LoS delays have 

to be determined for all θa angles as the AUT rotation during measurements (required 

for extraction of radiation patterns) results in slight change of its distance from the 

RA and hence might affect the correction performance (cf. Fig. 1(a)). To enable post-

processing, the LoS profiles have to be extracted for all P measurements.  

Let Tp = Tp(t, θa) = F
–1

(Rp(ω, θa), N) be the complex time-domain response extract-

ed from the frequency measurements using Fourier transform (F
–1

(∙)), where t = [t1, 

…, tN]
T
 = ∂t∙M with ∂t = 1/B, M = [–N/2, …, N/2–2, N/2–1]

T
, and N = 2

log2(K)+3
 (∙ is 

a round-up to the nearest integer) [15], [16]. The power response Pp = Tp◦Tp
*
 (―◦‖ and 

―
*
‖ denote the component-wise product and Hermitian transpose) is used to seek for 

the RA-AUT maxima that correspond to the LoS delay.  

The profile extraction is performed iteratively. Let dp
(j)

 = [dp.1
(j)

 … dp.a
(j)

]
T
 be a vec-

tor of delays at the jth step of the algorithm. For simplicity and compactness of nota-

tion, dp
(j)

 and dp.a
(j)

 will be referred to as d
(j)

 and da
(j)

, respectively. In the first step (j = 

1), the vector d
(j)

 is obtained from: 

  
( ) ( )

( )

:

argmax ,
j j

a al h

j

a p a
d d d d

d 
  


t

P t          (1) 

where dl
(1)

 = 0 and dh
(1)

 = ∂t∙(N/2–1). Due to challenging conditions in non-anechoic 

environments, the delays obtained from (1) might be inaccurate (cf. Fig. 1(b)) [14]. To 

mitigate the problem, the LoS profile is re-set (j = 2) using (1), yet with bounds con-

fined to an interval defined around dmin = min(d
(1)

) such that dl
(2)

 = dmin – γ∙wmin and dh
(2)

 

= dmin + γ∙wmin. The parameters wmin and γ represent half-prominence of Pp (i.e., width of 

pulse at half of its height) at the RA-AUT angle that corresponds to dmin and the range 

factor (here, γ = 3) [14]. It should be noted that the profile d
(2)

 might still be a subject to 

distortions resulting from the external noise (more-or-less dependent on the specific θa), 

as well as numerical errors resulting from the aliasing effects and zero-padding of the 

responses with N > K (cf. Fig. 1(b)) [13], [15]. These are accounted for through modifi-

cation of the LoS-profile using a combination of a median filter and a smoothing func-

tion in the form of a moving average (j = 3). The former is implemented as: 

     

     

( 1) ( 1) ( 1) ( 1) ( 1)

1 1
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1 1
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, otherwise
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a a a

j j j j j j

a a a a

j

a

d d d M

d d d d M

d





    

 

    

 



   
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                   (a)                          (b) 

Fig. 1. LoS extraction: (a) AC-based (– –) vs. non-anechoic measurements (––) corrected using 

variable (black) and constant (gray) profiles (···), as well as (b) LoS profiles at j = 1 (···), j = 2 

(– –) and j = 3 (––) for RA-AUT distance of around 1.5 m (gray) and 2.5 m (black). Note that a 

large peaks around θa = ±90° are due to incorrect identification of the LoS signals. 

Note that M(∙) and σ(∙) denote a median and a standard deviation. The goal of the 

filter (2) is to alter the LoS profile at the angles that deviate from the expected (i.e., 

relatively small) changes of the delay. The threshold is set to two standard deviations 

according to the median of the d
(2)

. Finally, a moving-average-based smoothing is 

performed to obtain the final profile dp
*
 = d

*
 = d

(3)
 which can be used for synchroniza-

tion of the measurements performed in different setups. 

 

2.3 Spatially-Enhanced Post-Processing 

The proposed spatially-enhanced post-processing algorithm has been conceptually 

explained in Fig. 2. The method involves synchronization of the individual Rp meas-

urements based on their corresponding dp
*
 LoS profiles followed by multiplication of 

the modified responses so as to augment the useful part of the transmitted signals 

while suppressing the noise and multi-path interferences.  

Let dr, r  {1, 2, .., P}, be the LoS profile extracted from the measurements in the 

Rr setup, i.e., where the RA-AUT delay is the shortest. Then, let δp = dp
*
 – dr be the 

vector that represents the shift between LoS transmission for spatially-separated set-

ups (for p = r, δp = 0
T
, where 0 is the A-dimensional vector of zeros). Now let tp.a = t – 

δp.a represent the time-domain sweep at the ath angle shifted relative to dr.a  dr in 

order to synchronize the delays between measurements (note that tr.a = t). The signal 

Tc is obtained as a component-wise product of the synchronized responses: 

   
1

P

c a p p.a a

p

, , 


T t T t           (3) 

When compared to Tp(t, θa), the Tp(tp.a, θa) represents the same—yet artificially 

shifted in time—response (cf. Fig. 2). The consequence of stacking the spatially-

separated measurements using (3) is amplification of similar (albeit slightly distorted 

by external noise) fractions of the responses that coincide with LoS, while suppress-

ing the weaker and non-synchronized (due to varying distances to reflective surfaces, 
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and/or changing directions of noise sources) interferences. Note that multiplication of 

the spatially-separated measurements is performed using the complex impulse re-

sponses rather than the power in time-domain. The latter is used only for identifica-

tion of the peaks, due their much less dynamic and ―smoother‖ changes as a function 

of time, which aid accurate identification of the LoS profile [14], [16]. 

In the next step, the composite impulse response Tc is converted to the frequency 

spectrum using an N-point Fourier transform Rc(Ω, θa) = F(Tc(t, θa), N). The vector of 

frequency points Ω = [Ω1 Ω2 … ΩN]
T
 = ∂ω∙M – B + f0 with ∂ω = 1/(tN – t1). The useful 

fraction of the corrected response is reconstructed as Rc(ωc, θa), where ωc = [Ω1 ΩP+1 

Ω2P+1 … Ω(K–1)P+1]
T
. The procedure is repeated for all A angles in order to extract 

Rc(ωc, θ). The corrected response based on the spatially-separated non-anechoic 

measurements at f0  ωc is represented as Rc(f0, θ). 

3 Results 

3.1 Test Setup and Antenna Structure 

The proposed post-processing procedure has been validated in a standard 6.7 × 5.2 × 

3.1 m
3
 office room that has not been tailored to far-field measurements. The consid-

ered experiments involved measurements of the spline-parameterized antipodal Vi-

valdi antenna—used as both the AUT and RA—radiation patterns (in yz-plane) for 

five (P = 5) spatially-separated setups at a total of six frequencies of interest (cf. Fig. 

3(a)). The obtained responses have been compared against the measurements per-

formed in a professional anechoic chamber. The schematic view of the test system has 

been shown in Fig. 3(b). The angular resolution of the measurements has been set to 

5°, whereas the bandwidth and the number of points around f0 have been defined as  

K = 201 and B = 1 GHz, respectively [16]. 

 

3.2 Post-Processing Results and Benchmark 

The non-anechoic antenna measurements have been performed at the center frequen-

cies of f0  {3.5, 4, 5.5, 6.5, 7, 10.5} GHz for a total of five spatially-separated setups 

concerning change of the RA positions relative to the AUT from 1 m to 3 m with a 

0.5 m step (cf. Fig. 3(a)). The obtained results have been combined and corrected 

using the algorithm of Section 2. The procedure has been executed separately for each 

frequency and it involved identification of the LoS profiles (based on time-domain 

characteristics obtained from the frequency data) for each setup followed by synchro-

nization of the responses, their stacking, conversion back to the frequency spectrum, 

and extraction of the useful part of the signals (i.e., the refined radiation pattern).  

A comparison of the non-anechoic responses before (in a setup with 2 m distance) 

and after the correction is provided in Table 1. The performance of the responses is 

expressed—against the AC-based measurements—in terms of a decibel-based root-

mean square error calculated for all A angles of AUT rotation and then averaged [14]. 

The radiation patterns at the selected frequencies are shown in Fig. 4. The obtained 

results indicate that, for the considered Vivaldi antenna and the selected center fre-
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quencies, the average performance improvement of the measurements performed in 

the non-anechoic environment (averaged over all of the considered frequencies) due 

to post-processing amounts to 9.4 dB, i.e., from –15.8 dB for uncorrected to –25.2 dB 

for the corrected responses. 

The proposed approach has been benchmarked against the existing time-domain-

based methods in terms of the correction performance. The considered approaches 

involved the use of different windowing functions and selection of the intervals based 

on: (i) physical measurements of RA-AUT distance and the expected path for the 

shortest reflection (box window) [7], (ii) visual inspection of the impulse response 

(Hann window) [8], and (iii) automatic analysis of the impulse response with constant 

thresholds (composite window) [9], [15]. The RA-AUT distance for the experiments 

(i)-(ii) is set to 2 m (cf. Fig. 3). For all of the considered tests, the setup in terms of B 

and K remains the same (cf. Section 3.1). The results gathered in Table 1 indicate that 

the performance of the proposed method (averaged over all six of the considered fre-

quencies) is 3 dB to over 6 dB better compared to the benchmark techniques [7]-[9]. 

The main advantage of the presented framework includes a streamlined data analysis 

that does not involve manual selection of the correction parameters. The mentioned 

feature makes the method suitable for supporting day-to-day measurements in chal-

lenging non-anechoic environments while ensuring acceptable accuracy of the results. 

 

 
Fig. 2. A conceptual illustration of the proposed post-processing algorithm based on augmenta-

tion of the LoS transmission using a set of spatially-separated measurements. 

   
            (a)                                    (b) 

Fig. 3. Non-anechoic experiments: (a) the test site (dimensions in m) with highlight on RA 

locations (×) with a photograph of the Vivaldi antenna, as well as (b) a block diagram of the 

system for far-field antenna measurements [14]. 
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                 (a)                              (b) 

Fig. 4. AC-based (gray) and non-anechoic (black) measurements performed at the test site of 

Fig. 3(a) before (···) and after (––) correction at: (a) 3.5 GHz and (b) 10.5 GHz. 

Table 1. Post-processing results and benchmark against the state-of-the-art methods. 

R
es

u
lt

s 

Considered frequencies 

B
en

ch
m

ar
k

 Method E(eR)* [dB] Δ(E(eR)) [dB] 

f0 [GHz] 3.5 4 5.5 6.5 7 10.5 This work –25.2 N/A 

eR(R)$ [dB] –15.3 –14.9 –15.6 –14.9 –16.5 –17.8 (i) –19.8 5.4 

eR(Rc) [dB] –25.4 –28.5 –23.1 –25.1 –24.1 –25.1 (ii) –22.2 3 

Δ [dB]# –10.1 –13.6 –7.5 –10.2 –7.6 –7.3 (iii) –19.1 6.1 
# Δ = |eR(Rc(f0, θ)) – eR(R(f0, θ))| 
*  Averaged over all of the frequencies considered for the experiments 
$  For one-shot measurement in a setup with the RA-AUT distance of 2 m (cf. Fig. 3) 

4 Conclusion 

In this work, a framework for correction of far-field antenna measurements performed 

in non-anechoic conditions has been presented. The method involves stacking of the 

time-synchronized impulse responses obtained for a series of spatially-separated ex-

periments in order to augment a fraction of the signal pertinent to LoS transmission 

while suppressing the unwanted (i.e., unsynchronized) noise and multi-path interfer-

ences. The proposed algorithm has been demonstrated based on a series of tests con-

cerning performance evaluation of a geometrically small spline-parameterized antipo-

dal Vivaldi antenna at a total of six different frequencies of interest. The experiments 

have been performed in a standard office room that has not been tailored to far-field 

experiments. The obtained results have been compared against the AC-based radiation 

patterns. The benchmark of the method against the state-of-the-art algorithms from 

the literature has also been provided. 

Future work will focus on demonstrating the performance of the method for setups 

with different distances and locations of the measurement system within the test site. 
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